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C ytosine methylation is a com-
mon DNA modi!cation found
in most eukaryotic organisms
including plants, animals, and

fungi (1, 2). The addition of a methyl
group to cytosine nucleotides in DNA
does not change the primary DNA se-
quence, but the covalent modi!cation of
DNA by methylation can impact gene
expression and activity in a heritable
fashion. This type of epigenetic regulation
through DNA methylation appears to be
a critical process, in an evolutionary sense,
with highly conserved enzymes mediating
the process (3). In humans, aberrant
DNA methylation has been associated
with diseases, including cancer (4). To
study cytosine methylation patterns across
the genome, researchers have used mi-
croarray hybridization or direct sequenc-
ing of bisul!te-treated DNA (5). However,
mapping methylation of individual cyto-
sines in a given genome has been a chal-
lenging task and, accordingly, comparative
analysis of genome methylation patterns
across species has not been performed.
Several new studies have addressed this
gap in our understanding of the evolution
of cytosine methylation (6, 7). Feng et al.
in PNAS (7) used next-generation se-
quencing to investigate the DNA methyl-
ation patterns in eight divergent species,
including green algae, "owering plants,
insects, and vertebrates. Their data al-
lowed a comprehensive comparison of
whole-genome methylation pro!les across
the plant and animal kingdoms, revealing
both conserved and divergent features
of DNA methylation in eukaryotes.
Although DNA methylation appears to

be a widespread epigenetic regulatory
mechanism, genomes are methylated in
different ways in diverse organisms. In
animals, DNA methylation occurs mostly
symmetrically (both strands) at the cyto-
sines of a CG dinucleotide. DNA methyl-
ation in plant genomes can occur sym-
metrically at cytosines in both CG and
CHG (H = A, T, or C) contexts, and also
asymmetrically in a CHH context, with the
latter directed and maintained by small
RNAs (1). In the model plant Arabidopsis
thaliana, levels of cytosine methylation at
CG, CHG, and CHH nucleotides are about
24%, 6.7%, and 1.7%, respectively (8, 9).
Despite the different methylation sequence
contexts, cytosine methylation is estab-
lished and maintained by a family of con-
served DNA methyltransferases (2, 3, 10).

Not surprisingly, the absence of DNA
methylation in some eukaryotes such as
yeast, roundworm, and fruit "y is associated
with the evolutionary loss of DNA methyl-
transferase homologs (3).
In recent years, approaches have been

developed to analyze cytosine methyla-
tion at a whole-genome level, and this has
provided great insights into the biology
of DNA methylation. Early approaches
used restriction enzymes sensitive to
methylated CG sites (11, 12); the level of
DNA methylation is determined by en-
zymatic digestion of methylated DNA,
followed by hybridization to high-density
oligonucleotide arrays. Another approach
captures methylated genomic DNA
using immunoprecipitation via an anti-
body that recognizes 5-methylcytosine,
followed by array hybridization or se-
quencing (13, 14). These approaches
were able to determine chromosomal
methylation levels and patterns, but had
major limitations in their level of resolu-
tion, restriction enzyme bias, dif!culty
in characterizing genome regions rich in
repeats, and, most importantly, an in-
ability to detect DNA methylation at
a single-nucleotide resolution (5).

Sodium bisul!te treatment converts
unmethylated cytosine into uracil, which is
replaced by thymine after PCR ampli!ca-
tion, while 5-methylcytosine remains un-
changed. Therefore, unmethylated or
methylated cytosine residues in DNA can
be differentiated by bisul!te treatment,
DNA sequencing, and comparisons to
a reference sequence (15). When com-
bining bisul!te treatment and high-
throughput sequencing (Illumina or SBS,
454, SOLiD, etc.), a methylation map
can be generated to a single-base-pair
resolution across the entire genome. As
recently reported from Arabidopsis ge-
nome-wide bisul!te sequencing (BS-seq)
data (8, 9, 14), cytosine methylation occurs
at not only >90% of repetitive sequences
and transposons but also within the body
of !20% of expressed, protein-coding
genes. Although CG, CHG, and CHH
methylation are all found in repeat-rich
pericentromeric heterochromatin, gene-
body methylation contains almost exclu-
sively CG methylation. These studies also
revealed an interesting, parabolic re-
lationship between gene-body methylation
and transcription levels. Whereas mod-
estly expressed genes are more likely to be
methylated, genes expressed at the two
extremes (lowest and highest levels) are
usually less methylated.
Feng et al. applied BS-seq more broadly

