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Abstract

Considerable attention has recently been focused on the potential involvement of DNA methylation in regulating gene
expression in cnidarians. Much of this work has been centered on corals, in the context of changes in methylation perhaps
facilitating adaptation to higher seawater temperatures and other stressful conditions. Although first proposed more
than 30 years ago, the possibility that DNA methylation systems function in protecting animal genomes against the
harmful effects of transposon activity has largely been ignored since that time. Here, we show that transposons are
specifically targeted by the DNA methylation system in cnidarians, and that the youngest transposons (i.e., those most
likely to be active) are most highly methylated. Transposons in longer and highly active genes were preferentially
methylated and, as transposons aged, methylation levels declined, reducing the potentially harmful side effects of
CpG methylation. In Cnidaria and a range of other invertebrates, correlation between the overall extent of methylation
and transposon content was strongly supported. Present transposon burden is the dominant factor in determining
overall level of genomic methylation in a range of animals that diverged in or before the early Cambrian, suggesting that
genome defense represents the ancestral role of CpG methylation.
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Introduction
In metazoans, DNA methylation occurs predominantly as
methylated cytosine residues in CpG (mCpG) motifs, and
was first characterized four decades ago as a repressive epi-
genetic marker that regulates gene expression and cell dif-
ferentiation (Holliday and Pugh 1975; Compere and Palmiter
1981; Lieberman et al. 1983) in vertebrates. Methylation at
CpG motifs is one characteristic of transcriptionally silent
chromatin, including heterochromatin and, for promoters of
many vertebrate genes that are expressed in a tissue-specific
manner, transcriptional activity is inversely related to pro-
moter methylation. Removal of methylation marks,

executed by enzymes known as ten-eleven translocation
methylcytosine dioxygenases (TET enzymes), is necessary
but not sufficient to permit transcription (Mariani et al.
2014).

Because the CpG methylation system has been lost from
Caenorhabditis, and its highly diverged equivalent in
Drosophila went unrecognized until 1999 (Tweedie et al.
1999), it was initially assumed that CpG methylation was
significant only in vertebrates (Bird et al. 1995). However,
this assumption proved to be incorrect, as the genomes of
a phylogenetically diverse range of invertebrates, including
representatives of early diverging arthropod lineages, are
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now known to be substantially methylated (Wang et al. 2006;
Lewis et al. 2020).

Data from sponges (de Mendoza et al. 2019) indicate that
the DNA methylation machinery was present in the meta-
zoan common ancestor, and the system appears to have been
largely conserved between animal phyla. However, in general,
vertebrates and invertebrates differ with respect to the extent
and nature of CpG modification. In mammals, the majority
(>70%) of cytosines in CpG motifs are typically methylated,
and genome methylation levels (GMLs) are high. Invertebrate
genomes are generally much more sparsely methylated, the
methylation landscape often being described as “mosaic-like”
(Feng et al. 2010; Zemach et al. 2010). Early studies of 29
animals (Grunau et al. 2001; Gregory 2010; Lechner et al.
2013) suggested that GML of 40% is the boundary between
invertebrate (<40%) and vertebrate (>40%) genomes
(Lechner et al. 2013) and this generalization still largely holds
(Lewis et al. 2020). In invertebrates, promoters are usually not
methylated and most of the mCpGs are concentrated on
gene bodies, especially at actively transcribed regions, a phe-
nomenon frequently referred to as gene body methylation
(gbM) (Sarda et al. 2012; Keller et al. 2016). The consensus is
therefore that, in invertebrates, DNA methylation is not di-
rectly associated with repressing transcription, but primarily
has other regulatory roles.

In addition to the well-established role of CpG methylation
in regulating gene expression, transposons are extensively
methylated in mammalian genomes (Bestor and Tycko
1996; Bestor et al. 2015). The observation that transposons
are targets of DNA methylation (Matzke et al. 1989), along
with the common features of bacterial and eukaryotic DNA
methyltransferases (DNMTs), suggesting a common origin
(Bestor et al. 1988), led Bestor (1990) to propose the genome
defense hypothesis. According to this hypothesis, eukaryotic
DNA methylation systems evolved from bacterial “immune”
(restriction–modification) systems, acquiring an analogous
role in silencing parasitic sequences (e.g., transposons) via
methylation (Yoder et al. 1997). This function allowed the
genome to manage transposable element (TE) activity and
become tolerant to TE invasions, which led to genome ex-
pansion. Hence, DNA methylation was predicted to be cor-
related with genomic parasite (TE) load and genome size
(Regev et al. 1998). Although recent research supports this
relationship in vertebrates (Zhou et al. 2020), in the case of
invertebrates, this hypothesis has been rejected outright
(Regev et al. 1998) due to the lack of correlation between
DNA methylation level (ML) and genome size. Moreover,
transposons in invertebrate genomes were found to be de-
pleted of DNA methylation, and consequently are generally
considered not to be specifically targeted by DNA methyla-
tion (de Mendoza et al. 2019). Rather, Regev et al. (1998)
interpreted the coexistence of DNA methylation and high
cell turnover as evidence that methylation plays primarily
regulatory roles in invertebrates. If this is the case, a natural
question is whether changes in GML are associated with phe-
notypic plasticity. Bewick et al. (2017) studied a wide range of
insects and found no evidence for evolutionary association
between DNA methylation and sociality. Roberts and Gavery

(2012) suggested that limited methylation changes in exons
could facilitate differential transcript expression in highly fluc-
tuating environments. However, based on the available evi-
dence, it is difficult to reconcile the idea that methylation
serves such regulatory roles with the observation that GML
varies >10-fold across the invertebrates (Roberts and Gavery
2012).

