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Abstract

DNA methylation plays an important role in many biological processes. The mechanisms underlying the establishment and
maintenance of DNA methylation are well understood thanks to decades of research using DNA methylation mutants, primar-
ily in Arabidopsis (Arabidopsis thaliana) accession Col-0. Recent genome-wide association studies (GWASs) using the methy-
lomes of natural accessions have uncovered a complex and distinct genetic basis of variation in DNA methylation at the
population level. Sequencing following bisulfite treatment has served as an excellent method for quantifying DNA methylation.
Unlike studies focusing on specific accessions with reference genomes, population-scale methylome research often requires an
additional round of sequencing beyond obtaining genome assemblies or genetic variations from whole-genome sequencing
data, which can be cost prohibitive. Here, we provide an overview of recently developed bisulfite-free methods for quantifying
methylation and cost-effective approaches for the simultaneous detection of genetic and epigenetic information. We also dis-
cuss the plasticity of DNA methylation in a specific Arabidopsis accession, the contribution of DNA methylation to plant adap-
tation, and the genetic determinants of variation in DNA methylation in natural populations. The recently developed

technology and knowledge will greatly benefit future studies in population epigenomes.

Introduction

DNA methylation, the addition of methyl groups onto a
DNA molecule, was first discovered in the DNA of animals
and plants in 1950 (Wyatt 1950), 3 yr before the double
helix structure of DNA was determined. During the past
70 yr, extensive studies on DNA methylation have revealed
its important roles in various biological processes,
including regulating gene expression, maintaining genome
integrity, and conferring adaptation to the environment.
Several DNA methyltransferases have been identified
in Arabidopsis (Arabidopsis thaliana), including DNA
METHYLTRANSFERASE 1 (MET1; Kankel et al. 2003),
CHROMOMETHYLASE 3 (CMT3; Lindroth et al. 2001),
CHROMOMETHYLASE 2 (CMT2; Zemach et al. 2013), and
DOMAINS REARRANGED METHYLTRANSFERASE 1/2
(DRM1/2; Cao et al. 2000). The knockout of all 5 methyltrans-
ferase genes yielded methylation-free plants with serious de-
velopmental defects (He et al. 2022).

The demethylation process, involving the removal of methyl
groups from cytosines, is controlled by several DNA glycosy-
lases, including DEMETER (DME; Choi et al. 2002),
REPRESSOR OF SILENCING 1 (ROST; Gong et al. 2002), and
DEMETER-LIKE 2/3 (DML2/3; Penterman et al. 2007). The path-
ways and mechanisms of the establishment, maintenance, and
removal of DNA methylation involving these methyltrans-
ferases and demethylases have been reviewed (Matzke and
Mosher 2014; Matzke et al. 2015; Zhang et al. 20183
Chakraborty et al. 2022; Leichter et al. 2022; To and Kakutani
2022). At the population level, DNA methylation shows great
diversity: differentially methylated cytosines (DMCs) and differ-
entially methylated regions (DMRs) among the Arabidopsis
1001 Epigenomes account for 78% of total methylated cyto-
sines and 38% of the reference genome, respectively
(Kawakatsu et al. 2016a). However, the genetic basis underlying
this great variation is largely unknown. In this review, we focus
on recent advances in methods for quantifying DNA
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ADVANCES

® The development of new bisulfite-free methods
(i.e. third-generation sequencing and 5-letter se-
quencing) enables the simultaneous detection of
genotypes and the quantification of genome-
wide DNA methylation.

® The dynamic DNA methylation patterns illus-
trate the phenotypic plasticity within cells, tis-
sues, individuals, and accessions.

® The genetic basis of the variation in DNA
methylation within natural populations has been
revealed by GWAS.

methylation, the plasticity of DNA methylation in Arabidopsis
accession Col-0, and the genetic basis of variation in DNA
methylation in natural populations.

Technology for genome-wide quantification of
DNA methylation

Bisulfite-based next-generation sequencing

The first step in DNA methylation research is to detect and
quantify methylation levels at either the individual locus or
whole-genome scale. Dozens of approaches have been devel-
oped to achieve this goal (Fraga and Esteller 2002; Harrison
and Parle-McDermott 2011; Kurdyukov and Bullock 2016).
Among these, bisulfite-based methods are the most widely
used. Whole-genome bisulfite sequencing (WGBS) has become
the gold standard for quantifying DNA methylation at
single-base resolution. While bisulfite treatment of DNA turns
the unmethylated cytosines into uracil, the methylated cyto-
sines remain unchanged. Following PCR amplification, the un-
methylated cytosines will appear as thymines upon sequencing.
After aligning the WGBS data to a reference, the methylation
level of each cytosine is determined based on the proportion
of thymines at a given locus (Frommer et al. 1992). To accurate-
ly quantify methylation levels, the coverage requirement of
WGBS is usually higher than that of whole-genome sequencing
(WGS) for single nucleotide polymorphism identification
(Schmitz et al. 2022). This hinders the use of WGBS at the popu-
lation level for species with large genomes, such as maize (Zea
mays) (2.1 Gb; Hufford et al. 2021) and wheat (Triticum aesti-
vum, 14.5Gb; International Wheat Genome Sequencing
2018). To overcome this disadvantage, several alternative strat-
egies have been developed to capture DNA methylation at tar-
get genomic regions, such as reduced representation bisulfite
sequencing (RRBS; Meissner et al. 2005, 2008), methylated
DNA immunoprecipitation sequencing (MeDIP-seq; Weber
et al. 2005), genome-wide DNA methylation microarray
(Bibikova et al. 2011), and the convert then capture of modified
cytosines (Li et al. 2015).
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Bisulfite-free long-read sequencing
One limitation of bisulfite-based sequencing approaches is
the bias inherent in library preparation and methylation
mapping. This is largely due to the harsh sodium bisulfite
treatment conditions during the cytosine conversion reac-
tion and the difficulty in uniquely aligning short reads to gen-
omic regions harboring repetitive DNA sequences. The origin
of the bias can be, but is not limited to, faster degradation of
genomic regions enriched for unmethylated cytosines, in-
complete cytosine conversion, and PCR bias caused by
skewed base content (Olova et al. 2018). In recent years,
many bisulfite-free strategies have been developed to reduce
this bias via third-generation sequencing or enzymatic
reaction-based sequencing techniques (Table 1).
Third-generation sequencing, also known as long-read se-
quencing, yields long reads with lengths ranging from 10 kb
to several megabases. Nanopore sequencing records changes
in current, which are used to distinguish among different types
of nucleobases, when single-stranded DNA/RNA goes through
a voltage-based nanoscale pore (Deamer et al. 2016). After
training a computational model, the current signal can be
used to accurately distinguish methylated from unmethylated
cytosines, enabling the direct detection of DNA methylation
(Fig. 1A; Rand et al. 2017; Simpson et al. 2017; Liu et al.
2019a). Single molecule real-time (SMRT) sequencing, an alter-
native third-generation sequencing technology, utilizes surface
chemistry to immobilize a DNA polymerase into a nanostruc-
ture called zero-mode waveguides. SMRT determines the DNA
sequence by detecting the distinguishable fluorescent pulse sig-
nal when a fluorescently labeled dNTP is incorporated during
PCR (Eid et al. 2009). Given that methylation modification
can affect the kinetics of DNA polymerase, SMRT sequencing
has been used to detect cytosine methylation genome-wide.
This method builds a “holistic kinetic” computational model
from training data based on 3 parameters—the time needed
for the incorporation of 1 base, the duration between 2 con-
secutive base incorporations, and the sequence context flank-
ing the cytosine. This model is then applied to real SMRT
sequencing data to detect methylated cytosines (Fig. 1B; Tse
et al. 2021). These third-generation sequencing techniques dir-
ectly profile the methylation of DNA without bisulfite treat-
ment. The resulting long reads can easily span highly
repetitive regions of less than 100 kb.