than most, pro!ling DNA methylation
patterns in eight diverse eukaryotes (Fig.
1). Besides Arabidopsis, the authors ana-
lyzed rice, green algae, and mouse, in
which DNA methylation pro!les have
been previously investigated to varying
extents. They added pro!les of poplar (a
tree), honeybee, sea squirt, and zebra!sh,
representing a collection of species that
span the tree of life from unicellular eu-
karyotes to multicellular vertebrates. In
general, the methylation pro!les of "ow-
ering plants (Arabidopsis, rice, and poplar)
showed similar patterns, with all three
contexts (CG, CHG, and CHH) highly
enriched in repetitive DNA, transposons,
and pericentromeric regions. Methylation
occurred almost exclusively in a CG

Fig. 1. Conserved DNA methylation patterns in
eukaryotes. Although different methylation con-
texts are found in animals (CG) and plants (CG, CHG,
CHH), gene-body methylation is conserved among
eukaryotes. Transposable elements (TEs) are meth-
ylated in !owering plants in CG, CHG, and CHH
contexts, as well as in a CG context in the green al-
gae and sea squirt genomes. In green algae, non-CG
methylation is more enriched in exons of genes
compared with TEs and repeats (7). Fungi, not
shown in the "gure, have genomes generally un-
methylated in active genes but heavily methylated
at TEs and repeats (6).
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context across the vertebrate genome,
except for the unmethylated “CpG is-
lands” near the transcriptional start sites
of active genes. Most interestingly, CG
methylation within protein-coding genes
was preferentially concentrated in the
exons, which appears to be a conserved
feature in all eukaryotes examined. Gene-
body methylation remains apparent in
the honeybee genome even though the
overall level of genome methylation
is very low (!1% of CG methylation).
Taken together, although the function of
genic methylation is not fully understood,
this conserved methylation pattern is
likely an ancient feature, preserved
through evolution.
Coinciding with the study from Feng

et al., Daniel Zilberman’s laboratory also
reported their data from the comparative
DNA methylation pro!ling by BS-seq of
17 diverse eukaryotes, including plants,
animals, and fungi (6). They also con-
ducted transcriptional pro!ling by RNA
sequencing to investigate the functional
relationship between DNA methylation
and gene expression. Last, they analyzed
the presence of a histone variant (H2A.Z)
whose distribution pattern was shown
to be precisely opposite to that of DNA
methylation. Their data agreed with
previous observations that gene-body
methylation and the depletion of H2A.Z
from methylated DNA are evolutionarily
conserved, ancient features of the eu-

karyotic kingdom, predating the diver-
gence of plants and animals (6). However,
methylation at transposons and repetitive
sequences is less consistently found
across species: High levels of transposon
methylation are found in land plants and
vertebrates, but transposon methylation
is not apparent in invertebrates such as silk
moth and anemone. These results sug-
gested that the use of DNA methylation

High levels of
transposon methylation
are found in land plants

and vertebrates.

to repress deleterious transposons in
genomes may have evolved independently
in plants and vertebrates, while this func-
tion was lost in the invertebrate lineage (6).
Although these latest studies have

greatly increased our understanding
about evolutionary adaptations and con-
servation of DNA methylation, inevitably
questions remain unanswered. For in-
stance, the function of conserved, genic
methylation is still not clear, although
it has been proposed to suppress aberrant
transcription from cryptic promoters in-
side the genes (14). Furthermore, we still
do not understand the mechanism by

which DNA methylation impacts gene
transcription levels, especially with regard
to the phenomenon of heavier methylation
of modestly transcribed genes than those
expressed at the extremes. It has been
suggested that extreme transcription
rates may affect the balance between
chromatin disruption and polymerase as-
sociation, both of which could prevent the
generation of aberrant transcripts that
might drive methylation via a small RNA-
dependent pathway (14). Zilberman et al.
also suggest that epigenetic modi!cations
such as DNA methylation and histone
modi!cations could impact nucleosome
associations, subsequently interfering with
polymerase binding and transcriptional
initiation. Interestingly, this assumption
is in accordance with periodicity of meth-
ylated cytosines in DNA described in
Cokus et al. (8), in which a 10- or 167-
nucleotide pattern was observed; this
correlated with the length of one heli-
cal rotation of DNA and the average
length of DNA wrapped around a plant
nucleosome, respectively. More compre-
hensive studies in a broad range of ge-
nomes will likely provide further insights
into the function and evolution of DNA
methylation.
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