Methylome studies of nonbilaterian metazoans can pro-
vide insights to understand the evolutionary origin and
associated functions of DNA methylation in animals.
Previous studies in this area have been predominantly on
corals, which have received a disproportionate amount of
attention in the past few years due to interest in the po-
tential role of methylation and other epigenetic mecha-
nisms in adapting to a rapidly changing climate. Analyses
of CpG depletion (Dixon et al. 2014; Dimond and Roberts
2016) or bisulfite sequencing (BS-Seq) (Zemach et al. 2010)
data implied that as in other invertebrates, housekeeping
genes were highly methylated relative to differentially
expressed genes in cnidarian genomes. These genes have
low rates of evolution and show greater codon bias (Dixon
et al. 2016) and less transcriptional noise (variation in ex-
pression levels) (Liew et al. 2018).

Both genetic (e.g., developmental differences) and environ-
mental factors appear to contribute to differences in meth-
ylation patterns in cnidarians. Many stimuli have been
analyzed for their effect on patterns of methylation including
thermal stress (Dimond and Roberts 2016; Durante et al.
2019), acidification (Dimond and Roberts 2016; Putnam
et al. 2016; Liew et al. 2018), transplantation to a common
garden (Dimond and Roberts 2020), reciprocal transplanta-
tion (Dixon et al. 2014, 2018), and seasonal changes
(Rodr�ıguez-Casariego et al. 2020). Although these treatments
often resulted in global changes in both gbM and gene ex-
pression patterns, correlation between these was either very
limited or absent, suggesting that CpG methylation may have
other roles in cnidarians.

To better understand the extent and significance of
DNA methylation in early diverging eumetazoans, we in-
vestigated methylation patterns in the genomes of three
members of the phylum Cnidaria, including two represen-
tatives of the earliest diverging class Anthozoa—the sea-
anemone Nematostella vectensis (hereafter Nematostella)
and the coral Acropora millepora (hereafter Acropora) and
Hydra vulgaris (originally published as H. magnipapillata
and referred to hereafter as Hydra), a member of the later
diverging class Hydrozoa. These species are among the
most studied members of the phylum and provide high-
quality data sets for studying patterns of methylation.
Acropora (millepora) has been among the most-studied
species of corals (Dixon et al. 2014, 2016, 2018; Dimond
and Roberts 2016; Ball et al. 2021; Dixon and Matz 2021).
The results imply that, although additional regulatory roles
are likely exaptations, transposons are the primary targets
of DNA methylation in cnidarians. This model explains
both the enormous (>10-fold) variation in GML, and the
high level of conservation of the machinery responsible for
transcriptional silencing observed across the invertebrates.
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Results

The Methylation Landscapes of Representative
Cnidarians
Genome assemblies are now available for a number of cni-
darians, but methylome data are available for only a small
subset of these (supplementary table S1, Supplementary
Material online), one consequence of which is that general
patterns are unclear. To investigate cnidarian DNA methyla-
tion patterns, whole-genome BS-Seq data were generated
from Nematostella, Acropora, and Hydra—three cnidarians
that are well-represented in the databases (supplementary
table S2, Supplementary Material online). At a genome-
wide level, 15.0%, 19.6%, and 28.3% of CpG dinucleotides
were methylated (denoted as mCpG) in Nematostella,
Acropora, and Hydra, respectively (fig. 1A and supplementary
table S3, Supplementary Material online). DNA methylation
in CHG and CHH (H¼A, G, or T) contexts was barely de-
tectable, implying that these are likely to actually be
methylation-free and thus supporting a very low false discov-
ery rate at CpG motifs. Meanwhile, the DNA methylation
landscapes of these cnidarians resemble those of many other
invertebrates in that methylation is sparse and patchily dis-
tributed (fig. 1B). Genome-wide DNA MLs in cnidarians
(6.37–28.3% including Exaiptasia pallida; Li et al. 2018 and
Stylophora pistillata; Liew et al. 2018) are broadly in line
with those observed in arthropods (3–33%) (see below), sug-
gesting that high variation in DNA ML is a common phe-
nomenon in different phyla.

Transposons Are Targets of DNA Methylation in
Cnidaria
It has been reported that DNA methylation preferentially
targets intragenic regions in invertebrates (Feng et al. 2010;
Zemach et al. 2010), a pattern often referred to as gene body
methylation (gbM). Although in the three cnidarians exam-
ined here, 50.1–68.4% of mCpGs occurred within the gene
body, these occurred predominantly in introns rather than
exons. Since genomic features are rarely evenly distributed,
DNA MLs (defined as the ratio of mCpGs to covered CpGs;
�2 reads), were calculated for different genomic features. This
analysis confirmed that CpGs in introns were more frequently
methylated than were those in exons, whereas promoters and
intergenic regions were relatively depleted of DNA methyla-
tion (fig. 2A and B). Similar findings have been reported for
two other cnidarians, Stylophora (Liew et al. 2018) and
Exaiptasia (Li et al. 2018). Within introns, repetitive sequences,
the vast majority of which were transposons (supplementary
table S4, Supplementary Material online), were methylated
significantly more frequently (odds ratios [OR] ranged from
1.76 to 2.19, P< 10�16; supplementary table S5,
Supplementary Material online) than were nonrepetitive
sequences, which were more frequently methylated than
exons (fig. 2C). This was observed irrespective of repeat clas-
ses. This contrast is most obvious in Hydra, in which intronic
repetitive sequences were hypermethylated to a vertebrate-
like level (72.76%), whereas only 39.05% exonic CpGs were
methylated (fig. 2C). Additionally, within introns, repetitive

sequences were enriched in both CpG dinucleotides and
mCpGs over the nonrepetitive background. For example, in
Acropora, transposons accounted for 32% of intron sequen-
ces, but comprised 42% and 54% of intronic CpG dinucleo-
tides and mCpGs, respectively. Similar phenomena were
observed in both Nematostella and Hydra (supplementary
table S5, Supplementary Material online). These results indi-
cate that intronic transposons are preferentially targeted by
DNA methylation.