Bisulfite-free enzyme-based sequencing

In addition to long-read sequencing, 2 bisulfite-free
methods are largely dependent on the enzymatic activities
of ten-eleven translocation (TET) dioxygenase, beta-
glucosyltransferase (B-GT), and APOBEC3A deaminase. TET
oxidizes methylated cytosine to 5-carboxylcytosine (He et al.
2011), while APOBEC3A deaminates cytosines that are not
oxidized by TET (Fig. 1G Schutsky et al. 2017). TET-assisted
pyridine borane sequencing (TAPS) utilizes TET and pyridine
borane reduction to convert methylated cytosines to dihy-
drouracils, which are subsequently converted to thymines
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Table 1. Comparison of methods for genome-wide quantification of DNA
Method DNA input® Bisulfite treatment Enzyme treatment Read length Genetic variants Training model Cost
WGBS 100 ng Y N <500 bp ND N $
Nanopore 50 ng N N >10 kb D Y $$$$
SMRT 300 ng N N >10 kb D Y $$8$
TAPS 1ng N Y <500 bp ND N $
EM-seq 100 pg N Y <500 bp ND N $
MethylSaferSeqS 30 ng Y Y <500 bp D N $$S
Five-letter seq 2ng N Y <500 bp D N $$

Minimum DNA input.
Y, required; N, not required; D, detectable; ND, not detectable.
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Figure 1. Bisulfite-free methods for the quantification of DNA methylation. A) Nanopore long-read sequencing. B) SMRT long-read sequencing. C
to E) Two enzyme-based sequencing methods for the quantification of DNA methylation. The enzymatic reactions used in 2 bisulfite-free enzyme-
based sequencing methods are shown in C). D and E) are schematic diagrams of TAPS and EM-seq, respectively. Some elements in this figure were

created with BioRender (BioRender.com).

during PCR (Fig. 1D; Liu et al. 2019b). Enzymatic methyl-seq
(EM-seq) uses 3 enzymes in 2 consecutive reactions—TET
and B-GT in the first reaction to convert methylated cytosines
into products that cannot be oxidized by APOBEC3A, and
APOBEC3A in the second reaction to deaminate unmethy-
lated cytosines into uracils (Vaisvila et al. 2021). During subse-
quent PCR, products of the TET/B-GT reaction are converted
to cytosines, while uracils are converted to thymines (Fig. 1E).
Remarkably, EM-seq can be successfully performed with as lit-
tle as 100 pg DNA as input.

Simultaneous detection of genetic and epigenetic
information

Besides long-read sequencing technologies, MethylSaferSeqS
and 5-letter seq are important techniques that can simultan-
eously determine genetic information and methylation sta-
tus. Compared to traditional bisulfite library preparation,
MethylSaferSeqS separates the original DNA template and
amplification products after PCR, which are used as input
for subsequent WGBS and WGS, respectively (Wang et al.
2023). Unlike MethylSaferSeqS, which stores genetic and
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epigenetic information in 2 separate libraries, the 5-letter seq
retains both genetic and epigenetic information in a single li-
brary (Fullgrabe et al. 2023). In this method, both ends of
fragmented DNA are ligated to hairpin adapters containing
a uracil residue. The 2 DNA strands are then separated by
treatment with uracil-specific excision reagent. Upon synthe-
sis of the cDNA strand, the resulting amplicons form a hair-
pin structure, with 1 strand containing the original epigenetic
information and the complimentary strand maintaining the
genetic information. Following ligation with sequencing
adapters, methylated cytosines are protected from oxidation
by APOBEC3A with TET and BGT, and unmethylated cyto-
sines are converted to uracils with APOBEC3A and UvrD heli-
case. The methylated cytosines remain unchanged, and the
unmethylated cytosines are converted to thymine in the final
sequencing reads. Following the decoding rules, methylated
and unmethylated cytosines are distinguished from sequen-
cing reads for each hairpin (Fullgrabe et al. 2023). The 5-letter
seq can determine genetic sequences and DNA methylation
levels in a single library, dramatically reducing the cost of
methylome studies in a population. These methods hold
great potential for application in the field of population epi-
genomics, which requires information about both genetic
variations and methylation patterns, especially for species
with large genomes.

Profiling DNA methylation in a single cell or single
cell type

The cytosines in DNA should be in 1 of 2 states (i.e. either
methylated or unmethylated) in a living cell. However, the
methylation level often quantitatively varies from unmethy-
lated to fully methylated due to cell heterogeneity and the
pooling of samples from tissues and individuals. More than a
dozen methods have been developed to profile DNA methyla-
tion in mammals from a single cell during the past decade (re-
viewed by Karemaker and Vermeulen 2018; Vandereyken et al.
2023). These include single-cell reduced representation bisulfite
sequencing (scRRBS; Guo et al. 2013), single-cell bisulfite se-
quencing (scBS-seq; Smallwood et al. 2014), single-cell CpG is-
land methylation sequencing (scCGl-seq; Han et al. 2017), and
Smart-RRBS for DNA methylation and transcription in a single
cell (Gu et al. 2021). Single-cell multiomics sequencing technol-
ogy (scNOMeRe-seq) is used for genome-wide profiling of
chromatin accessibility, DNA methylation, and RNA expression
simultaneously from the same single cell (Wang et al. 2021).
Compared to the rapid development of these techniques in
mammals, the progress in profiling single-cell DNA methylation
in plants has been much slower. While the majority of single
cell studies in plants have focused on the transcriptome, 1
study revealed the single-cell DNA methylomes of 16 micro-
spores from 4 tetrads in maize using bisulfite-converted ran-
domly integrated fragments sequencing (BRIF-seq; Li et al.
2019). WGBS, combined with fluorescence-activated cell sort-
ing, has allowed the DNA methylomes of specific cell types
to be revealed, including 6 different root meristem cell
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populations (Kawakatsu et al. 2016b), sperm and vegetative
cells (Hsieh et al. 2016), and stem and nonstem shoot meristem
cells (Gutzat et al. 2020). These studies have shed light on the
heterogeneity of plant cells and the dynamics of DNA methy-
lation among various cell types.

The plasticity of DNA methylation

Variation in DNA methylation within Arabidopsis
accession Col-0

At the individual level, DNA methylation is dynamic and can
vary among generations of plants from the same ancestor
(Becker et al. 2011; Schmitz et al. 2011), from different labora-
tories (Fig. 2A; Zhang et al. 2018b), in tissues from the same
plant (Fig. 2B; Widman et al. 2014; Williams et al. 2022), and
in cells from the same tissue (Fig. 2C; Kawakatsu et al. 2016b;
Gutzat et al. 2020). The difference of methylation levels of
Col-0 genomic DNA from different labs reaches up to 10%
for CG and 7% for non-CG methylation (Fig. 2A). DNA
methylation patterns show context-dependent differences,
with stable CG methylation, increased CHG methylation,
and decreased CHH methylation observed during various
stages of development (Gutzat et al. 2020). Notably, most
development-associated changes in methylation occur in
centromeric transposable elements (TEs).

