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Abstract

Evolutionary studies of DNA methylation offer insights into the mechanisms governing the variation of genomic DNA methylation
across different species. Comparisons of gross levels of DNA methylation between distantly related species indicate that the size of
the genome and the level of genomic DNA methylation are positively correlated. In plant genomes, this can be reliably explained by
the genomic contents of repetitive sequences. In animal genomes, the role of repetitive sequences on genomic DNA methylation is
less clear. On a shorter timescale, population-level comparisons demonstrate that genetic variation can explain the observed var-
iability of DNA methylation to some degree. The amount of DNA methylation variation that has been attributed to genetic variation in
the human population studies so far is substantially lower than that from Arabidopsis population studies, but this disparity might
reflect the differences in the computational and experimental techniques used. The effect of genetic variation on DNA methylation
has been directly examined in mammalian systems, revealing several causative factors that govern DNA methylation. On the other
hand, studies from Arabidopsis have furthered our understanding of spontaneous mutations of DNA methylation, termed
“epimutations.” Arabidopsis has an extremely high rate of spontaneous epimutations, which may play a major role in shaping
the global DNA methylation landscape in this genome. Key missing information includes the frequencies of spontaneous epimu-
tations in other lineages, in particular animal genomes, and how population-level variation of DNA methylation leads to species-level
differences.

Key words: DNA methylation, epimutation, whole-genome bisulfite sequencing, gene body methylation, CpG islands,

differentially methylated regions, mQTLs.

Introduction: Evolution of Epigenetics

Epigenetic modifications are essential chemical modifications
that affect the packaging of genomic DNA in the nucleus of
each cell. As such, epigenetic modifications influence how cell
lineages are defined during developmental processes. One of
the earliest uses of the term “epigenetics” was by
Waddington (Waddington 1957) to depict how totipotent
cells in early development differentiate into more specialized
cell lineages, a concept termed “epigenetic landscape” (box
1). The molecular mechanisms of the epigenetic landscape
remained largely unknown for many decades, but they are
now being uncovered at an unprecedented rate. Epigenetics
is an especially active area in current research.

Specifically, epigenetics investigates molecular alterations
in chromatin (fig. 1). The genomic DNA in each cell is elabo-
rately packaged as chromatins in the nucleus, allowing for the
activation or repression of specific regions of the DNA, which
ultimately determines cellular identities. The basic unit of this

packaging is the nucleosome, which consists of ~150bp of
genomic DNA wrapped around eight histone “cores.” The
major components of the nucleosome, the genomic DNA
template and the histone cores, harbor extensive and distinc-
tive chemical modifications.

The genomic DNA template is often modified by the addi-
tion of a methyl (-CHs) group, which is referred to as “DNA
methylation.” In eukaryotes, methylation of the fifth position
of the cytosine base (C5 methylation) is the major mode of
DNA modification, but methylation of the sixth position of
adenine (N6 methylation) has also been reported in some
species (Dabe et al. 2015; Greer et al. 2015). In some prokar-
yotes, methylation of the fourth position of cytosine (C4
methylation), in addition to C5 and N6 methylation, has
been observed (Ouellette et al. 2015; Blow et al. 2016).
Among these different types of DNA methylation, eukaryotic
C5 methylation is the best understood. Many aspects of the
molecular mechanics and regulators of eukaryotic C5
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The classic figure that appeared in Waddington (1957) depicted a ball sitting on top of a landscape consisting of several “valleys,” similar
to the landscape redrawn here. In Waddington's figure, the ball depicts an immature cell, and when it has made its descent downward to
any of the several valleys to reach the bottom, it would have become a terminally differentiated cell. In the current figure, the landscape
visualizes different epigenetic modifications occurring in different cell lineages. The epigenetic landscape implicitly assumes that these
modifications occur hierarchically so that the cell gradually loses its potency and becomes more developmentally specialized as it
navigates different epigenetic paths to reach distinctive cellular lineages.

Cell Lineage 3 Cell Lineage 4

methylation have been identified (Allis and Jenuwein 2016).
Unless otherwise defined, DNA methylation typically refers to
C5 methylation. This article will focus on C5 methylation and
will refer to it simply as DNA methylation henceforth.

DNA methylation occurs in different nucleotide contexts in
animal and plant genomes, in that cytosines in CpG contexts
are major targets of DNA methylation in animal genomes,
whereas, in plants, Cs in all nucleotide contexts are subject
to methylation. Recently, several oxidated forms of 5-methyl-
cytosines have been also discovered, including 5-hydroxyme-
thylcytosine  (5hmC),  5-formylcytosine  (5fC),  and
5-carboxylcytosine (5caC). The abundance and functional
roles of these derivatives, which are currently less understood,
are gaining much attention (Jeschke et al. 2016; Lunnon et al.
2016; Cimmino and Aifantis 2017; Wu and Zhang 2017).

Histone cores of nucleosomes also bear diverse epigenetic
modifications. Each of the eight histone cores has “tails”
consisting of dozens of amino acids, which are often chemi-
cally modified via dedicated enzymes (fig. 1). For example, the
tails are particularly enriched with positively charged lysine (K)
residues, which are frequently found methylated. Functions of
some histone modifications, particularly those involving the
methylation of lysine residues, have been extensively studied.
For instance, the trimethylation of H3 lysine 4, often written
simply as H3K4me3, is associated with an active transcription
start site and is considered to be a marker of promoters. On
the other hand, the trimethylation of the H3 lysine 27
(H3K27me3) is considered to be an indicator of repression

of gene expression. However, the total diversity and complex-
ity of histone modifications are staggering: both the target
residues and the possible modifications range widely. To date,
more than 100 distinctive histone tail modifications have been
discovered, and this number is likely to continue to increase
for some time. Our understanding of the function of the ma-
jority of histone tail modifications is still in its infancy.