Despite intergenic regions harboring lower densities of
mCpGs than the gene body, specific transposon classes
were apparently targeted by DNA methylation in the three
species. Overall, both Acropora (OR 1.22 6 0.01) and Hydra
(OR 1.56 6 0.01) showed the same pattern of mCpG enrich-
ment of repetitive sequences compared with the nonrepeat
background in intergenic regions, whereas Nematostella (OR
0.91 6 0.01) did not. In the case of Acropora, intergenic
regions were more highly methylated (19.16%) than exons
(16.61%). Retrotransposons comprised 56.78% of the known
transposon complement, and those in intergenic regions had
a similar ML (28.64%) to their intronic counterparts (31.44%),
supporting transposons as the main targets of methylation.
Intergenic (nontransposon) background DNA MLs were sim-
ilar in Hydra and Nematostella (10.92% and 9.00%, respec-
tively), whereas gene body methylation was much higher
(fig. 2C) for Hydra, and such a trend was clearly observed
for both retrotransposons (ML 15.68%, OR 1.52 6 0.01) and
DNA transposons (ML 17.42%, OR 1.72 6 0.01). In the
Nematostella genome, on the other hand, intergenic DNA
transposons (which comprise over 60% of known transpo-
sons in this species) were undermethylated (ML 8.22%, OR
0.91 6 0.01), but retrotransposons (ML 11.31%, OR
1.29 6 0.01) were significantly more highly methylated
(P< 10�16) than the genome background (supplementary
table S6, Supplementary Material online).

Young Transposons Are the Primary Targets of
Methylation
The relationship between transposon age and the extent of
DNA methylation was investigated by using RepeatMasker
(see Materials and Methods) to estimate the divergence
(Kimura distance) of individual transposon sequences com-
pared with the inferred consensus for each transposon family.
Low levels of divergence indicate sequences that have accu-
mulated few mutations from their common ancestor and
therefore are considered to be young (Giordano et al. 2007;
Quesneville 2020). Interestingly, the Nematostella genome
hosts a much higher proportion of young transposons
(63.83% with divergence <10) than do those of Acropora
(44.39%) or Hydra (38.87%) (supplementary fig. S1,
Supplementary Material online). Despite these differences,
when transposons (covered CpG � 10) were classified as
either unmethylated (ML � 10%) or methylated
(ML > 10%), the divergence of methylated transposons
was found to be significantly lower than those of unmethy-
lated transposons (Mann–Whitney U test, P< 10�16, fig. 3A).
Further analysis revealed a negative trend between levels of
DNA methylation and divergence when divergence was
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below 30. This trend was observed for both intronic (fig. 3B)
and intergenic (supplementary fig. S2 and table S7,
Supplementary Material online) transposons in all three cni-
darian genomes. Therefore, DNA methylation preferentially
targets young transposons which are presumed to be the
most active transposon group in the genome. However, the
most diverged (oldest) transposon group (divergence 30þ)
showed unexpectedly high MLs in each of the three cnidar-
ians (fig. 3B and supplementary fig. S2, Supplementary
Material online); this group represents only a small propor-
tion (5–12%) of transposons, but these are worth further
investigation as they may have coevolved with the host ge-
nome into regulatory roles (see, for example, Cosby et al.
[2019]).

Transposon Methylation Is a Major Contributor to
Increased gbM with Gene Expression Level
Several studies have reported that gbM level increases with
gene expression level in various invertebrates, including
Acropora (Dimond and Roberts 2016), leading us to ask
whether this relationship might be explained by increased
transposon methylation in more highly expressed genes. To
investigate this relationship, expressed genes (RPKM > 0)
were grouped into four equal categories, expression quartiles;
based on relative expression levels, Q4 represents the most
highly expressed 25% of genes and Q1 represents the 25% of
genes with the lowest expression levels. For the three cnidar-
ians studied here, increased transcriptional activity was gen-
erally accompanied by higher mCpG levels over a region from
the 50-end to the center of the gene body before falling to-
ward the 30-end (fig. 4A). This pattern is quite different to that
seen in, for example, the honeybee, where mCpGs were con-
centrated at the 50-end but depleted in the middle of genes
(Zemach et al. 2010). In genes expressed at relatively low levels
(Q1 gene group), introns were methylated to a similar level as
exons. This was in sharp contrast to highly expressed genes

(Q4 gene group) where introns were more highly methylated
than exons (Q4 gene group; supplementary fig. S3,
Supplementary Material online). These differences were pri-
marily due to increased intronic transposon methylation in
highly expressed genes. Whereas in Nematostella, 34.5% of
intronic transposons in all expressed genes were hypermethy-
lated (�70%), this was true of only 6.2% of intronic trans-
posons in Q1 genes, and the corresponding figures for
Acropora genes were 31.9% and 18.5%. In the case of
Hydra, intronic transposons in all expressed genes were
mostly hypermethylated (supplementary fig. S4,
Supplementary Material online), as described below. Note
that, for statistical purposes, only individual transposons
with �10 covered CpGs were included in these analyses,
and that individual transposons appeared to be either unme-
thylated or hypermethylated.

The observation that transposon methylation increased
with gene expression level raised the question of whether it
is a by-product of the increasing exon methylation or is in-
dependent of it. To investigate this question, length distribu-
tions were compared between unmethylated (ML � 10%)
and methylated (ML > 10%) genes. In each of the three
cnidarians studied here, methylated genes were significantly
longer than were unmethylated genes across the Q2–Q4 ex-
pression quartiles; for Q1 genes such differences were much
less pronounced (as in Nematostella and Acropora) (fig. 4B).
By contrast, the opposite trend (i.e., shorter genes were more
highly methylated than were longer genes) was shown by the
honeybee (Sarda et al. 2012), where the genome harbors very
limited TE methylation (Lewis et al. 2020). These results sug-
gest that, rather than being correlated with exon methylation,
transposons may be independently targeted for DNA meth-
ylation in cnidarians, and that increased intronic transposon
methylation is a major contributor to the increased overall
ML in more highly expressed genes.