In contrast, the differences in methylation patterns be-
tween tissues (i.e. roots and shoots) are dynamic, with great
variations in CG methylation in euchromatic regions and
non-CG methylation in centromeric regions (Widman
et al. 2014). This epigenome plasticity is largely attributed
to spontaneous epigenetic mutation. Compared to genetic
mutation, the rate of epigenetic mutation is several orders
of magnitude higher (Becker et al. 2011; Schmitz et al. 2011;
Yao et al. 2023). Interestingly, epimutation hotspots have
been identified in the Arabidopsis genome. Although these
regions only cover ~12% of CG sites in the genome, ~63%
of the epimutation events were observed in these hotspots
(Hazarika et al. 2022). Another important factor in
differences in methylation patterns is the tissue/cell-
specific expression of the methylation machinery. Ten
genes are known to participate in epigenetic regulation, in-
cluding DECREASE IN DNA METHYLATION 1 (DDMT1),
ARGONAUTE 9 (AGO9), and SU(VAR)3-9 HOMOLOG 4
(SUVH4), which are upregulated in stem cells compared
to nonstem cells (Gutzat et al. 2020). CLASSY family genes
exhibit a tissue-specific expression pattern; these proteins
regulate 24-nt siRNA production and DNA methylation in
a tissue-specific matter (Zhou et al. 2022). Active DNA de-
methylation is another contributor to the differential
methylation among tissues. In Arabidopsis, DNA demethy-
lation is controlled by 4 DEMETER family members—DME,
DML2, DML3, and ROS1 (Law and Jacobsen 2010). Many
tissue-specific changes in methylation identified in the
wild type were absent in quadruple mutants of these 4
genes (Williams et al. 2022).
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Figure 2. The plasticity of DNA methylation and the contribution of DNA methylation to plant adaptation. A) The genome-wide average CG and
CHG methylation levels of 50 high-quality WGBS data sets from wild-type (WT) Arabidopsis Col-0 from different labs. The data used to construct
this plot can be found in Zhang et al. (2018b). B) The distribution of CG DMCs identified by comparing DNA methylation data from 4 tissues. The
data used to construct this plot can be found in Williams et al. (2022). C) Principal component analysis (PCA) of CG, CHG, and CHH methylation
levels in 100 kb windows from 9 root cell types. The data used to construct this plot can be found in Kawakatsu et al. (2016b). RT, root tip; EP, epi-
dermis; CO, cortex; EN, endodermis; ST, stele; CRC, columella root cap; LC, lower columella. D) DNA methylation is important for plant sensitivity to
immunity priming. E) Changes in DNA methylation of IAA27 coupled with the genetic variation of CLSY1 affect lateral root development and confer
adaptation to a low-potassium environment. The “T"-shaped solid line indicates the repression of the expression of IAA27 by increased DNA methy-
lation. The “T"-shaped dashed lines indicate the negative regulation of lateral root development by the expression of IAA27, with the thicker one having
stronger repression due to higher expression. F) The decrease in DNA methylation induced by the UVR8-DRM2 module following exposure to UVB
activates downstream genes/TEs. The dashed boxes indicate the physical interaction sites between UVR8 and DRM2. The “T"-shaped solid lines in-
dicate the inhibition of DRM2-mediated DNA methylation, with the thicker one having stronger inhibition. The diagram of Arabidopsis and some

elements in D to F) were created with BioRender (BioRender.com).

Variation in DNA methylation in response to the
environment

Accumulating studies have demonstrated that DNA methy-
lation, a heritable modification of cytosines, can respond and
adapt to various biotic and abiotic stress factors. This topic
has been the focus of several reviews (Feil and Fraga 2012;
Meyer 2015; He and Li 2018; Zhang et al. 2018a; Alonso

et al. 2019; Lloyd and Lister 2022). In this section, we focus
on the latest studies in Arabidopsis describing the important
roles of DNA methylation in the adaptation of plants against
biotic and abiotic stress.

Whereas genetic mutations confer long-term plant adapta-
tion, DNA methylation can rapidly respond environmental
challenges and quickly enhance fitness. Sheikh et al. (2023)
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recently discovered the important roles of the linker histone H1
and DNA methylation in plant defense. An Arabidopsis triple
mutant of 3 histone H1 variants (h1.1 h1.2 h1.3) showed in-
creased resistance to plant pathogen infection due to the al-
tered expression of plant defense genes. The priming process
involving pretreatment with 22-amino-acid flagellin (fig22)
prior to pathogen infection enhanced the resistance of wild-
type plants to subsequent pathogen infection. However, the
h1 mutant was insensitive to priming. This could be partially
explained by the observation that flg22 treatment resulted in
increased DNA methylation in the promoters of defense genes
in h1, leading to their repression (Fig. 2D; Sheikh et al. 2023).
This study suggests that DNA methylation can quickly respond
to pathogen infection and affect plant defense by regulating
the expression of defense genes.

DNA methylation can also enhance plant adaptation during
long-term evolution, dependent or independent of genetic mu-
tations. A recent study by Shahzad et al. (2020) showed that
changes in DNA methylation coupled with genetic mutation al-
low plants to cope with potassium deficiency. Sensing and re-
sponding to nutrient elements in the soil are essential for
plants. The deficiency of potassium, an essential nutrient elem-
ent, can lead to poorly developed roots (Tsay et al. 2011).
Different Arabidopsis accessions have evolved 2 strategies to
overcome low potassium stress by increasing the growth of
main or lateral roots (Kellermeier et al. 2013). Using genome-
wide association study (GWAS), Shahzad et al. (2020) identified
CLSY1 as a regulator of lateral root development under low-
potassium conditions. Low potassium prevents the degradation
of INDOLE-3-ACETIC ACID INDUCIBLE 27 (IAA27), which
negatively regulates root branching via the auxin signaling path-
way. In parallel, CLSY1 can silence IAA27 through DNA methy-
lation. The change of aspartate to glutamate at position 538 of
CLSY1 is significantly associated with lateral root development
under low-potassium conditions in natural Arabidopsis acces-
sions. Accessions harboring the CLSY1 aspartate-encoding allele
showed significantly higher DNA methylation of the IAA27 pro-
moter and lower expression of IAA27 than accessions harboring
the glutamate-encoding allele (Fig. 2E; Shahzad et al. 2020).
These findings demonstrate that DNA methylation can coord-
inate genetic changes and facilitate lateral root development to
enable plants to overcome a challenging environment.

Although DNA methylation has been implicated in plant
adaptation, the evidence is mostly from studies showing
the association of changes in DNA methylation with environ-
mental changes. Jiang et al. (2021) provided direct evidence
to illustrate how exposure to UV light can suppress DNA
methylation. DNA methylation in Arabidopsis responded
to UVB light through the physical interaction between UV
RESISTANCE LOCUS 8 (UVR8, a UVB photoreceptor) and
DRM2 (a de novo DNA methyltransferase). UVB irradiation
induced genome-wide DNA hypomethylation and derepres-
sion of TEs via a UVR8-dependent pathway (Fig. 2F). This
UVR8-DRM2-mediated TE reactivation mechanism could
directly or indirectly regulate the expression of key genes in-
volved in plant protection against UV exposure.

Liu and Zhong

The genetic basis of variation in DNA methylation in
natural populations

Studies of both specific genomic loci and genome-wide
methylomes of different Arabidopsis accessions have shown
great variations in DNA methylation among natural acces-
sions (Vaughn et al. 2007; Schmitz et al. 2013; Kawakatsu
et al. 2016b). In contrast to the well-characterized regulators
of the establishment and maintenance of DNA methylation
in an individual accession (Fang et al. 2021, 2022; He et al.
2022; Leichter et al. 2022), the genetic and mechanistic basis
of the variation in DNA methylation among natural accessions
is poorly understood. Several contributors to this process have
been identified by GWAS (Baduel and Sasaki 2023). Among
these, CMT2 was mapped by multiple GWASs based on
non-CG methylation levels of the whole genome, DMRs,
and CMT2-targeted TEs (Shen et al. 2014; Dubin et al. 2015;
Kawakatsu et al. 2016a; Sasaki et al. 2019; Huther et al. 2022;
Sasaki et al. 2022). This aligns well with the function of
CMT2 as a DNA methyltransferase responsible for maintain-
ing CHH methylation (Zemach et al. 2013) and the strong cor-
relation between CHH and CHG methylation (Sasaki et al.
2022). Another major determinant of CHH methylation at
TEs is NRPE1, which encodes the largest subunit of RNA poly-
merase V and a key component of the RNA-directed DNA
methylation (RADM) pathway (Kawakatsu et al. 2016a;
Sasaki et al. 2019). The role of NRPET in controlling the mobil-
ization of TEs was also revealed via GWAS (Baduel et al. 2021).

In a GWAS, miR823A was found to be frequently associated
with CHG DMRs (Hiither et al. 2022). Another GWAS of CHG
methylation of RADM/CMT2-targeted TEs identified both
CMT3 and miR823A after setting CHH methylation as
a covariate (Sasaki et al. 2022). CMT3 encodes a DNA
methyltransferase responsible for CHG methylation mainten-
ance (Lindroth et al. 2001), while miR823A encodes
microRNA823A, which is predicted to target CMT3. These find-
ings point to possible miR823A-CMT3 module-mediated regula-
tion of CHG methylation, although further validation is
required.