As the knowledge of epigenetic modifications and their
regulatory roles accumulates, questions on how epigenetic
components evolve, and how they affect evolution, are also
gaining much interest. Among the epigenetic components,
DNA methylation is the most extensively characterized and
understood. During the last decade, DNA methylation re-
search has experienced a particularly pronounced growth
thanks to the developments of powerful techniques that mea-
sure DNA methylation of nearly every nucleotide in the ge-
nome with high precision (table 1). These techniques also
facilitated analyses of DNA methylation in nonmodel species.
As a result, the phylogenetic scopes of DNA methylation have
dramatically expanded during the past decade. In this article,
we will discuss newly gained evolutionary insights from stud-
ies of DNA methylation from diverse taxa. Even though we
will only discuss findings from eukaryotic DNA methylation, it
is worth noting that epigenomic components have deep evo-
lutionary origins (box 2).

Evolutionary studies of DNA methylation in animals and
plants have offered many interesting points of comparison,
providing complementary insights into the evolution of DNA
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Fic. 1.—Nucleosomes are basic units of chromatin. Both the DNA templates and the histone cores of the nucleosomes exhibit extensive chemical
modifications. Some of the modifications observed in histone tails are shown, including acetylation (Ac), methylation (Me), phosphorylation (Ph), and
Ubiquitination (Ub). These modifications can occur in many different amino acids of the tail, and the total combinatorial space of the possible modifications is
extremely large, of which only a very small portion is currently known. Genomic DNA template is often modified by methylation. Three types of DNA
methylation are commonly observed in nature: methylation of the fifth position of the cytosine base (C5 methylation), the fourth position of cytosine (C4

methylation), and the sixth position of adenine (N6 methylation).

methylation. For example, many resources for studying epi-
genetic variation are available for the model plant Arabidopsis
thaliana, including numerous mutation accumulation lines
with fully characterized methylomes. Consequently, A. thali-
ana has been extremely useful in understanding how sponta-
neous epigenetic mutations arise and are inherited. On the
other hand, human and mouse genomes have been exten-
sively used in functional studies, offering rich experimental
tools and conceptual frameworks to investigate detailed mo-
lecular mechanisms of DNA methylation. For example, a series
of studies have pinpointed nucleotide-level drivers of DNA
methylation using human and mouse systems. In the present
article, we will discuss complementary findings from plants
and animals to provide an integrative perspective on the evo-
lution of DNA methylation at different timescales. We first
review variation of DNA methylation across large-scale phy-
logenies in animals and plants. We then discuss the findings
from population-level studies in two model species for epige-
netic variation—namely, A. thaliana and humans. These stud-
ies offer insights into the impact of genetic contribution on
epigenetic variation. We then discuss a series of studies

furthering the mechanistic understanding of genetic determi-
nants of DNA methylation in mammals. Finally, we discuss
recent studies on the rate of spontaneous mutations of
DNA methylation—termed epimutations—in A. thaliana,
and their evolutionary nature.

Variation of DNA Methylation in Animal
and Plant Genomes

Even though DNA methylation has long been recognized as a
significant regulator of gene expression in animals, its roles in
animal species other than humans and mice received relatively
little attention until the past decade. This view was to a large
degree reinforced by the lack of canonical DNA methylation in
widely used lab animal species, namely, Drosophila mela-
nogaster and Caenorhabdlitis elegans. However, interests in
DNA methylation in nonmammalian animals were reignited
when the honey bee genome consortium discovered a fully
functional DNA methylation machinery in the honey bee ge-
nome (The Honeybee Genome Sequencing Consortium
2006; Wang et al. 2006). Following this inspiring discovery,
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Table 1
Commonly Used Methods to Characterize DNA Methylation

Technique Mechanism Genomic Targets Advantages Disadvantages
Methylation array e Treatment of DNA with so- Preselected CpG sites e Low cost e Predefined CpGs are
(e.g., llumina dium bisulfite and array via the source o Nucleotide-level interrogated
Infinium hybridization company resolution e Batch effects
Methylation Assay) e Confounding T
polymorphisms
Methylated DNA im- e Sample methylated DNA Genomic fragments e Large scale e Low resolution (1kb)
munoprecipitation fragments using 5mC antibody with substantial e Low cost e Could be affected by
chip (MeDIP-chip) e Assay by microarray DNA methylation antibody efficiency
hybridization e Batch effects
Methylated DNA im- e Sample methylated DNA Genomic fragments e lLarge scale e Low resolution
munoprecipitation fragments using 5mC antibody with substantial e Intermediate cost (150-200 bp)
seguencing e Assay by next-generation DNA methylation e Could be affected by
(MeDIP-seq) sequencing antibody efficiency
CXXC affinity purifi- e Sample unmethylated DNA Genomic fragments e Large scale e Requires large
cation (CAP)-seq using zinc-finger CxxC affinity devoid of DNA o Cost-effective to amounts of input DNA
chromatography methylation capture the unme- e Could be affected by
e Assay by next-generation thylated genomic binding efficiency
sequencing fraction
Reduced representa- e Cleavage of DNA with meth- Genomic fragments e Intermediate cost e Only methylation
tion Bisulfite ylation sensitive restriction within pairs of cer- o Nucleotide-level events within the rec-
Sequencing (RRBS) enzymes followed by bisulfite tain recognition resolution ognition sites are
sequencing sites assayed
e Confounding T
polymorphisms
Whole genome bisul- e Treatment of DNA with so- All nucleotides e The most extensive e Expensive
fite sequencing dium bisulfite followed by analysis of DNA e Confounding UT
(WGBS) next-generation sequencing methylation polymorphisms
¢ Nucleotide-level e Analyses are computa-
resolution tionally intensive