FIG. 1. General characteristics of the methylomes of Nematostella, Acropora, and Hydra. (A) The cladogram at left summarizes relationships
between the three cnidarians studied here, and the table indicates the occurrence of 5-methylcytosine in different sequence contexts in the three
cnidarians. (B) mCpG is patchily distributed across the genomes of Nematostella, Acropora, and Hydra. The figure shows the distribution of CpG
(gray vertical bars) and mCpG (black vertical bars) across typical regions of the genomes of Nematostella (upper), Acropora (middle), and Hydra
(lower). The positions of genes on the þ and �strands are indicated by the blue and red lines, respectively; boxes show the positions of exons.
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Intragenic Hypermethylation Was Driven by
Transposon Expansion in Hydra
Among invertebrates, the Hydra genome is atypical in having
hypermethylated gene bodies against a mosaic background.
Moreover, at approximately 900 Mb, the Hydra (vulgaris)
genome is much larger than that of Hydra viridissima
(280 Mb), the earliest diverging member of the genus
(Hamada et al. 2020). The large size of the Hydra genome is
a consequence of rapid expansion (over<87 Ma; Wong et al.
2019) of non-long terminal repeat retrotransposons, which

account for over 50% of the genome and many of which are
still active (Chapman et al. 2010). This combination of factors
provided an opportunity to investigate relationships between
DNA methylation and aspects of genome organization.

The expansion of the Hydra genome had little influence on
the size of transcripts, but substantially increased the average
intron size (supplementary table S8, Supplementary Material
online). As a result, Hydra genes are significantly longer than
those of Nematostella or Acropora. The violin plot of gene
length distribution (supplementary fig. S5, Supplementary

FIG. 2. (A) The distribution of mCpG in introns, exons, promoters, and intergenic regions across the genomes of the three cnidarians. Percentages
were calculated as 100�number of mCpG in a genomic region/total number of mCpG in the genome. (B) Introns are more heavily methylated
than exons, promoters or intergenic regions in all three cnidarians studied here. Methylation levels (ML%) were calculated as 100�number of
mCpG/total number of CpG (coverage �2) in each genomic region. (C) Intronic transposons are methylated above the (intronic) background
across all three cnidarians and in both Acropora and Hydra (but not Nematostella) transposons in intergenic regions are methylated to a higher
level than the corresponding (nonrepetitive) background.
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Material online) suggests a bimodal distribution for Hydra
intron expansion with a boundary between them at approx-
imately 5 kb. This point was chosen as an empirical boundary
for defining short and long genes for further analyses.

When MLs for individual short and long genes were com-
pared across the three cnidarian species (fig. 5), most of those
classified as long genes in Hydra were highly methylated com-
pared with the corresponding class in Nematostella and
Acropora, whereas in the case of short genes (which included
both single- and multi-exon genes), DNA ML distributions
were indistinguishable among the three cnidarians (fig. 5A).
Indeed, 41% of Q1 and 71.1% of Q2–Q4 long genes were

hypermethylated (ML� 70%) in the Hydra genome. In strik-
ing contrast, only 14.2% and 13.3% of long Q2–Q4 genes in
Nematostella and Acropora were hypermethylated, respec-
tively. Therefore, the vertebrate-like level of gbM in Hydra is
a consequence of intron expansion when gene lengths
exceeded a specific threshold (e.g., 5 kb in this study).

Since transposon expansion appears to be the driving force
for intron expansion, we further investigated its contribution
to the high gbM in the Hydra genome. Consistent with the
trend from gbM, approximately 75% of transposons in
expressed long genes were hypermethylated (�70%) as op-
posed to approximately 25% hypermethylated transposons in
expressed short genes (fig. 5B). In comparison, transposons
located in short and long genes displayed smaller differences
in the Nematostella and Acropora genomes (fig. 5B). By pro-
viding more sites for the spreading effect of methylation (Choi
and Lee 2020) to propagate from, the higher density of trans-
posons in Hydra introns (>50%) compared with those of
Nematostella and Acropora (�30%) potentially explains the
higher exon ML in Hydra than in Acropora and Nematostella.

We conclude that transposon methylation is the primary
driver for the vertebrate-like gbM in the Hydra genome. Our
results provide further support for the hypothesis that DNA
methylation directly targets transposons independently of
exon methylation. Moreover, that this is also a major cause
of the elevated DNA MLs observed on exons and intronic
nonrepetitive sequences in Hydra compared with
Nematostella and Acropora.

Correlation between Transposon Content, DNA
Methylation, and Genome Size in Cnidarians
From the above, it is clear that variation in DNA MLs on
transposons contribute significantly to different genome-
wide DNA MLs in cnidarians. The observation that DNA
methylation preferentially targets what are likely to be the
most active transposons implies that DNA methylation plays
an important role in genome defense, leading us to predict a
positive correlation between genome size or transposon con-
tent and overall levels of DNA methylation in the genome.

We examined the relationship between genome size and
transposon content of a larger number of cnidarians, by add-
ing data for seven additional species of Actiniaria, 15 of
Scleractinia, and four of Hydrozoa (supplementary table S9,
Supplementary Material online) to the three species that are
the focus of this study. For these additional species, assembled
sequence size was used as genome size, and transposon con-
tent was based on the percentage of the genome classified as
interspersed repeats by de novo annotation. Examination of
this expanded cnidarian data set, for which both genome size
(234–1,262 Mb) and transposon content (18.99–62.66%) var-
ied widely, revealed a strong correlation between genome size
and transposon content (Pearson’s correlation coefficient
r¼ 0.83, adj-R2 ¼ 0.67, P¼ 3.12�10�8, fig. 6A), suggesting
that transposon expansion is a major evolutionary force to
increase cnidarian genome sizes.