ARGONAUTE genes, including AGO9 and AGOT, have
been identified as regulators of CHH methylation of
RdDM-targeted TEs in natural populations (Kawakatsu
et al. 2016a; Sasaki et al. 2019). The functions of these genes
in these accessions may differ from the function of AGO9 in
Col-0, as the ago9 mutant showed no changes in methylation
in RADM-targeted hypo-DMR regions (Stroud et al. 2013).
This suggests that AGO proteins that are not involved in
the RADM pathway in Col-0 may participate in DNA methy-
lation in other accessions.

MULTICOPY SUPPRESSOR OF IRA1 (MSI1) encodes a
subunit of Polycomb repressive complex 2 (PRC2), which
catalyzes the trimethylation of histone 3 at lysine 27
(H3K27me3; Kohler et al. 2003; Bemer and Grossniklaus
2012). In 2 recent GWAS, MSI1 was shown to be associated
with CHG methylation at 44 DMR regions, as well as
RADM- and CMT2-targeted TEs (Huther et al. 2022; Sasaki
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et al. 2022). In the Col-0 background, H3K27me3 has been
shown to be independent of DNA methylation (Zhang
et al. 2007), unlike H3K9me2, which is required for CHG
methylation by CMT3 (Fang et al. 2022). These findings point
to a possible relationship between DNA methylation and
H3K27me3 in other accessions, which remains to be
characterized.

Although not repeatedly identified, genetic variations of
JUMONJI26 (JMJ26)—a homolog of INCREASE IN BONSAI
METHYLATION 1 (IBM1)—were reported to be associated
with CHG methylation of RADM-targeted TEs in conditional
GWAS using CHH as a covariate (Sasaki et al. 2022).
Knockout of JMJ26 resulted in increased CHG methylation of
RdDM-targeted TEs (Sasaki et al. 2022). The key for the identi-
fication of JMJ26 is conditional analysis in which CHH methyla-
tion is included as a covariate when performing GWAS of CHG
methylation. This finding highlights the potential for innova-
tions in GWAS, including improved methods or population
construction, in population epigenetic studies.

Besides trans regulators, a substantial number of genetic
variations, whether nearby or at a considerable distance,
have been shown to be associated with variations in DNA
methylation at the target sites (Schmitz et al. 2013; Dubin
et al. 2015; Sasaki et al. 2019; Hiither et al. 2022). Still, little
is known about the causal genetic changes, as there has
been no validation of the genetic changes underlying these
associations. Several studies have demonstrated that genetic
variations, such as TE insertions and structural variations
(SVs), can influence DNA methylation at nearby sites.
Ahmed et al. (2011) found that hundreds of TEs with no
matching 24-nt siRNA acquired DNA methylation through
the spreading of the methylation from adjacent densely
methylated TEs with matching 24-nt siRNA. Another study
identified the recent TE transpositions in 211 Arabidopsis ac-
cessions and found that half of the new TE insertion sites are
highly methylated and spread to adjacent region in acces-
sions with TE insertions (Quadrana et al. 2016). Direct evi-
dence comes from the de novo deposition of CEN180
repeats into a euchromatic target site, which induced the es-
tablishment and spreading of local DNA methylation in the
ibm1 mutant (Liu et al. 2023). In the Arabidopsis 1001
Methylomes, a large proportion of SVs (22% to 50%) are dif-
ferentially methylated (Kawakatsu et al. 2016a), highlighting
the impact of SV on the DNA methylation of flanking se-
quences. The best example showing how SV affects DNA

OUTSTANDING QUESTIONS

® To what extent does epigenetic variation con-
tribute to plant adaptation?

® How can the functions of epialleles be discovered
and validated in a high-throughput manner?

® How can epialleles efficiently and effectively be
applied in crop breeding programs?
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methylation is the PHOSPHORIBOSYLANTHRANILATE
ISOMERASE  (PAI) gene family (PAIT to PAI4) in
Arabidopsis. Some accessions contain unmethylated PAI
genes, such as Col, while others contain methylated PAI
genes, such as WS. Col contains 3 unlinked PAI genes
(PAI1, PAI2, and PAI3), while WS contains 4 PAI genes with
a PAIT to PAI4 inverted duplication. This inverted repeat
leads to methylation of all 4 PAI genes (Bender and Fink
1995; Luff et al. 1999; Melquist et al. 1999).

Concluding remarks

Recent GWASs have provided important information about
the genetic basis of the natural variation in the non-CG
methylation of TEs. However, our understanding of the gen-
etic basis of CG methylation and the DNA methylation of
other genomic features, such as promoter regions and
protein-coding genes, remains largely unknown. The discov-
ery and validation of epiallele functions in a high-throughput
manner and the application of epialleles in crop breeding
programs represent important future endeavors (see
“OUTSTANDING QUESTIONS”). Furthermore, the availabil-
ity of a genome-wide chromatin atlas with a multiomics
data set at the population level will undoubtedly enhance
our understanding of epigenetic variations. The use of com-
bination of big data analysis with epigenetic editing tech-
nologies for the mining and application of epigenetic
variations will greatly enhance crop breeding programs.

Acknowledgments
We thank Maddy Frank for manuscript edits.

Author Contributions
J.L. and X.Z. wrote the paper.

Funding

This work was supported by the National Science Foundation
(NSF, MCB-2043544) and the National Institutes of Health
(NIH, R35GM124806).

Conflict of interest statement. None declared.

Data availability

No new data were generated in this research.

References

Ahmed |, Sarazin A, Bowler C, Colot V, Quesneville H. Genome-wide
evidence for local DNA methylation spreading from small
RNA-targeted sequences in Arabidopsis. Nucleic Acids Res.
2011:39(16):6919-6931. https://doi.org/10.1093/nar/gkr324

Alonso C, Ramos-Cruz D, Becker C. The role of plant epigenetics in
biotic interactions. New Phytol. 2019:221(2):731-737. https://doi.
org/10.1111/nph.15408

G20z Arenigad zz uo 1senb Aq 1L09609./6€02/v/6 L/9[oIe/sAyd|d/woo-dno-ojwapeoey/:sdiy woy papeojumod


https://doi.org/10.1093/nar/gkr324
https://doi.org/10.1111/nph.15408
https://doi.org/10.1111/nph.15408

2046 | PLANT PHYSIOLOGY 2024: 194; 2039-2048

Baduel P, Leduque B, Ignace A, Gy |, Gil ] Jr, Loudet O, Colot V,
Quadrana L. Genetic and environmental modulation of transposition
shapes the evolutionary potential of Arabidopsis thaliana. Genome Biol.
2021:22(1):138. https://doi.org/10.1186/s13059-021-02348-5

Baduel P, Sasaki E. The genetic basis of epigenetic variation and its
consequences for adaptation. Curr Opin Plant Biol. 2023:75:102409.
https://doi.org/10.1016/j.pbi.2023.102409

Becker C, Hagmann J, Miiller J, Koenig D, Stegle O, Borgwardt K,
Weigel D. Spontaneous epigenetic variation in the Arabidopsis thali-
ana methylome. Nature 2011:480(7376):245-249. https://doi.org/10.
1038/nature10555

Bemer M, Grossniklaus U. Dynamic regulation of Polycomb group ac-
tivity during plant development. Curr Opin Plant Biol. 2012:15(5):
523-529. https://doi.org/10.1016/j.pbi.2012.09.006

Bender J, Fink GR. Epigenetic control of an endogenous gene
family is revealed by a novel blue fluorescent mutant of
Arabidopsis. Cell 1995:83(5):725-734. https://doi.org/10.1016/
0092-8674(95)90185-X

Bibikova M, Barnes B, Tsan C, Ho V, Klotzle B, Le JM, Delano D,
Zhang L, Schroth GP, Gunderson KL, et al. High density DNA
methylation array with single CpG site resolution. Genomics
2011:98(4):288-295. https://doi.org/10.1016/j.ygeno.2011.07.007

Cao X, Springer NM, Muszynski MG, Phillips RL, Kaeppler S,
Jacobsen SE. Conserved plant genes with similarity to mammalian
de novo DNA methyltransferases. Proc Natl Acad Sci U S A.
2000:97(9):4979-4984. https://doi.org/10.1073/pnas.97.9.4979

Chakraborty T, Payne H, Mosher RA. Expansion and contraction of
small RNA and methylation machinery throughout plant evolution.
Curr Opin Plant Biol. 2022:69:102260. https://doi.org/10.1016/j.pbi.
2022.102260