the analysis of DNA methylation machineries has become a
common task of new genome consortia, and discoveries of
DNA methylation from many animal taxa followed, including
those of basal invertebrate lineages such as sponges and cte-
nophores (Srivastava et al. 2010; Dabe et al. 2015). These
studies have shown that DNA methylation is widespread
among animal taxa and that it was lost in some lineages,
including those of common model organisms.

In animal genomes, DNA methylation typically occurs at
cytosines that are followed by guanines, or “CpGs.” Two
commonly observed targets of DNA methylation in animal
genomes are genes and repetitive sequences (such as trans-
posable elements, or TEs). The DNA methylation of genes
typically encompasses both exons and introns and is referred
to as “gene body DNA methylation.” DNA methylation of
repetitive sequences is not as widespread as gene body
DNA methylation in animal genomes (see below). Genomic
patterns of DNA methylation are highly divergent among an-
imal taxa (fig. 2) (Simmen et al. 1999; Suzuki et al. 2007,

Suzuki and Bird 2008; Lyko et al. 2010; Zemach et al. 2010;
Sarda et al. 2012; Bewick et al. 2017). In the majority of in-
vertebrate genomes, DNA methylation is observed in a
“mosaic” pattern, where gene body methylation is the
most prominent (Tweedie et al. 1997; Simmen et al. 1999;
Suzuki et al. 2007; Suzuki and Bird 2008; Lyko et al. 2010;
Hunt et al. 2013a). In a mosaically methylated genome, a
subset of genes, typically those that are evolutionarily con-
served and constitutively expressed, are methylated (Suzuki
et al. 2007; Elango et al. 2009; Zeng and Yi 2010; Sarda
et al. 2012; Gavery and Roberts 2013; Hunt et al. 2013b),
whereas the rest of the genes and other genomic regions are
devoid of DNA methylation. Interestingly, the methylation of
repetitive sequences, such as TEs, is absent or limited to spe-
cific classes of TEs in invertebrates (Simmen et al. 1999; Lyko
et al. 2010; Keller et al. 2016a). Promoter methylation is
found in some invertebrates but is not extensive (Saint-
Carlier and Riviere 2015; Keller et al. 2016a). The genomic
DNA methylation patterns of vertebrates are unique in that
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Box 2.

Major components of the epigenome have deep evolutionary origins. DNA methylation, and the proteins that perform DNA methylation,
are present in all three domains of life. In prokaryotes, DNA methylation is considered a part of the restriction modification system
(Roberts et al. 2015), which is involved in defense against viral and other infectious agents. However, DNA methylation is widespread in
prokaryotic and archaeal lineages, often independent of the restriction modification system, suggesting that there exists a yet unchar-
acterized potential regulatory role of DNA methylation in these domains (Blow et al. 2016). Nucleosomes and chemical modifications of
nucleosome proteins are also not limited to eukaryotes. Archaeal species have primitive nucleosomes that consist of two of the four core
eukaryotic histones (Reeve et al. 1997; Slesarev et al. 1998; Sandman and Reeve 2006). Genes performing modifications to histone tails
that are critical to the regulation of gene expression, such as histone acetylase and deacetylases, are also found in Archaea (Gregoretti
et al. 2004; Marsh et al. 2005). Furthermore, proteins that bind to DNA and share some characteristics of eukaryotic histones are also
present in the genomes of some prokaryotes and are referred to as “histone-like proteins” (Dorman and Deighan 2003). These
observations indicate that packaging and interacting with genomic DNA is an essential cellular task in all three domains of life.

they exhibit “global” DNA methylation, where nearly all CpGs
in the genome are methylated (Suzuki and Bird 2008). The
transition from mosaic to global DNA methylation occurred
during early vertebrate evolution (Tweedie et al. 1997; Elango
and Yi 2008; Zhang et al. 2015), although the nature of the
factors driving such a dramatic transition is debated (Bird
1995; Yoder et al. 1997). Recent methylome analyses of birds
indicate that they tend to exhibit reduced TE methylation (Li
et al. 2015; Derks et al. 2016), suggesting that more com-
plexities in animal genome methylation await discovery.