Although genome assemblies are now available for a
wide range of cnidarians, methylome data are available
for only two species, Exaiptasia pallida (sea anemone)

FIG. 3. (A) Methylated transposons are significantly younger than
unmethylated transposons in all three cnidarians. The figure shows
box plots for the three cnidarian species in which the color represents
methylated (blue, ML�10%) or unmethylated (red, ML<10%) trans-
posons. The y axis represents the Kimura distance (divergence) dis-
tribution. In each case, the P value for comparison of the two
distributions was<10�16. (B) DNA ML distribution of intronic trans-
posons across different divergence bins.
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and Stylophora pistillata (scleractinian coral) in addition to
those presented here. Evaluation of DNA ML (which
ranged from 6.37% to 28.3%) as a function of transposon
content across the five cnidarian species revealed a strong
positive linear relationship (Pearson’s correlation coeffi-
cient r¼ 0.92, adj-R2 ¼ 0.80, P¼ 0.026) (fig. 6B), which is
consistent with the hypothesis that transposon methyla-
tion is the major contributor to variations in overall DNA
ML of cnidarian genomes.

Whereas Zhou et al. (2020) reported that, for vertebrates,
DNA MLs are correlated with genome sizes, this was not true
of the cnidarians studied here (supplementary fig. S6A,
Supplementary Material online), although the small number
of data sets (n¼ 5) available in the latter case may also be a
factor. Therefore, genome size is not as good a predictor of
ML as is transposon content, or relationships between these
three variables are more complex (and likely heterogeneous)
across the animal kingdom.

The Relationship between DNA Methylation and
Transposon Content across the Metazoa
To explore the extent to which the relationships between
genome architecture and DNA methylation in cnidarians ap-
ply more generally, these analyses were expanded to other

invertebrate phyla. Arthropoda is the most extensively stud-
ied lineage in terms of the availability of DNA methylation
data (Lewis et al. 2020) but many species are not suitable for
comparative analyses as they have incomplete DNA methyl-
ation machinery (i.e., have lost either DNMT1/3 and/or
ALKB2 genes), resulting in loss of DNA ML variance
(GML < 2%). For comparative purposes, arthropod species
with the canonical DNA methylation repertoire and for which
genome assemblies with �20% unclosed gaps and �5� BS-
seq coverage were selected. Only five arthropod species met
these criteria—the chelicerates Limulus polyphemus and
Parasteatoda tepidariorum, the myriapod Strigamia maritima,
and the hemimetabolous insects Oncopeltus fasciatus and
Acyrthosiphon pisum. To broaden our phyletic coverage,
data for the oyster Crassostrea gigas (Mollusca, Wang et al.
2014) and the sponge Ephydatia muelleri (Kenny et al. 2020)
were included in these analyses; note that these are the only
other nondeuterostome invertebrates (see below) with
mosaic-like DNA methylation patterns (supplementary table
S10, Supplementary Material online) for which data passing
the criteria above were found.

Unlike the situation in cnidarians, no correlation was ob-
served between genome size and transposon content in
arthropods or in the other invertebrates included in the

FIG. 4. (A) Methylation of gene bodies is higher in genes that are more highly expressed in the three cnidarians. The percentage of CpG methylation
was calculated from 2 kb upstream of the TSS (transcription start site) to 2 kb downstream of the PAS (polyadenylation site) for genes (�2 kb in
length) in the lowest (Q1) to highest (Q4) quartiles with respect to expression levels. The smoothed line shows the median for each partition,
calculated by dividing each section into equal parts (n¼ 100 for gene body; and n¼ 50 for upstream and downstream) and then calculating the ML
for each part. (B) Comparison of the lengths of methylated and unmethylated genes in different expression quartiles across the three cnidarians.
The asterisks indicate P values from the comparison of the two distributions, as follows: *P< 0.05, **P< 0.001, ***P< 10�16.
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analyses (fig. 6C and supplementary table S10, Supplementary
Material online). The transposon contents of the three largest
arthropod genomes (>1 Gb; 26.33–33.33%) were significantly
lower than those of Strigamia maritima (176 Mb; transposon
content 42.08%) or the sponge Ephydatia muelleri (322 Mb;
transposon content 44.68%). In the case of arthropods, con-
sideration of divergence revealed that the larger (>1 Gb)
genomes harbored a higher proportion of “middle-aged”
(supplementary table S10, Supplementary Material online)
transposons than did the small genomes (<500 Mb), suggest-
ing that bursts of transposon insertions may have driven ge-
nome expansion in the deep past. Consequently, it is
apparent that evolutionary forces that shaped genome archi-
tecture are likely to differ, both among arthropod lineages and
other invertebrate phyla.

Despite lack of correlation between transposon content
and genome size within invertebrate phyla, the positive cor-
relation between DNA ML and transposon content was well-
maintained. The seven additional invertebrate genomes
exhibited larger variation in DNA MLs (from 3.00% in
Oncopeltus fasciatus to 33.18% in Strigamia maritima) than
did cnidarians (fig. 6C). Evaluating the extent of DNA meth-
ylation as a function of transposon content revealed that
about 65% of the variation is accounted for by the differences
in transposon content across the 12 invertebrate genomes
(fig. 6D). It should be noted that the estimates used here are

based on recognizable transposon complements, and the
DNA MLs were derived from CpGs currently methylated in
the genome. Therefore, present transposon burden is the
single dominant factor that accounts for the enormous range
of variation in genome DNA ML among invertebrate lineages
that diverged before or in the early Cambrian.