Choi Y, Gehring M, Johnson L, Hannon M, Harada }J, Goldberg RB,
Jacobsen SE, Fischer RL. DEMETER, a DNA glycosylase domain pro-
tein, is required for endosperm gene imprinting and seed viability in
arabidopsis. Cell 2002:110(1):33-42. https://doi.org/10.1016/50092-
8674(02)00807-3

Deamer D, Akeson M, Branton D. Three decades of nanopore sequen-
cing. Nat Biotechnol. 2016:34(5):518-524. https://doi.org/10.1038/
nbt.3423

Dubin M), Zhang P, Meng D, Remigereau MS, Osborne EJ, Paolo Casale
F, Drewe P, Kahles A, Jean G, Vilhjalmsson B, et al. DNA methylation
in Arabidopsis has a genetic basis and shows evidence of local adapta-
tion. Elife 2015:4:e05255. https://doi.org/10.7554/eLife.05255

Eid J, Fehr A, Gray J, Luong K, Lyle ), Otto G, Peluso P, Rank D,
Baybayan P, Bettman B, et al. Real-time DNA sequencing from sin-
gle polymerase molecules. Science 2009:323(5910):133-138. https://
doi.org/10.1126/science.1162986

Fang), Jiang ), Leichter SM, Liu ), Biswal M, Khudaverdyan N, Zhong
X, Song ). Mechanistic basis for maintenance of CHG DNA methyla-
tion in plants. Nat Commun. 2022:13(1):3877. https://doi.org/10.
1038/541467-022-31627-3

Fang), Leichter SM, Jiang ), Biswal M, Lu }J, Zhang ZM, Ren W, Zhai },
Cui Q Zhong X, et al. Substrate deformation regulates
DRM2-mediated DNA methylation in plants. Sci Adv. 2021:7(23):
eabd9224. https://doi.org/10.1126/sciadv.abd9224

Feil R, Fraga MF. Epigenetics and the environment: emerging patterns
and implications. Nat Rev Genet. 2012:13(2):97-109. https://doi.org/
10.1038/nrg3142

Fraga MF, Esteller M. DNA methylation: a profile of methods and ap-
plications. Biotechniques 2002:33(3):632-649. https://doi.org/10.
2144/02333rv01

Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg GW,
Molloy PL, Paul CL. A genomic sequencing protocol that yields a
positive display of 5-methylcytosine residues in individual DNA
strands. Proc Natl Acad Sci U S A. 1992:89(5):1827-1831. https://
doi.org/10.1073/pnas.89.5.1827

Fuligrabe ), Gosal WS, Creed P, Liu S, Lumby CK, Morley D), Ost
TWB, Vilella AJ, Yu S, Bignell H, et al. Simultaneous sequencing

Liu and Zhong

of genetic and epigenetic bases in DNA. Nat Biotechnol.
2023:41(10):1457-1464. https://doi.org/10.1038/s41587-022-01652-0

Gong Z, Morales-Ruiz T, Ariza RR, Roldan-Arjona T, David L, Zhu JK.
ROST1, a repressor of transcriptional gene silencing in Arabidopsis, en-
codes a DNA glycosylase/lyase. Cell 2002:111(6):803-814. https://doi.
org/10.1016/50092-8674(02)01133-9

Gu H, Raman AT, Wang X, Gaiti F, Chaligne R, Mohammad AW,
Arczewska A, Smith ZD, Landau DA, Aryee M), et al.
Smart-RRBS for single-cell methylome and transcriptome analysis.
Nat Protoc. 2021:16(8):4004-4030. https://doi.org/10.1038/s41596-
021-00571-9

Guo H, Zhu P, Wu X, Li X, Wen L, Tang F. Single-cell methylome land-
scapes of mouse embryonic stem cells and early embryos analyzed
using reduced representation bisulfite sequencing. Genome Res.
2013:23(12):2126-2135. https://doi.org/10.1101/gr.161679.113

Gutzat R, Rembart K, Nussbaumer T, Hofmann F, Pisupati R,
Bradamante G, Daubel N, Gaidora A, Lettner N, Dona M, et al.
Arabidopsis shoot stem cells display dynamic transcription and
DNA methylation patterns. EMBO ). 2020:39(20):e103667. https://
doi.org/10.15252/embj.2019103667

Han L, Wu HJ, Zhu H, Kim KY, Marjani SL, Riester M, Euskirchen G,
Zi X, Yang), Han }, et al. Bisulfite-independent analysis of CpG island
methylation enables genome-scale stratification of single cells.
Nucleic Acids Res. 2017:45(10):e77. https://doi.org/10.1093/nar/
gkx026

Harrison A, Parle-McDermott A. DNA methylation: a timeline of
methods and applications. Front Genet. 2011:2:74. https://doi.org/
10.3389/fgene.2011.00074

Hazarika RR, Serra M, Zhang Z, Zhang Y, Schmitz R), Johannes F.
Molecular properties of epimutation hotspots. Nat Plants.
2022:8(2):146-156. https://doi.org/10.1038/s41477-021-01086-7

He L, Huang H, Bradai M, Zhao C, You Y, Ma J, Zhao L,
Lozano-Duran R, Zhu JK. DNA methylation-free Arabidopsis reveals
crucial roles of DNA methylation in regulating gene expression and
development. Nat Commun. 2022:13(1):1335. https://doi.org/10.
1038/541467-022-28940-2

He Y, Li Z. Epigenetic environmental memories in plants: establish-
ment, maintenance, and reprogramming. Trends Genet.
2018:34(11):856-866. https://doi.org/10.1016/j.tig.2018.07.006

He YF, Li BZ, Li Z, Liu P, Wang Y, Tang Q, DingJ, Jia Y, Chen Z, Li L,
et al. Tet-mediated formation of 5-carboxylcytosine and its excision
by TDG in mammalian DNA. Science 2011:333(6047):1303-1307.
https://doi.org/10.1126/science. 1210944

Hsieh PH, He S, Buttress T, Gao H, Couchman M, Fischer RL,
Zilberman D, Feng X. Arabidopsis male sexual lineage exhibits
more robust maintenance of CG methylation than somatic tissues.
Proc Natl Acad Sci U S A. 2016:113(52):15132-15137. https://doi.
org/10.1073/pnas. 1619074114

Hufford MB, Seetharam AS, Woodhouse MR, Chougule KM, Ou S,
Liu J, Ricci WA, Guo T, Olson A, Qiu Y, et al. De novo assembly,
annotation, and comparative analysis of 26 diverse maize genomes.
Science 2021:373(6555):655-662. https://doi.org/10.1126/science.
abg5289

Hiither P, Hagmann ), Nunn A, Kakoulidou I, Pisupati R,
Langenberger D, Weigel D, Johannes F, Schultheiss S), Becker C.
MethylScore, a pipeline for accurate and context-aware identifica-
tion of differentially methylated regions from population-scale plant
whole-genome bisulfite sequencing data. Quant Plant Biol. 2022:3:
e19. https://doi.org/10.1017/qpb.2022.14

International Wheat Genome Sequencing Consortium. Shifting the
limits in wheat research and breeding using a fully annotated refer-
ence genome. Science 2018:361:eaar7191. https://doi.org/10.1126/
science.aar7191

Jiang ), Liu}, Sanders D, Qian S, Ren W, Song}, Liu F, Zhong X. UVR8
interacts with de novo DNA methyltransferase and suppresses DNA
methylation in Arabidopsis. Nat Plants. 2021:7(2):184-197. https://
doi.org/10.1038/s41477-020-00843-4