In plants, the model organism A. thaliana has also served as
a great system to study DNA methylation. Both gene body
and TE methylation are present in the A. thaliana genome
(Zhang et al. 2006; Lister et al. 2008). Cytosine methylations
are found in substantial frequencies in all sequence contexts in
plants; in addition to cytosines in CpGs, cytosines in CpHpG
and CpHpHs (H stands for A, T, or C) contexts are also fre-
quently methylated in plant genomes. DNA methylation in all
three contexts is found in TEs, whereas CpG methylation
dominates gene body methylation (Lister et al. 2008;
Takuno et al. 2016; Vidalis et al. 2016). Genome-wide pat-
terns of DNA methylation across different plant lineages also
vary substantially (fig. 2) (Amborella Genome Project 2013;
Seymour et al. 2014; Bewick et al. 2016; Niederhuth et al.
2016; Takuno et al. 2016). Gene body DNA methylation,
which, similar to the case in animals, is associated with evo-
lutionarily conserved genes (Takuno and Gaut 2012, 2013),
has been independently lost in some angiosperm lineages
(Bewick et al. 2016; Niederhuth et al. 2016).

Genome Size Covaries with Large-Scale
Phylogenetic Variations in DNA
Methylation

Why does DNA methylation vary so widely between lineages?
Deletion of DNA methylation enzymes from the genome is
certainly linked to the absence of DNA methylation in specific
lineages. For example, the lack of DNA methylation in D.

melanogaster and C. elegans can be linked to the deletion
of key DNA methyltransferases in the lineages leading to
these species (Yi and Goodisman 2009). Similarly, in plants,
lineage-specific loss of gene body DNA methylation is linked
to the loss of a key DNA methylation enzyme (Bewick et al.
2016; Niederhuth et al. 2016), although some nonvascular
plants lack gene body DNA methylation despite harboring
methylation enzymes in their genomes (Takuno et al. 2016).

When measured as a per nucleotide level DNA methylation,
variation of DNA methylation s significantly positively correlated
with genome size in plants (Alonso et al. 2015; Niederhuth et al.
2016). Genome size was able to explain ~14% of the variation
in genome-wide methylation levels of 34 angiosperm plants
(Niederhuth et al. 2016; Vidalis et al. 2016). Deeper analyses
of this relationship revealed that it is robust between CHG meth-
ylation and genome size, but not necessarily in the context of
CpG methylation, which is largely restricted to gene bodies
(Niederhuth et al. 2016; Takuno et al. 2016). Consequently,
the relationship between genome size and DNA methylation
in plants can be largely explained by differences in TE content
(Niederhuth et al. 2016; Takuno et al. 2016; Vidalis et al. 2016),
suggesting that the suppression of TEs may be a major genomic
benefit at the expense of maintaining DNA methylation in
plants. At the time of this writing, although some examples of
gene body DNA methylation loss have been reported, a loss of
TE methylation has yet to be observed in plants.

On the animal side, Lechner et al. (2013) analyzed the re-
lationship between genome size and DNA methylation using
78 metazoan species. Due to the lack of experimentally de-
termined DNA methylation data at that time, the authors
used dinucleotide frequencies as an indirect measure of
DNA methylation. Specifically, the methylation of C in the
CpG context makes CpGs vulnerable to deamination-
mediated point mutations. Methylated CpGs tend to mutate
to either TpG or CpA (depending on the strand in which the
deamination occurred) much more frequently than point mu-
tation rates in a non-CpG context (Elango et al. 2008).
Lechner et al. (2013) used a composite measure of the
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Fic. 2.—Variation of genomic DNA methylation patterns in different species. The methylomes of invertebrates and vertebrates are drastically different as
the former typically harbor much lower levels of DNA methylation than the latter. Limited amount of DNA methylation in invertebrate genomes is found in a
subset of genes, and very rarely in promoters. In contrast, vertebrate genomes are heavily methylated across the board, although some variation exists in
different taxa. Plant genomes generally have methylated transposable elements and some gene bodies. Recent studies showed that gene body methylation is

lacking in some of the plant lineages.

depletion of CpG and the enrichment of TpG/CpA as a proxy of
germline DNA methylation. They observed a significant positive
correlation between genome size and their computational
measure of DNA methylation. In other words, the larger the
genome sizes were, the more there was evidence of germline
DNA methylation. However, unlike in the case of plants, it is not
clear whether the correlation between genome size and DNA
methylation in animals can be attributed to TE methylation. As
discussed earlier, TEs are not uniformly methylated in different
animal lineages (Simmen et al. 1999; Lyko et al. 2010; Keller
etal. 2016a). Lechner et al. (2013) also inferred that the degree
of TE methylation varied between different animal genomes,
and that TEs tended to be more heavily methylated in tetrapods
thanin other taxa. As there are many factors that correlate with
genome size (Lynch and Conery 2003; Charlesworth and
Barton 2004), the underlying driver of the relationship between
genome size and DNA methylation in animal genomes remains
to be resolved.

Association between Genetic Variation and
DNA Methylation from Population
Epigenomic Studies

There are now several studies that have investigated
population-level variation of DNA methylation from humans
and plants. These population epigenomic studies consistently
reveal that genetic variation contributes to DNA methylation
in both taxa. For example, many single nucleotide polymor-
phisms (SNPs) that are significantly associated with variation in
the DNA methylation, referred to as “methylation quantita-
tive trait loci” or “mQTLs,” have been reported in human and
plant populations (Gibbs et al. 2010; Zhang et al. 2010; Bell
et al. 2011, 2012; Eichten et al. 2013; Schmitz et al. 2013;
McRae et al. 2014; Dubin et al. 2015; Fagny et al. 2015;
Hannon et al. 2015; Gaunt et al. 2016). However, the esti-
mated degrees to which genetic variation affect DNA meth-
ylation are highly divergent between humans and plants. For
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instance, in the majority of human population epigenomic
studies, the number of CpGs for which methylation levels
could be associated with mQTLs is at most a few percent of
the total CpGs surveyed (Taudt et al. 2016). In contrast,
plant population epigenomic studies often report a much
higher proportion of sites for which methylation could be
explained by genetic variation, from 18% (Dubin et al.
2015) to over 50% (Eichten et al. 2013). If taken at face
value, this discrepancy could indicate fundamental differ-
ences in the genetic contributions to epigenetic variation
between humans and plants. However, given the following
differences in technical and statistical methods used in
these studies, the estimates of genetic contributions for
human and plant population epigenomic data are likely
have been under- and overestimated, respectively.