Discussion
Regardless of any involvement in regulating gene expression,
it is clear that DNA methylation plays an important role in
protecting cnidarian genomes against potentially harmful
impacts of transposon activity. Although the consensus has
been otherwise, here we present evidence that DNA methyl-
ation specifically targets intragenic and intergenic transpo-
sons, and that transposon methylation appears to be a
major contributor to both global DNA MLs and to the ele-
vated levels of gbM observed in more highly expressed genes
in members of this phylum. This pattern is most obvious in
the case of Hydra, where the size of the genome has increased
as a result of bursts of transposon expansion (Wong et al.
2019). In addition, the extent of transposon methylation was
strongly affected by its location (intronic or intergenic), local
environment (heterochromatic/euchromatic, expression
level, local transposon density), and “age,” in that young trans-
posons located in long and highly expressed genes were those
most likely to be methylated. Although the estimates of DNA

FIG. 5. (A) Kernel density plot of DNA ML differences among the three cnidarians on short and long genes. Hypermethylation of long genes in
Hydra is primarily due to methylation of intronic transposons. Although short single- (left) or multiexon (middle) genes are methylated to a similar
extent in Hydra (red), Nematostella (purple), and Acropora (green), a much higher proportion of long multiexon genes (right panel) in Hydra are
hypermethylated than in the other species. (B) Comparison of intronic transposon ML distribution located in short and long genes across the three
cnidarians.
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MLs presented are essentially snapshots of states that have
been found to differ across a species range as well as between
developmental stages and tissue types, these differences are
small (usually 1–5%) compared with those between species
(3–37% in this study). On this basis, such variations in GML
within a species do not affect our conclusions.

As young transposons are also those more likely to be
active, their preferential methylation implies that repression
of transposon activity (i.e., genome protection) may be the
primary role of DNA methylation in cnidarians. In vertebrates,
transposons remain heavily methylated beyond the point of
having lost function (Mills et al. 2007; Bourque et al. 2018),
but this is not the case in cnidarians, suggesting that inactive
transposons have a tendency to lose DNA methylation over
time. This might represent an evolutionary tradeoff, in that
the overall level of DNA methylation is sufficient to suppress
deleterious transposon activity while undesirable side effects
of DNA methylation (Choi and Lee 2020), such as elevated

mutation rate on mCpGs (Duncan and Miller 1980; Bulmer
1986) and silencing of neighboring genes (Morgan et al. 1999;
Hollister and Gaut 2009; Borgognone et al. 2018) is avoided.

We suggest that the DNA methylation profile observed in
cnidarians may represent an ancestral pattern that has been
conserved but elaborated on in other invertebrate phyla. It
has been shown that gbM is universal in metazoans where
5mC is present (Feng et al. 2010; Zemach et al. 2010), and
transposon methylation has previously been reported in the
oyster (Wang et al. 2014), sea urchin (Bird et al. 1979; Xu et al.
2019), and sea squirt (Keller et al. 2016). Phylogenetic recon-
struction based on a broad range of arthropod methylomes
implies that transposon methylation was an ancestral char-
acteristic (Lewis et al. 2020). Transposon methylation is also
evident in all three sponge species for which methylome data
are available (de Mendoza et al. 2019; Kenny et al. 2020).
Therefore, the gbM with transposon methylation pattern is
present from the earliest diverging metazoans (sponges and

FIG. 6. Relationships between genome size, transposon content, and genome-wide ML in Cnidaria and invertebrates more broadly. (A)
Relationship between genome size and transposon content across the Cnidaria (adjusted R2¼0.67, P¼ 3.1�10�8). (B) Correlation between
transposon content and genome-wide methylation in cnidarians. A strong correlation (adjusted R2¼0.80, P¼ 0.026) was observed between
transposon content and the extent of methylation across the Cnidaria. (C) Despite extensive variation in both transposon content (18.99–62.66%)
and genome size (234–1,262 Mb), strong correlation (adjusted R2¼0.65, P¼ 9.9�10�4) was observed (D) between genome-wide MLs (y axis) and
transposon content (x axis) across phylogenetically diverse invertebrates.
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cnidarians) to members of the Ecdysozoa (arthropods),
Lophotrochozoa (oyster), and invertebrate deuterostomes
(sea urchin, urochorate). Although mechanisms may differ,
a positive correlation (between GML and transposon con-
tent) is seen in flowering plants (Niederhuth et al. 2016);
transposons are also targeted by methylation in fungi
(Castanera et al. 2016) and some protists (Harony and
Ankri 2008).

Methylation of transposons in invertebrates presumably
leads to formation of localized heterochromatin-like struc-
tures in a manner analogous to those formed after CHG
methylation of transposons in plants. The presence of het-
erochromatic regions within highly active genes may appear
paradoxical, but has clear precedents in plants (see, for ex-
ample, Espinas et al. [2020]) and is likely to apply more gen-
erally given the extensive methylation of transposons typical
of vertebrate genomes. A role of this kind provides a simple
rationalization for the high level of conservation of the CpG
methylation apparatus (MBDs, SRA proteins, histone deace-
tylases, heterochromatin proteins, etc.) observed across the
Metazoa.

The correlation between transposon content and genome
size observed in cnidarians also holds for insects with rela-
tively small genomes, that is, those with <1 pg/N (�1 Gb),
but not for other arthropods or more widely (Canapa et al.
2015). Genome size is subject to evolutionary constraints that
may differ in nature and strength between lineages; factors
that limit genome size include cell size (Cavalier-Smith 2005)
as well as the energetic and nutritional (particularly N and S
availability in the case of corals, [Morris et al. 2019]) costs of
replicating DNA.