G20z Arenigad zz uo 1senb Aq 1L09609./6€02/v/6 L/9[oIe/sAyd|d/woo-dno-ojwapeoey/:sdiy woy papeojumod


https://doi.org/10.1186/s13059-021-02348-5
https://doi.org/10.1016/j.pbi.2023.102409
https://doi.org/10.1038/nature10555
https://doi.org/10.1038/nature10555
https://doi.org/10.1016/j.pbi.2012.09.006
https://doi.org/10.1016/0092-8674(95)90185-X
https://doi.org/10.1016/0092-8674(95)90185-X
https://doi.org/10.1016/j.ygeno.2011.07.007
https://doi.org/10.1073/pnas.97.9.4979
https://doi.org/10.1016/j.pbi.2022.102260
https://doi.org/10.1016/j.pbi.2022.102260
https://doi.org/10.1016/S0092-8674(02)00807-3
https://doi.org/10.1016/S0092-8674(02)00807-3
https://doi.org/10.1038/nbt.3423
https://doi.org/10.1038/nbt.3423
https://doi.org/10.7554/eLife.05255
https://doi.org/10.1126/science.1162986
https://doi.org/10.1126/science.1162986
https://doi.org/10.1038/s41467-022-31627-3
https://doi.org/10.1038/s41467-022-31627-3
https://doi.org/10.1126/sciadv.abd9224
https://doi.org/10.1038/nrg3142
https://doi.org/10.1038/nrg3142
https://doi.org/10.2144/02333rv01
https://doi.org/10.2144/02333rv01
https://doi.org/10.1073/pnas.89.5.1827
https://doi.org/10.1073/pnas.89.5.1827
https://doi.org/10.1038/s41587-022-01652-0
https://doi.org/10.1016/S0092-8674(02)01133-9
https://doi.org/10.1016/S0092-8674(02)01133-9
https://doi.org/10.1038/s41596-021-00571-9
https://doi.org/10.1038/s41596-021-00571-9
https://doi.org/10.1101/gr.161679.113
https://doi.org/10.15252/embj.2019103667
https://doi.org/10.15252/embj.2019103667
https://doi.org/10.1093/nar/gkx026
https://doi.org/10.1093/nar/gkx026
https://doi.org/10.3389/fgene.2011.00074
https://doi.org/10.3389/fgene.2011.00074
https://doi.org/10.1038/s41477-021-01086-7
https://doi.org/10.1038/s41467-022-28940-2
https://doi.org/10.1038/s41467-022-28940-2
https://doi.org/10.1016/j.tig.2018.07.006
https://doi.org/10.1126/science.1210944
https://doi.org/10.1073/pnas.1619074114
https://doi.org/10.1073/pnas.1619074114
https://doi.org/10.1126/science.abg5289
https://doi.org/10.1126/science.abg5289
https://doi.org/10.1017/qpb.2022.14
https://doi.org/10.1126/science.aar7191
https://doi.org/10.1126/science.aar7191
https://doi.org/10.1038/s41477-020-00843-4
https://doi.org/10.1038/s41477-020-00843-4

Analyzing DNA methylation in population studies

Kankel MW, Ramsey DE, Stokes TL, Flowers SK, Haag JR, Jeddeloh
JA, Riddle NC, Verbsky ML, Richards EJ. Arabidopsis MET1 cytosine
methyltransferase  mutants. Genetics  2003:163(3):1109-1122.
https://doi.org/10.1093/genetics/163.3.1109

Karemaker ID, Vermeulen M. Single-cell DNA methylation
profiling: technologies and biological applications. Trends Biotechnol.
2018:36(9):952-965. https://doi.org/10.1016/j.tibtech.2018.04.002

Kawakatsu T, Huang SC, Jupe F, Sasaki E, Schmitz R), Urich MA,
Castanon R, Nery JR, Barragan C, He Y, et al. Epigenomic diversity
in a global collection of Arabidopsis thaliana accessions. Cell
2016a:166(2):492-505. https://doi.org/10.1016/j.cell.2016.06.044

Kawakatsu T, Stuart T, Valdes M, Breakfield N, Schmitz R}, Nery JR,
Urich MA, Han X, Lister R, Benfey PN, et al. Unique cell-type-specific
patterns of DNA methylation in the root meristem. Nat Plants.
2016b:2(5):16058. https://doi.org/10.1038/nplants.2016.58

Kellermeier F, Chardon F, Amtmann A. Natural variation of
Arabidopsis root architecture reveals complementing adaptive strat-
egies to potassium starvation. Plant Physiol. 2013:161(3):1421-1432.
https://doi.org/10.1104/pp.112.211144

Kohler C, Hennig L, Bouveret R, Gheyselinck ), Grossniklaus U,
Gruissem W. Arabidopsis MSI1 is a component of the MEA/FIE
Polycomb group complex and required for seed development. EMBO
J. 2003:22(18):4804-4814. https://doi.org/10.1093/emboj/cdgd44

Kurdyukov S, Bullock M. DNA methylation analysis: choosing the right
method. Biology (Basel) 2016:5(1):3. https://doi.org/10.3390/
biology5010003

Law JA, Jacobsen SE. Establishing, maintaining and modifying DNA
methylation patterns in plants and animals. Nat Rev Genet.
2010:11(3):204-220. https://doi.org/10.1038/nrg2719

Leichter SM, Du }, Zhong X. Structure and mechanism of plant DNA
methyltransferases. Adv Exp Med Biol. 2022:1389:137-157. https://
doi.org/10.1007/978-3-031-11454-0_6

Li Q, Suzuki M, Wendt ), Patterson N, Eichten SR, Hermanson P),
Green D, Jeddeloh ), Richmond T, Rosenbaum H, et al.
Post-conversion targeted capture of modified cytosines in mamma-
lian and plant genomes. Nucleic Acids Res. 2015:43(12):e81-e81.
https://doi.org/10.1093/nar/gkv244

Li X, Chen L, Zhang Q, Sun Y, Li Q, Yan }. BRIF-Seq: bisulfite-converted
randomly integrated fragments sequencing at the single-cell level.
Mol Plant. 2019:12(3):438-446. https://doi.org/10.1016/j.molp.2019.
01.004

Lindroth AM, Cao X, Jackson )P, Zilberman D, McCallum CM,
Henikoff S, Jacobsen SE. Requirement of CHROMOMETHYLASE3
for maintenance of CpXpG methylation. Science 2001:292(5524):
2077-2080. https://doi.org/10.1126/science. 1059745

Liu Q, FangL, Yu G, Wang D, Xiao CL, Wang K. Detection of DNA base
modifications by deep recurrent neural network on Oxford
Nanopore sequencing data. Nat Commun. 2019a:10(1):2449.
https://doi.org/10.1038/541467-019-10168-2

Liu Y, Siejka-Zielinska P, Velikova G, Bi Y, Yuan F, Tomkova M, Bai
C, Chen L, Schuster-Bockler B, Song CX. Bisulfite-free direct detec-
tion of 5-methylcytosine and 5-hydroxymethylcytosine at base reso-
lution. Nat Biotechnol. 2019b:37(4):424-429. https://doi.org/10.
1038/s41587-019-0041-2

Liu ZW, Liu J, Liu F, Zhong X. Depositing centromere repeats induces
heritable intragenic heterochromatin establishment and spreading in
Arabidopsis. Nucleic Acids Res. 2023:51(12):6039-6054. https://doi.
org/10.1093/nar/gkad306

Lloyd JPB, Lister R. Epigenome plasticity in plants. Nat Rev Genet.
2022:23(1):55-68. https://doi.org/10.1038/s41576-021-00407-y

Luff B, Pawlowski L, Bender ). An inverted repeat triggers
cytosine methylation of identical sequences in Arabidopsis. Mol Cell.
1999:3(4):505-511. https://doi.org/10.1016/51097-2765(00)80478-5

Matzke MA, Kanno T, Matzke A). RNA-directed DNA methylation:
the evolution of a complex epigenetic pathway in flowering plants.
Annu Rev Plant Biol. 2015:66(1):243-267. https://doi.org/10.1146/
annurev-arplant-043014-114633

PLANT PHYSIOLOGY 2024: 194; 2039-2048 | 2047

Matzke MA, Mosher RA. RNA-directed DNA methylation: an epigen-
etic pathway of increasing complexity. Nat Rev Genet. 2014:15(6):
394-408. https://doi.org/10.1038/nrg3683

Meissner A, Gnirke A, Bell GW, Ramsahoye B, Lander ES, Jaenisch R.
Reduced representation bisulfite sequencing for comparative high-
resolution DNA methylation analysis. Nucleic Acids Res.
2005:33(18):5868—5877. https://doi.org/10.1093/nar/gki901