In terms of experimental techniques, most human popula-
tion epigenomic studies to date have used arrays such as the
lllumina Infinium Human Methylation450 BeadChip array and
the earlier 29 K chip (table 1). These chips allow for the detec-
tion of DNA methylation at preselected CpG sites at low cost.
An important limitation of these arrays, however, is that most
of the preselected CpG sites are from “traditional” CpG islands
and promoters, because earlier studies often assumed that
DNA methylation variations at those sites were functionally
relevant. However, as more data on whole-genome methyl-
omes accumulate, it is now clear that CpGs residing in tradi-
tional CpG islands, most of which are located in promoters of
broadly expressed genes, harbor the least amount of DNA
methylation variation. CpGs that are differentially methylated
across tissues or cell types tend to localize outside of traditional
CpG islands or promoters (Doi et al. 2009; Ziller et al. 2013).
Consequently, the arrays based on CpG islands and promoters
target cytosines that are least epigenetically variable (Zeng et al.
2014; Taudt et al. 2016), making themselves inherently under-
powered to capture the true variation of CpG methylation. In
contrast, plant population epigenomic studies have typically
used next-generation sequencing based methods. For exam-
ple, Schmitz et al. (2013) and Dubin et al. (2015) both used
whole-genome bisulfite sequencing (WGBS). Other studies
combined reduced sampling with next-generation sequencing
approaches (e.g., Eichten et al. 2013 used MeDIP-seq). Unlike
arrays, these studies are not biased toward preselected cyto-
sines, thus capturing more realistic patterns of population epi-
genomic variation. This difference in experimental techniques
likely led to underestimation of genetic contribution to epige-
netic variation in human studies.

Another important consideration is the differences in sta-
tistical methods employed to analyze variation of DNA meth-
ylation. Array-based studies usually test association between
methylation and genetic variation for individual cytosines.
However, next-generation sequencing-based studies (such
as WGBS) rarely analyze individual cytosines. One reason for
this is because of the extremely large numbers of total cyto-
sines surveyed in such studies. For example, the total number

of CpGs in the human genome is approximately 30 million
sites. In plants, despite the much smaller genome size com-
pared with humans, the numbers of target cytosines are sim-
ilar or even greater than that in the human genome, since in
plants DNA methylation targets nearly all cytosines. It is chal-
lenging to investigate the statistical significance of individual
cytosines for such a large number of sites (Huh et al. 2017).
One way to avoid this issue is to analyze DNA methylation of
preannotated genomic regions such as promoters and gene
bodies (Zeng et al. 2012; Roessler et al. 2016). However,
meaningful variation occurring in yet unannotated func-
tional regions of the genome could go undetected this
way. Another popular method has been to investigate
DNA methylation variations in clusters of cytosines, by iden-
tifying and characterizing “differentially methylated
regions (DMRs).” Compared with analyses of individual
sites, using clusters of CpGs can increase the statistical
power to detect genetic determinants (Dubin et al. 2015;
Keller et al. 2016b). However, methods to identify DMRs
are not well defined and vary between researchers and
specific tools used (Roessler et al. 2016; Huh et al. 2017).
Consequently, it is difficult to directly compare results from
different studies. Importantly, when used in a setting with-
out proper biological replicates, DMRs can have high false
positive rates (Roessler et al. 2016). Thus, studies relying on
DMRs without robust biological replicates could lead to
overestimation of genetic contributions to epigenetic
variation.

Given these technical considerations, comparing the de-
gree of genetic contributions between taxa needs to wait until
studies using comparable experimental and computational
methods become available. Indeed, researchers began to em-
ploy next-generation sequencing based methods to examine
variation of DNA methylation from a relatively large number
of human samples (Busche et al. 2015; McClay et al. 2015),
and we expect to see more of such studies soon.
Nevertheless, despite the technical differences, population
epigenomic studies from humans and plants both indicate
that mQTLs mainly function in cis- (typically defined as within
100kb of the target CpG or DMR). The number of trans-
mQTLs is much smaller than cis-QTLs. Even though this ob-
servation should be taken with caution given that the statis-
tical power to detect trans-QTLs is generally low, it is
consistent with the results of direct functional studies of ge-
netic determinants as discussed below.