Despite the lack of a universal relationship between ge-
nome size and transposon content, the strong positive cor-
relation between DNA ML and transposon content is
maintained beyond cnidarians to representatives of multiple
invertebrate phyla. Although we suggest that this relationship
reflects the ancestral invertebrate condition, deviations from
that pattern are common. The invertebrate deuterostomes
Strongylocentrotus purpuratus (sea urchin) and Ciona intesti-
nalis (sea squirt, a urochordate) exhibited unusually high
global DNA MLs relative to their transposon content (sup-
plementary fig. S6B, Supplementary Material online), possibly
reflecting the imposition of secondary (vertebrate-like) roles
on the methylation system. Whereas methylation reprogram-
ing has been considered a vertebrate-specific trait, recent
work (Xu et al. 2019) implies that some degree of methylation
reprogramming occurs during embryonic development in
both sea urchin and urochordate. The fact that the genomes
of these organisms have elevated GML relative to their trans-
poson content might therefore be a consequence of the
emergence of developmental reprogramming systems in in-
vertebrate deuterostomes. Likewise, the imposition of sec-
ondary roles on DNA methylation might likewise explain
the vertebrate-like methylomes of the sponges
Amphimedon and Sycon (de Mendoza et al. 2019).
However, as such roles remain elusive, these species were
excluded from our analyses. Loss of all or some of the DNA
methylation repertoire also results in complex relationships

between transposon content and genome size as well as be-
tween GML and transposon content. Such losses have oc-
curred in a number of lineages; the case of Caenorhabditis was
mentioned above, and additional cases include Oikopleura
dioica, Placozoa, and myxozoan cnidarians (Albalat et al.
2012; de Mendoza et al. 2019; Kyger et al. 2021).

DNA methylation carries significant evolutionary costs,
which include not only the high mutability of mCpG (an
order of magnitude higher than for CpG), but also the
production of the toxic cytosine derivative 3-methylcyto-
sine (3-MeC) by both the maintenance methylase DNMT1
and the de novo methylase DNMT3 (Ro�si�c et al. 2018). The
dealkylation of 3-MeC to cytosine is carried out by ALK2
but the presence of 3-MeC may still cause DNA damage
(double-stranded DNA breakage) by stalling DNA poly-
merase (Ro�si�c et al. 2018). Maintaining the DNA-
methylation system therefore requires conservation not
only of the DNA methylases, TET, and the reading machin-
ery, but also of the DNA dealkylation enzyme ALK2 and the
double-strand (DS) break repair system. Note that RAD18
and the BRCA complex, key components of the DS break
repair system, have coevolved with the DNMTs (Ro�si�c et al.
2018). At least some functions of DNA methylation are
redundant; recombination and gene conversion can re-
move TEs (Huttley et al. 1995), the Piwi system also acts
to constrain transposon activity in the germ line and, on
evolutionary time scales, some aspects of the histone code
may be functionally equivalent to DNA methylation states
(Nanty et al. 2011). On these bases, it is hardly surprising
that a number of organisms have either completely lost the
capacity to carry out DNA methylation, or have lost some
components of the methylation machinery (close inspec-
tion of data in Lewis et al. [2020] implies that this is the
case in holometabolous insects).

It is worth noting that the analyses presented here are
based on sequencing bisulfite-modified DNA and thus pro-
vide real-time data. Therefore, in invertebrates, DNA methyl-
ation responds to the current transposon burden in the
genomes, irrespective of how transposon content, genome
size, and DNA methylation varied in the past. Thus, our study
strongly supports Bestor’s genome defense hypothesis in that
DNA methylation is essentially a host immune response to
transposon invasion, and that this applies to invertebrates as
well as vertebrates. A role for methylation in suppressing
transposon activity provides a rationalization for not only
the high degree of conservation of the transcriptional silenc-
ing machinery from sponges to mammals, but also the wide
range of overall GML observed—as it is difficult to account for
GML varying >10-fold if methylation served only regulatory
roles.

Materials and Methods

Biological Material
Nematostella
Nematostella animals in laboratory culture were F1 offspring
of CH2XCH6 individuals collected from the Rhode River, MD.
They were kept under constant, artificial conditions without
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substrate or light in plastic boxes filled with Nematostella
medium (NM), which was adjusted to 16& salinity with
Red Sea Salt and Millipore H2O. Polyps were fed twice per
week with first instar nauplius larvae of Artemia salina as prey
(Ocean Nutrition Micro Artemia Cysts 430–500 gr,
Coralsands, Wiesbaden, Germany) and washed once per
week with media preincubated at the culture temperature.
A single female polyp was selected for DNA extraction.

Acropora
Acropora millepora planulae were collected at Orpheus Island
Research Station (18.61�S, 146.49�E), Australia, under
GBRMPA permit G33232.1 during the mass coral spawning
event in 2010, washed twice with Millipore-filtered (20mm)
sea water, and then frozen in liquid nitrogen and stored at
�80 �C until needed.

Hydra
Genomic DNA was isolated from transgenic lines of Hydra
expressing eGFP in the ectodermal or endodermal epithelial
cell lineages (Wittlieb et al. 2006; Khalturin et al. 2007), or in
the interstitial stem cells (Boehm et al. 2012; Hemmrich et al.
2012). GFP-labeled cells (0.6�106, 1.9�106, and 0.7�106 cells
ectodermal, endodermal, or interstitial stem cells, respec-
tively) were harvested from transgenic polyps using
fluorescence-activated cell sorting (FACS) as previously de-
scribed (Hemmrich et al. 2012). After the cell collection a
small aliquot was reanalyzed to verify the purity of sorted
fractions, which in all cases exceeded 95%. Immediately after
FACS isolation, sorted cells were centrifuged at 1,000 U/min
for 5 min, the supernatant removed, and the resulting pellet
dissolved directly in the lysis (AL) Buffer from the DNeasy
Blood & Tissue Kit (Qiagen). Further processing of total DNA
followed the manufacturer’s instructions. Pure DNA was
eluted from the cartridges with Tris Buffer (10 mM, pH 9.0).
DNA concentrations were measured by absorption at 260 nm
using the Nanodrop (ThermoFisher).

