
royalsocietypublishing.org/journal/rstb
Research
Cite this article: Männer L, Schell T,
Provataris P, Haase M, Greve C. 2021 Inference

of DNA methylation patterns in molluscs. Phil.

Trans. R. Soc. B 376: 20200166.
https://doi.org/10.1098/rstb.2020.0166

Accepted: 20 January 2021

One contribution of 15 to a Theo Murphy

meeting issue ‘Molluscan genomics: broad

insights and future directions for a neglected

phylum’.

Subject Areas:
genomics, evolution, molecular biology,

genetics

Keywords:
CpG observed/expected distribution, DNA

methylation, DNA methyltransferase,

epigenetics, molluscs

Author for correspondence:
Carola Greve

e-mail: carola.greve@senckenberg.de
© 2021 The Author(s) Published by the Royal Society. All rights reserved.
†Shared first authorship.
‡Shared last authorship.

Electronic supplementary material is available

online at https://doi.org/10.6084/m9.figshare.

c.5322340.
Inference of DNA methylation patterns
in molluscs

Lisa Männer1,†, Tilman Schell2,†, Panagiotis Provataris3,4, Martin Haase1,‡

and Carola Greve2,‡

1AG Vogelwarte, Zoological Institute and Museum, University of Greifswald, Soldmannstraße 23,
17489 Greifswald, Germany
2LOEWE Centre for Translational Biodiversity Genomics (LOEWE-TBG), Senckenberganlage 25,
60325 Frankfurt am Main, Germany
3Center for Molecular Biodiversity Research, Zoological Research Museum Alexander Koenig, Adenauerallee 160,
53113 Bonn, Germany
4Division of Epigenetics, DKFZ-ZMBH Alliance, German Cancer Research Center, Im Neuenheimer Feld 580,
69120 Heidelberg, Germany

LM, 0000-0001-7731-3433; TS, 0000-0002-6431-6018; PP, 0000-0002-0357-9543;
MH, 0000-0002-9281-8752; CG, 0000-0003-4993-1378

Mollusca are the second largest and arguably most diverse phylum of the
animal kingdom. This is in sharp contrast to our very limited knowledge con-
cerning epigenetic mechanisms including DNA methylation in this
invertebrate group. Here, we inferred DNAmethylation patterns by analysing
the normalized dinucleotide CG content in protein-coding sequences and
identified DNA methyltransferases (DNMT1 and 3) in published transcrip-
tomes and genomes of 140 species across all eight classes of molluscs. Given
the evolutionary age and morphological diversity of molluscs, we expected
to find evidence for diverse methylation patterns. Our inferences suggest that
molluscs possess substantial levels of DNA methylation in gene bodies as a
rule. Yet, we found deviations from this general picture with regard to (i) the
CpG observed/expected distributions indicating a reduction in DNA methyl-
ation in certain groups and (ii) the completeness of the DNMT toolkit.
Reductions were evident in Caudofoveata, Solenogastres, Polyplacophora,
Monoplacophora, as well as Scaphopoda. Heterobranchia and Oegopsida
were remarkable as they lacked DNMT3, usually responsible for de novo
methylation, yet showed signs of DNA methylation. Our survey may serve
as guidance for direct empirical analyses of DNA methylation in molluscs.

This article is part of the Theo Murphy meeting issue ‘Molluscan
genomics: broad insights and future directions for a neglected phylum’.
1. Introduction
Epigenetic modifications are reversible changes to the DNA/RNA or histones of a
cell that, among others, affect gene function without entailing changes in DNA/
RNA sequence. The most important mechanisms include DNA methylation, his-
tone modifications, nucleosome remodelling and RNA-mediated modifications
[1,2]. When mitotically or meiotically inherited, these modifications may play a
fundamental role in the development and adaptation of organisms [3]. In animals,
the most comprehensively investigated mechanism is DNA methylation, i.e. the
covalent bonding of methyl groups to cytosine residues, mostly to CpG dinucleo-
tides [4,5]. DNAmethylation is functionally associatedwith the regulation of gene
expression and the silencing of transposable element expression. It is relevant for
development, adaptation (including phenotypic plasticity), stress compensation,
chromosomal inactivation, and parental imprinting or memory formation, to
mention just some of its functions [6–11].