Identifying Nucleotide-Level Determinants
of DNA Methylation in Mammalian
Genomes

Computational Prediction of Sequence Determinants

Complementary to population-level analyses of DNA methyl-
ation, a number of studies in mammals have investigated the
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nucleotide-level, sequence-encoded determinants of DNA
methylation. The majority of these studies have focused on
the DNA methylation of CpG islands. CpG islands were orig-
inally identified as short stretches of CpGs that are devoid of
DNA methylation in the human genome (Cooper et al. 1983).
Noting that many of these genomic regions had higher than
expected numbers of CpG dinucleotides and high GC con-
tent, the term “CpG islands” was coined (Bird 1986;
Antequera and Bird 1988). The concept of CpG islands under-
went phenomenal evolution as genomic and epigenomic
methods advanced (Bock et al. 2007; lllingworth and Bird
2009; Mendizabal and Yi 2017). Earlier studies relied on com-
putational algorithms to define CpG islands based on their
traits, such as high CpG density and high GC content
(Gardiner-Garden and Frommer 1987; Takai and Jones
2002). However, CpG islands defined in this way had many
“false positives”—in addition to the originally intended
unmethylated regions, some CpG islands were methylated
when examined in detail (Larsen et al. 1993; Yamada et al.
2004; Weber et al. 2005). Recent genome-scale epigenetic
studies demonstrated that 30~40% of human and mouse
CpG islands, as determined by computational methods alone,
are methylated in normal tissues (lllingworth et al. 2008,
2010; Mendizabal and Yi 2016).

The methylation of some CpG islands has motivated
researchers to search for local sequence traits (i.e., sequence
traits of CpG islands themselves) that may be used to predict
the methylation status of specific CpG islands. For example,
Feltus et al. (2003) showed that a handful of sequence fea-
tures could be used to discriminate between CpG islands that
were prone to methylation (vs. those that were not) in a hu-
man fibroblast cell line with DNA methyltransferase overex-
pression. Other studies subsequently demonstrated that a
number of sequence attributes were able to predict substan-
tial amounts of variation in CpG island DNA methylation
(Bhasin et al. 2005; Bock et al. 2006). More recently,
Gaidatzis et al. (2014) focused on “partially methylated
domains,” which are large genomic regions with intermediate
levels of DNA methylation. They showed that nearly one-third
of the variation in the partially methylated domains could be
explained by a computational model using a dinucleotide con-
text of 80 bps sequences flanking specific CpGs (Gaidatzis
et al. 2014). Furthermore, predictive sequence models of
DNA methylation could be constructed in distant vertebrate
species, such as Gallus gallus, Anolis carolinensis, Xenopus
tropicalis, and Danio rerio (Huska and Vingron 2016).
Together, these studies point to the existence of specific se-
guence features that encode information on DNA
methylation.

Experimental Analyses Reveal DNA Methylation Grammar

Indeed, our understanding of the relationship between DNA
sequence features and methylation has improved greatly

thanks to ingenious experiments directly interrogating the
effects of DNA sequence features on their methylation. This
line of research has the potential to distinguish between direct
causes and effects of genetic changes and epigenetic
changes, something that association studies are not capable
of doing.

In a pioneering experiment, Lienert et al. (2011) developed
a system to stably insert specific sequences into a defined
genomic position in mouse embryonic stem cells. As the
methylation state of the insert sequence could be affected
by the chromosomal environment where the insert lands,
Lienert et al. (2011) controlled the insertion site to be exactly
the same location for different inserts. Then, by changing the
sequence composition of the inserts, they could directly mea-
sure the methylation levels of inserted sequences. This exper-
iment tested dozens of different inserts and demonstrated
that most of the inserts could faithfully recapitulate their
own methylation profiles in their native cellular environment,
indicating that sequence fragments themselves encode infor-
mation to guide DNA methylation. Krebs et al. (2014) and
Wachter et al. (2014) furthered this method to test hundreds
of DNA inserts. These experiments enabled researchers to
extract some general rules as to how sequence features dic-
tate their methylation profiles. On the one hand, sequence
fragments with high GC content and high CpG density nearly
always remained hypomethylated. On the other hand, some
sequences that have low CpG density and GC content could
still be hypomethylated, especially when they encoded bind-
ing sites for specific transcription factors.

In a complementary approach, Long et al. (2016) investi-
gated the genomic methylation of a mouse strain carrying
almost the entire human chromosome 21 as a stably trans-
mitting separate chromosome (O’'Doherty et al. 2005). They
showed that the DNA methylation patterns of hypomethy-
lated regions in human chromosome 21 were nearly entirely
(>80%) recapitulated in this mouse model. Importantly,
hypomethylated regions that maintained the native methyla-
tion status tended to be CpG- and GC-rich. Moreover, Long
et al. (2016) also showed that bacterial artificial chromosomes
(BACs) of mouse sequences, when injected into zebrafish em-
bryos, could nearly recapitulate the native mouse DNA meth-
ylation patterns. These findings show that sequence contexts
themselves were strong enough to drive DNA methylation in a
completely different cellular environment, separated by tens
and hundreds of millions of years of evolution.

Consequently, these complementary experiments solidify
the role of sequence determinants in local DNA hypomethy-
lation and show that some of these “methylation grammars”
are conserved in humans, mice, and in zebrafish. High GC
content and high CpG density, features often found in tradi-
tional CpG islands located in the promoters, can drive hypo-
methylation. On the other hand, the methylation grammars
of low-GC and low-CpG regions are intertwined with tran-
scription factor binding. In Long et al.’s (2016) experiment,
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regions that gained discordant methylation profiles compared
with those in their native cellular environment were often
found in distal regulatory regions. Transcription factor binding
and DNA methylation can compete for the same sequence
motifs (Domcke et al. 2015), and mutations at transcription
factor binding sites can disrupt the binding of specific TFs and
lead to differential DNA methylation (Lienert et al. 2011;
Stadler et al. 2011; Krebs et al. 2014; Wachter et al. 2014).
Additionally, the methylation profiles of a specific region may
be determined by the availabilities of different transcription
factors specific to each cell type.