DNA Extraction, Library Construction, and BS-Seq
Nematostella
The polyp was starved for 3 days before sacrifice, washed two
times with 2 ml aliquots of autoclaved MilliQ water, snap-
frozen in liquid N2 without liquid, and stored at�80 �C until
extraction. Genomic DNA was extracted from the adult body
column only with the AllPrep DNA/RNA/miRNA Universal
Kit (Qiagen, Hilden, Germany), as described in the manufac-
turer’s protocol. Elution of RNA and DNA was done in 20 and
50ml, respectively, and the eluates stored at �80 �C until
sequencing. DNA concentrations were measured through
electrophoresis by loading 5ml of each sample on a 1% aga-
rose gel and by spectrophotometry on a Nanodrop 3300
(Thermo Fisher Scientific).

DNA samples were processed with the NEBNext
Enzymatic Methyl-seq Kit (EM-Seq) (New England Biolabs,
Ipswich) according to the “manufacturers large insert size”
protocol and sequenced on the NovaSeq 6000, SP Flowcell

2�150 bp (Illumina, San Diego). NGS sequencing were carried
out at the Competence Centre for Genomic Analysis (Kiel).

Hydra and Acropora
High-molecular weight genomic DNA (>50 kb) was prepared
as described by Blin and Stafford (1976). BS-Seq was carried
out at BGI (Shenzhen, China).

Reference Genome Data Used in the Study
Genome assemblies for Porites lutea, Galaxia fascicularis,
Fungia spp., and Goniastrea aspera were obtained from reef
genomics repository (http://refuge2020.reefgenomics.org, last
accessed January 29, 2022). The genome assembly for
Heliofungia actiniformis was kindly provided by Dr Ira
Cooke (James Cook University, Australia), and are accessible
via an Apollo web browser interface at https://coral.genome.
edu.au/ (last accessed January 29, 2022). The sponge,
Ephydatia muelleri, genome data (Kenny et al. 2020) were
downloaded from https://bitbucket.org/EphydatiaGenome/
ephydatiagenome (last accessed January 29, 2022). All the
other invertebrate genome data were downloaded from
NCBI assembly or ENSEMBL metazoan databases. The acces-
sion numbers are listed in supplementary table S1,
Supplementary Material online.

Analysis of BS-Seq Data
BS-seq reads were trimmed of sequencing adapters and low-
quality bases (score < 20) using TrimGalore v0.6.0 (https://
github.com/FelixKrueger/TrimGalore, last accessed January
29, 2022). To avoid methylation bias (M-bias), 9 bp from
both 50- and 30-ends were further trimmed. Only paired
end reads with read length greater than 30 bp were retained.
BisMark v0.20.0 (Krueger and Andrews 2011) was applied to
map reads to the reference genomes. Reads that mapped to
multiple locations, and clonal reads were removed. The perl
script bismark2report provided by BisMark was used to gen-
erate the methylation report which showed that less than 1%
methyl-cytosines were detected in CHG or CHH (H¼A, G, or
T) context. Therefore, we used 1% as the error rate arising
from incomplete bisulfite conversion and sequencing errors.
To call methylated sites, we performed a binomial test on
each cytosine given the number of methylated calls, sequenc-
ing coverage (�2), and the probability of success equal to the
error rate. Multiple test corrections (Benjamini–Hochberg
method) were conducted on CpG, CHG, and CHH contexts,
respectively, and methylated cytosines were determined by
the corrected P value threshold of 0.05.

Analyses of RNA-Seq Data
RNA-seq reads from the same biological samples as BS-seq
were downloaded from the Gene Expression Omnibus (GEO)
or Short Read Archive (SRA) database. The accession num-
bers for Nematostella, Acropora, and Hydra are GSE168938,
SRX5072320, and SRX019488, respectively. For Nematostella
and Acropora reads (Illumina pair-end reads), Trimmomatic
v.0.38 (Bolger et al. 2014) was applied to remove adaptors and
low-quality bases whose quality scores were less than 20.
Reads shorter than 50 bp were removed, and only paired-
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end reads were retained. Trimmed reads were mapped to
their respective genomes using the splice-aware aligner hisat2
v2.1.0 (Kim et al. 2015) with strandedness option where ap-
propriate and default parameters. For Hydra reads (454 se-
quencing reads), the tag sequences were detected and
cleaned by TagCleaner (https://sourceforge.net/projects/
tagcleaner/, last accessed January 29, 2022). BBduk v38.37
(BBMap, Bushnell B., sourceforge.net/projects/bbmap/, last
accessed January 29, 2022) was applied to trim 40 bp from
50-end, bases after position 150, and low-quality (<20) bases.
Trimmed reads shorter than 50 bp were further discarded.
Magicblast v1.4.0 (https://bmcbioinformatics.biomedcentral.
com/articles/10.1186/s12859-019-2996-x) was applied to align
trimmed reads to the Hydra genome with default settings.
Read fragments that were aligned to the annotated genes
were counted using the FeatureCounts program (Liao et al.
2014) with default parameters. Gene expression level was
estimated from reads (or fragments if paired-end) per kilo-
base per million reads (RPKM or FPKM) (Mortazavi et al.
2008).

De Novo Repeat Annotation
Repetitive elements were annotated for all the genomes used
in this study. First, a de novo repeat library was generated with
Repeat-Modeler (Version 1.0.11, http://www.repeatmasker.
org/RepeatModeler/, last accessed January 29, 2022) with de-
fault parameters. This library was combined with the RepBase
database (https://www.girinst.org/repbase/, last accessed
January 29, 2022) and used as input for RepeatMasker (ver-
sion 4.0.8, http://www.repeatmasker.org, last accessed January
29, 2022) to identify repeat categories and locations. For each
interspersed repeat reported by RepeatMasker, the Kimura
distance value was extracted from the alignment file and
interpreted as the divergence to the consensus sequence of
the corresponding transposon family.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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