Meissner A, Mikkelsen TS, Gu H, Wernig M, Hanna }, Sivachenko A,
Zhang X, Bernstein BE, Nusbaum C, Jaffe DB, et al.
Genome-scale  DNA methylation maps of pluripotent and
differentiated cells. Nature 2008:454(7205):766-770. https://doi.
org/10.1038/nature07107

Melquist S, Luff B, Bender ). Arabidopsis PAl gene arrangements, cyto-
sine methylation and expression. Genetics 1999:153(1):401-413.
https://doi.org/10.1093/genetics/153.1.401

Meyer P. Epigenetic variation and environmental change. ) Exp Bot.
2015:66(12):3541-3548. https://doi.org/10.1093/jxb/eru502

Olova N, Krueger F, Andrews S, Oxley D, Berrens RV, Branco MR,
Reik W. Comparison of whole-genome bisulfite sequencing library
preparation strategies identifies sources of biases affecting DNA
methylation data. Genome Biol. 2018:19(1):33. https://doi.org/10.
1186/513059-018-1408-2

Penterman J, Zilberman D, Huh JH, Ballinger T, Henikoff S, Fischer RL.
DNA demethylation in the Arabidopsis genome. Proc Natl Acad Sci U S
A. 2007:104(16):6752-6757. https://doi.org/10.1073/pnas.0701861104

Quadrana L, Bortolini Silveira A, Mayhew GF, LeBlanc C,
Martienssen RA, Jeddeloh JA, Colot V. The Arabidopsis thaliana
mobilome and its impact at the species level. Elife 2016:5:¢15716.
https://doi.org/10.7554/eLife.15716

Rand AC, Jain M, Eizenga JM, Musselman-Brown A, Olsen HE,
Akeson M, Paten B. Mapping DNA methylation with high-
throughput nanopore sequencing. Nat Methods. 2017:14(4):
411-413. https://doi.org/10.1038/nmeth.4189

Sasaki E, Gunis ], Reichardt-Gomez |, Nizhynska V, Nordborg M.
Conditional GWAS of non-CG transposon methylation in
Arabidopsis thaliana reveals major polymorphisms in five genes.
PLoS Genet. 2022:18(9):e1010345. https://doi.org/10.1371/journal.
pgen.1010345

Sasaki E, Kawakatsu T, Ecker JR, Nordborg M. Common alleles of
CMT2 and NRPET are major determinants of CHH methylation vari-
ation in Arabidopsis thaliana. PLoS Genet. 2019:15(12):e1008492.
https://doi.org/10.1371/journal.pgen.1008492

Schmitz R), Marand AP, Zhang X, Mosher RA, Turck F, Chen X,
Axtell M), Zhong X, Brady SM, Megraw M, et al. Quality control
and evaluation of plant epigenomics data. Plant Cell. 2022:34(1):
503-513. https://doi.org/10.1093/plcell/koab255

Schmitz R), Schultz MD, Lewsey MG, O’Malley RC, Urich MA, Libiger
O, Schork NJ, Ecker JR. Transgenerational epigenetic instability is a
source of novel methylation variants. Science 2011:334(6054):
369-373. https://doi.org/10.1126/science.1212959

Schmitz R), Schultz MD, Urich MA, Nery JR, Pelizzola M, Libiger O,
McCosh AA, Chen RB, Schork H, Ecker NJ, et al. Patterns of popu-
lation epigenomic diversity. Nature 2013:495(7440):193-198. https://
doi.org/10.1038/nature 11968

Schutsky EK, Nabel CS, Davis AKF, DeNizio JE, Kohli RM. APOBEC3A
efficiently deaminates methylated, but not TET-oxidized, cytosine
bases in DNA. Nucleic Acids Res. 2017:45(13):7655-7665. https://
doi.org/10.1093/nar/gkx345

Shahzad Z, Eaglesfield R, Carr C, Amtmann A. Cryptic variation in
RNA-directed DNA-methylation controls lateral root development
when auxin signalling is perturbed. Nat Commun. 2020:11(1):218.
https://doi.org/10.1038/541467-019-13927-3

Sheikh AH, Nawaz K, Tabassum N, Almeida-Trapp M, Mariappan
KG, Alhoraibi H, Rayapuram N, Aranda M, Groth M, Hirt H.
Linker histone H1 modulates defense priming and immunity in
plants. Nucleic Acids Res. 2023:51(9):4252-4265. https://doi.org/10.
1093/nar/gkad106

G20z Arenigad zz uo 1senb Aq 1L09609./6€02/v/6 L/9[oIe/sAyd|d/woo-dno-ojwapeoey/:sdiy woy papeojumod


https://doi.org/10.1093/genetics/163.3.1109
https://doi.org/10.1016/j.tibtech.2018.04.002
https://doi.org/10.1016/j.cell.2016.06.044
https://doi.org/10.1038/nplants.2016.58
https://doi.org/10.1104/pp.112.211144
https://doi.org/10.1093/emboj/cdg444
https://doi.org/10.3390/biology5010003
https://doi.org/10.3390/biology5010003
https://doi.org/10.1038/nrg2719
https://doi.org/10.1007/978-3-031-11454-0_6
https://doi.org/10.1007/978-3-031-11454-0_6
https://doi.org/10.1093/nar/gkv244
https://doi.org/10.1016/j.molp.2019.01.004
https://doi.org/10.1016/j.molp.2019.01.004
https://doi.org/10.1126/science.1059745
https://doi.org/10.1038/s41467-019-10168-2
https://doi.org/10.1038/s41587-019-0041-2
https://doi.org/10.1038/s41587-019-0041-2
https://doi.org/10.1093/nar/gkad306
https://doi.org/10.1093/nar/gkad306
https://doi.org/10.1038/s41576-021-00407-y
https://doi.org/10.1016/S1097-2765(00)80478-5
https://doi.org/10.1146/annurev-arplant-043014-114633
https://doi.org/10.1146/annurev-arplant-043014-114633
https://doi.org/10.1038/nrg3683
https://doi.org/10.1093/nar/gki901
https://doi.org/10.1038/nature07107
https://doi.org/10.1038/nature07107
https://doi.org/10.1093/genetics/153.1.401
https://doi.org/10.1093/jxb/eru502
https://doi.org/10.1186/s13059-018-1408-2
https://doi.org/10.1186/s13059-018-1408-2
https://doi.org/10.1073/pnas.0701861104
https://doi.org/10.7554/eLife.15716
https://doi.org/10.1038/nmeth.4189
https://doi.org/10.1371/journal.pgen.1010345
https://doi.org/10.1371/journal.pgen.1010345
https://doi.org/10.1371/journal.pgen.1008492
https://doi.org/10.1093/plcell/koab255
https://doi.org/10.1126/science.1212959
https://doi.org/10.1038/nature11968
https://doi.org/10.1038/nature11968
https://doi.org/10.1093/nar/gkx345
https://doi.org/10.1093/nar/gkx345
https://doi.org/10.1038/s41467-019-13927-3
https://doi.org/10.1093/nar/gkad106
https://doi.org/10.1093/nar/gkad106

2048 | PLANT PHYSIOLOGY 2024: 194; 2039-2048

Shen X, De Jonge J, Forsberg SK, Pettersson ME, Sheng Z, Hennig
L, Carlborg O. Natural CMT2 variation is associated with genome-
wide methylation changes and temperature seasonality. PLoS
Genet. 2014:10(12):e1004842. https://doi.org/10.1371/journal.pgen.
1004842

Simpson JT, Workman RE, Zuzarte PC, David M, Dursi L), Timp W.
Detecting DNA cytosine methylation using nanopore sequencing. Nat
Methods. 2017:14(4):407-410. https://doi.org/10.1038/nmeth.4184

Smallwood SA, Lee HJ, Angermueller C, Krueger F, Saadeh H, Peat ),
Andrews SR, Stegle O, Reik W, Kelsey G. Single-cell genome-wide
bisulfite sequencing for assessing epigenetic heterogeneity. Nat
Methods. 2014:11(8):817-820. https://doi.org/10.1038/nmeth.3035

Stroud H, Greenberg MV, Feng S, Bernatavichute YV, Jacobsen SE.
Comprehensive analysis of silencing mutants reveals complex regula-
tion of the Arabidopsis methylome. Cell 2013:152(1-2):352-364.
https://doi.org/10.1016/j.cell.2012.10.054