Sequence Evolution and Methylome
Evolution

The aforementioned studies show that DNA sequences them-
selves have the ability to dictate DNA methylation, and provide
mechanistic understanding on the presence of genetic deter-
minants of DNA methylation. Consequently, we can infer that
sequence evolution can affect mammalian methylome evolu-
tion in the following ways. First, mutations that affect the GC
content and CpG density can cause hypomethylation or hyper-
methylation. As discussed earlier, genomic regions with high
GC content and high CpG density are themselves refractory to
DNA methylation in mammals. Mutations in those regions will
not affect their hypomethylation as long as high GC content
and high CpG density are maintained. However, a CpG to non-
CpG point mutation would reduce CpG density, which can
make the region more susceptible to DNA methylation.
Other GC to AT mutations will also increase the likelihood of
hypermethylation of such regions. In fact, insertions or dele-
tions that reduce GC content and CpG density were shown to
increase DNA methylation (Takahashi et al. 2017). Conversely,
mutations that increase GC content and CpG density could
drive hypomethylation.

Biased gene conversion can also affect methylation. Gene
conversion occurs when a homologous recombination results
in a mismatch base pair, which in turn is corrected to one of
the two nucleotides that were mismatched. In many
genomes, gene conversion is biased so that the mismatch is
more likely to be converted to a G/C allele than to an A/T allele
(Birdsell 2002; Pessia et al. 2012; Lassalle et al. 2015). Such
biased gene conversion (BGC) will increase GC content and
could also directly increase CpG density. Consequently, the
BGC process could increase the likelihood of hypomethyla-
tion. Indeed, Cohen et al. (2011) showed that a substantial
number of CpG islands in the human genome has been under
the influence of BGC.

Another important factor that could affect DNA methyla-
tion is transcription factor binding sites turnover. The nucleo-
tide sequence of transcription factor binding sites (TFBS)
evolves rapidly, a phenomenon referred to as “transcription
factor binding site turnover” (Dermitzakis and Clark 2002;
Moses et al. 2006; Borneman et al. 2007). Since transcription

factors and DNA methylation can utilize and compete for the
same genomic sequences (Stadler et al. 2011), transcription
factor turnover could influence regional DNA methylation,
and potentially other epigenetic components (Lowdon et al.
2016). In the simplest case, a point mutation that generates a
new TFBS might increase the likelihood of hypomethylation.
On the other hand, a mutation that disrupts an existing TFBS
could increase the methylation of target sequences.
Comparative methylome studies provide some evidence for
this model: a comparison of human and chimpanzee brain
methylomes has identified several SNPs that fit the expect-
ations of the TFBS turnover model of evolution of DNA meth-
ylation (Mendizabal et al. 2016). In addition, changes in the
blood methylome across the primate lineage often involved
sites that encode TFBS (Hernando-Herraez et al. 2015). A re-
cent analysis of sperm methylomes in humans, chimpanzees,
and macaques also found consistent results (Fukuda et al.
2017).

However, there are several complicating factors in applying
the TFBS turnover model. For example, the abundance of
other transcription factors and the sequence context both
play roles in the competition between DNA methylation and
transcription factor binding. In GC-rich and CpG-dense
regions, sequence context could overwrite the absence of
TFBS and drive hypomethylation (Krebs et al. 2014,
Wachter et al. 2014). The TFBS turnover model may be better
realized in distal regulatory regions, which are often relatively
GC- and CpG-poor. Another complicating factor is that a
substantial number of transcription factors bind differentially
to methylated versus unmethylated CpGs (Hu et al. 2013). For
example, some TFs, particularly those harboring homeodo-
mains, preferentially bind to methylated CpGs (Yin et al.
2017). The nature of the interaction between TFs and meth-
ylated CpGs is still debated (Zhu et al. 2016). Mutations that
generate a TFBS with the affinity to methylated CpGs may not
necessarily have an effect on DNA methylation unless it occurs
in methylated regions.

Spontaneous Epimutations

An intriguing aspect of the epigenome is that it can diverge
without genetic changes. For example, DNA methylation can
be stochastically gained or lost during the lifetime of somatic
cell lineages (Fraga et al. 2005; Teschendorff et al. 2013).
DNA methylation may also change as a consequence of en-
vironmental perturbation (Dowen et al. 2012; Zheng et al.
2013). If the DNA methylation of a specific nucleotide
changes in the germline, it could be transmitted to the
next generation. Direct inheritance of epigenetic changes,
without genetic sequence changes, is referred to as
“transgenerational inheritance.”

There is much current interest in transgenerational inheri-
tance and how it could affect evolution. The relevant and
important questions for evolution are whether epigenetic
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mutations (herein referred to as “epimutations”) can be
adaptive, and if the epimutations can be stably transmitted
entirely via transgenerational inheritance. Answering these
guestions has been extremely challenging, in large part be-
cause decisively ruling out genetic effects or maternal effects
is very difficult (Daxinger and Whitelaw 2012; Heard and
Martienssen 2014). In this regard, studies from plants provide
unique insights into the prevalence of epimutations and their
evolutionary potential. Unlike animal germlines that originate
and are maintained separately from somatic lineages, the
plant germline can originate from somatic cells, and clonal
propagation is common in plants. Accordingly, the transge-
nerational inheritance of DNA methylation has been relatively
frequently observed in plants.

In particular, analyses of DNA methylation in A. thaliana
mutation—accumulation lines have been useful in estimating
the background rates of epimutations and their evolutionary
nature. Several studies have characterized whole-genome
methylation maps of these A. thaliana mutation accumulation
lines derived from the same reference Columbia strain (Becker
et al. 2011; Schmitz et al. 2011; van der Graaf et al. 2015).
Van der Graaf et al. (2015) analyzed these whole genome
methylation maps to infer the epimutation rates of DNA
methylation. They estimated that the spontaneous gain and
loss of DNA methylation occurs at different rates, on an av-
erage 2.56x107* and 6.30x10~* per individual CpG per
generation, respectively (Van der Graaf et al. 2015). These
rates are orders of magnitude higher than the estimated ge-
netic mutation rate of 7x107° per site per generation
(Ossowski et al. 2010), which was also derived from A. thali-
ana mutation accumulation lines. Such a high rate of epimu-
tations implies that if they were functional, the genetic load
due to deleterious mutations is too high to maintain the epi-
mutations (Charlesworth et al. 2017). It follows that most of
the spontaneous DNA methylation epimutations in A. thaliana
are likely to be neutral. Vidalis et al. (2016) demonstrated that
the site frequency spectra of CpGs in gene bodies are consis-
tent with the idea that most CpG epimutations in gene bodies
are functionally neutral. Some epimutations might be func-
tional, but they appear to constitute a very small portion of
the total number of epimutations in A. thaliana.

It was also shown that the current patterns of genomic
DNA methylation in the A. thaliana genome are highly similar
to what would be expected if the observed rates of gain and
loss of DNA methylation were in equilibrium (Van der Graaf
et al. 2015). In other words, in A. thaliana, neutral epimuta-
tions appear as the main factors shaping the current global
DNA methylome. Whether the same is true in other lineages is
currently unknown. It is an interesting possibility that different
rates of epimutations in different taxa may contribute to the
high variation of DNA methylation between species (e.g., fig.
2). For example, the rate of DNA methylation loss in the
heavily methylated mammalian genomes is likely to be
much lower than that observed in A. thaliana.

Conclusions

Comparative epigenomic analyses that have become available
relatively recently provide snapshots of epigenome variation
from the vantage points of differing evolutionary timescales.
Literature from plantsindicates that spontaneous epimutations
play a large role in shaping the current pattern of DNA meth-
ylation in the A. thaliana genome. Rates of spontaneous epi-
mutations are much higher than that of genetic mutations in A.
thaliana, suggesting that on a short timescale, spontaneous
epimutations dominate the DNA methylation landscape of
the A. thaliana genome. One of the most significant questions
on the evolution of DNA methylation is whether changes in
DNA methylation itself could be adaptive. Given the extremely
high rates of spontaneous epimutations, the genetic load ar-
gument indicates that the majority of A. thaliana spontaneous
epimutations are neutral (Charlesworth et al. 2017).
Population genetic analyses based on newly developed models
that explicitly take into account high mutation rates
(Charlesworth and Jain 2014) also indicate that the majority
of epimutations in A. thaliana gene bodies are neutral (Vidalis
et al. 2016). Consistent with this idea, methylomes of A. thali-
ana strains that have evolved in highly different natural envi-
ronments show similar levels of divergence as those that were
kept in relatively stable greenhouse environments (Hagmann
etal. 2015). If epimutations played a role in adaptation to dif-
ferent environments, methylomes may have more drastically
diverged in variable natural environments. On the other hand,
on a large phylogenetic scale, the genomic content of repeti-
tive sequences leads to a positive relationship between plant
genome size and DNA methylation per nucleotide. Bookended
by these observations at two different timescales, population
epigenomic studies indicate that genetic variants can explain a
substantial portion of DNA methylation variation across indi-
viduals in different plant species, predominantly in cis. This can
explain the concordance between DNA methylome and ge-
netic distance observed in many plant species (Eichten et al.
2013; Schmitz et al. 2013; Hagmann et al. 2015). A current
challenge is how to link the evolutionary dynamics at short
timescale (dominated by spontaneous epimutations) to the
genomic diversity of DNA methylation at large timescale.

The prevalence and the inheritance of epimutations in an-
imal genomes remain to be resolved. Lacking a relatively man-
ageable and low-cost model system to study DNA
methylation and its inheritance (D. melanogaster and C. ele-
gans both lack the canonical DNA methylation system) is cer-
tainly a challenge in this regard. On the other hand, since DNA
methylation is widespread in animal taxa, we may soon have
access to reasonable model systems from which mutation
accumulation lines and other resources could be developed
to analyze DNA methylation. Regardless, studies using human
and mouse illuminated how specific genetic change could
cause methylation changes in cis. In principle, utilizing this
information, we could test the selective effects of DNA
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methylation divergence by investigating the population
genetic and evolutionary trajectories of causative muta-
tions of DNA methylation changes. Such a study, com-
bined with genome editing, could provide answers to the
elusive question of the evolutionary significance of epi-
genetic variation.
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