To TK, Kakutani T. Crosstalk among pathways to generate DNA
methylome. Curr Opin Plant Biol. 2022:68:102248. https://doi.org/
10.1016/j.pbi.2022.102248

Tsay YF, Ho CH, Chen HY, Lin SH. Integration of nitrogen and potas-
sium signaling. Annu Rev Plant Biol. 2011:62(1):207-226. https://doi.
org/10.1146/annurev-arplant-042110-103837

Tse OYO, Jiang P, Cheng SH, Peng W, Shang H, Wong }, Chan SL,
Poon LCY, Leung TY, Chan KCA, et al. Genome-wide detection
of cytosine methylation by single molecule real-time sequencing.
Proc Natl Acad Sci U S A. 2021:118(5):e2019768118. https://doi.
0rg/10.1073/pnas.2019768118

Vaisvila R, Ponnaluri VKC, Sun Z, Langhorst BW, Saleh L, Guan S,
Dai N, Campbell MA, Sexton BS, Marks K, et al. Enzymatic methyl
sequencing detects DNA methylation at single-base resolution from
picograms of DNA. Genome Res. 2021:31(7):1280-1289. https://doi.
0rg/10.1101/gr.266551.120

Vandereyken K, Sifrim A, Thienpont B, Voet T. Methods and appli-
cations for single-cell and spatial multi-omics. Nat Rev Genet.
2023:24(8):494-515. https://doi.org/10.1038/s41576-023-00580-2

Vaughn MW, Tanurdzic M, Lippman Z, Jiang H, Carrasquillo R,
Rabinowicz PD, Dedhia N, McCombie WR, Agier N, Bulski A,
et al. Epigenetic natural variation in Arabidopsis thaliana. PLoS
Biol. 2007:5(7):e174. https://doi.org/10.1371/journal.pbio.0050174

Wang Y, Douville C, Cohen JD, Mattox A, Curtis S, Silliman N, Popoli
M, Ptak ], Dobbyn L, Nehme N, et al. Detection of rare mutations,
copy number alterations, and methylation in the same template
DNA molecules. Proc Natl Acad Sci U S A. 2023:120(15):
€2220704120. https://doi.org/10.1073/pnas.2220704120

Liu and Zhong

Wang Y, Yuan P, Yan Z, Yang M, Huo Y, Nie Y, Zhu X, Qiao J, Yan L.
Single-cell multiomics sequencing reveals the functional regulatory
landscape of early embryos. Nat Commun. 20271:12(1):1247.
https://doi.org/10.1038/s41467-021-21409-8

Weber M, Davies JJ, Wittig D, Oakeley EJ, Haase M, Lam WL,
Schiibeler D. Chromosome-wide and promoter-specific analyses
identify sites of differential DNA methylation in normal and trans-
formed human cells. Nat Genet. 2005:37(8):853-862. https://doi.
org/10.1038/ng1598

Widman N, Feng S, Jacobsen SE, Pellegrini M. Epigenetic differences
between shoots and roots in Arabidopsis reveals tissue-specific regu-
lation. Epigenetics 2014:9(2):236-242. https://doi.org/10.4161/epi.
26869

Williams BP, Bechen LL, Pohlmann DA, Gehring M. Somatic DNA de-
methylation generates tissue-specific methylation states and impacts
flowering time. Plant Cell. 2022:34(4):1189-1206. https://doi.org/10.
1093/plcell/koab319

Wyatt GR. Occurrence of 5-methylcytosine in nucleic acids. Nature
1950:166(4214):237-238. https://doi.org/10.1038/166237b0

Yao N, Zhang Z, Yu L, Hazarika R, Yu C, Jang H, Smith LM, Ton }, Liu
L, Stachowicz ], et al. An evolutionary epigenetic clock in plants.
Science 2023:381(6665):1440-1445. https://doi.org/10.1126/science.
adh9443

Zemach A, Kim MY, Hsieh PH, Coleman-Derr D, Eshed-Williams L,
Thao K, Harmer SL, Zilberman D. The Arabidopsis nucleosome
remodeler DDM1 allows DNA methyltransferases to access H1-
containing heterochromatin. Cell 2013:153(1):193-205. https://doi.
org/10.1016/j.cell.2013.02.033

Zhang H, Lang Z, Zhu JK. Dynamics and function of DNA methylation
in plants. Nat Rev Mol Cell Biol. 20182a:19(8):489-506. https://doi.org/
10.1038/s41580-018-0016-z

Zhang X, Clarenz O, Cokus S, Bernatavichute YV, Pellegrini M,
Goodrich ), Jacobsen SE. Whole-genome analysis of histone H3 ly-
sine 27 trimethylation in Arabidopsis. PLoS Biol. 2007:5(5):129.
https://doi.org/10.1371/journal.pbio.0050129

Zhang Y, Harris CJ, Liu Q, Liu W, Ausin |, Long Y, Xiao L, Feng L,
Chen X, Xie Y, et al. Large-scale comparative epigenomics reveals
hierarchical regulation of non-CG methylation in Arabidopsis. Proc
Natl Acad Sci U S A. 2018b:115(5):E1069-E1074. https://doi.org/10.
1073/pnas. 1716300115

Zhou M, Coruh C, Xu G, Martins LM, Bourbousse C, Lambolez A,
Law JA. The CLASSY family controls tissue-specific DNA methylation
patterns in Arabidopsis. Nat Commun. 2022:13(1):244. https://doi.
org/10.1038/541467-021-27690-x

G20z Arenigad zz uo 1senb Aq 1L09609./6€02/v/6 L/9[oIe/sAyd|d/woo-dno-ojwapeoey/:sdiy woy papeojumod


https://doi.org/10.1371/journal.pgen.1004842
https://doi.org/10.1371/journal.pgen.1004842
https://doi.org/10.1038/nmeth.4184
https://doi.org/10.1038/nmeth.3035
https://doi.org/10.1016/j.cell.2012.10.054
https://doi.org/10.1016/j.pbi.2022.102248
https://doi.org/10.1016/j.pbi.2022.102248
https://doi.org/10.1146/annurev-arplant-042110-103837
https://doi.org/10.1146/annurev-arplant-042110-103837
https://doi.org/10.1073/pnas.2019768118
https://doi.org/10.1073/pnas.2019768118
https://doi.org/10.1101/gr.266551.120
https://doi.org/10.1101/gr.266551.120
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1371/journal.pbio.0050174
https://doi.org/10.1073/pnas.2220704120
https://doi.org/10.1038/s41467-021-21409-8
https://doi.org/10.1038/ng1598
https://doi.org/10.1038/ng1598
https://doi.org/10.4161/epi.26869
https://doi.org/10.4161/epi.26869
https://doi.org/10.1093/plcell/koab319
https://doi.org/10.1093/plcell/koab319
https://doi.org/10.1038/166237b0
https://doi.org/10.1126/science.adh9443
https://doi.org/10.1126/science.adh9443
https://doi.org/10.1016/j.cell.2013.02.033
https://doi.org/10.1016/j.cell.2013.02.033
https://doi.org/10.1038/s41580-018-0016-z
https://doi.org/10.1038/s41580-018-0016-z
https://doi.org/10.1371/journal.pbio.0050129
https://doi.org/10.1073/pnas.1716300115
https://doi.org/10.1073/pnas.1716300115
https://doi.org/10.1038/s41467-021-27690-x
https://doi.org/10.1038/s41467-021-27690-x

	Population epigenetics: DNA methylation in the plant omics era
	Introduction
	Technology for genome-wide quantification of DNA methylation
	Bisulfite-based next-generation sequencing
	Bisulfite-free long-read sequencing
	Bisulfite-free enzyme-based sequencing
	Simultaneous detection of genetic and epigenetic information
	Profiling DNA methylation in a single cell or single �cell type

	The plasticity of DNA methylation
	Variation in DNA methylation within Arabidopsis accession Col-0
	Variation in DNA methylation in response to the environment
	The genetic basis of variation in DNA methylation in natural populations

	Concluding remarks
	Acknowledgments
	Author Contributions
	Funding
	References