Cytosine methylation in animals is mediated by two types of DNA
methyltransferases (DNMTs; [12]). DNMT1 is traditionally known to perform
maintenance methylation and DNMT3 is responsible for de novo methylation.
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However, current studies in mammalian systems show that
both can be involved in de novo and maintenance methyl-
ation. [13,14]. By contrast, DNMT2, also known as tRNA
aspartic acid methyltransferase 1, is not active on the DNA
level [12,13,15,16]. By contrast with vertebrates, the DNMT
toolkit of some invertebrate taxa, mostly insects, relies on
DNMT1 homologues for both de novo and maintenance
methylation [17–19]. In molluscs, the DNA methylation
machinery has only been studied in a few species (Crassostrea
gigas: [20]; Biomphalaria glabrata: [21]; Patinopecten yessoensis:
[22]). Thus, the distribution of DNMTs across all eight classes
of molluscs is unknown.

Our knowledge on the role of DNA methylation is largely
restricted to model organisms, [5,23,24]. Comprehensive
large-scale analyses, such as those made by Provataris et al.
[18] for insects allowing for the inference of macro-evolution-
ary patterns, are still exceptional. Aliaga et al. [24] inferred the
universality of what they call the DNA methylation codes
across eukaryotes. However, since many taxa are only spar-
sely represented, e.g. molluscs by one snail and one mussel
each, and the normalized CpG dinucleotide content among
and within taxa varies considerably, the conclusion of uni-
versality may be premature.

In a recent review, Fallet et al. [25] collated our knowledge
about DNA methylation (and histone modifications) in mol-
luscs. DNA methylation has been directly investigated by
bisulfite sequencing or immunoprecipitation in a total of only
16 species of molluscs: eight gastropods, seven bivalves and
one cephalopod. The analysis of an eighth bivalve was pub-
lished later [26]. Genome-wide analyses are restricted to the
freshwater gastropod B. glabrata [27,28] and the congeneric
marine bivalves C. gigas and C. virginica [20,26,29,30]. In
addition, the normalized dinucleotide CG content has been
analysed in the marine limpet Lottia gigantea [24]. These four
species exhibit mosaic DNAmethylation, i.e. stretches of hyper-
methylated DNA alternatewith hypomethylated stretches. The
former largely characterize housekeeping genes,while the latter
have predominately inducible expression [31]. In invertebrates
in general and in B. glabrata as well as C. gigas and C. virginica,
methylation is mainly targeted to gene bodies, while intergenic
regions are less methylated [20,21,26,28,29,32]. Evidence for
regulatory consequences of differential promoter methylation
is ambiguous (summarized in [25]). In molluscs, variation in
DNA methylation is essential in development (e.g. [21,33]),
memory formation (e.g. [11]) and adaptation (e.g. [34,35])
related to ageing (e.g. [36,37]); and induced by biotic (e.g.
[38]) and abiotic stressors (e.g. [39,40]). For a comprehensive
compilation, see Fallet et al. [25].

Considering that Mollusca is the second largest animal
phylum with greater than 125 000 described species, many
of them of economic and medical importance [41], we have
hardly scratched the surface in this area of research: with gas-
tropods, bivalves and one cephalopod, only three of the eight
classes of molluscs are represented among the above studies.
Molluscs, probably rooted in the late Precambrian, are notor-
ious for their morphological disparity, which is linked to their
ecological success, as they have colonized practically all types
of marine, freshwater and terrestrial habitats [41–43]. Given
the diversity on multiple levels, we are obviously well
advised not to draw any general conclusions on DNA
methylation and its implications in molluscs at this stage.

To provide a basis for future empirical methylation
studies leading to a better understanding of the evolution
and function of DNA methylation in molluscs, we used tran-
scriptomic and genomic data of molluscan species from all
classes to infer the status of DNA methylation by calculating
the CpG observed/expected (o/e) ratio and to characterize
the DNMT toolkit. The CpG o/e approach is based on the
known hyper-mutability of methylated cytosines, which
readily deaminate to thymine residues [44]. Regions that
have been historically methylated in the germline of a species
are thus depleted of CpG dinucleotides over evolutionary
time. DNA methylation prediction by CpG o/e ratio is well
established and correspondence to directly inferred methyl-
ation and gene expression has been demonstrated for a
variety of organisms [32,45–50] including, among molluscs,
B. glabrata as well as C. gigas and C. virginica [20,26–28,31,51].
Given the evolutionary age and morphological diversity of
molluscs, we expected to find evidence for diverse methylation
patterns andmechanisms similar towhat has been reported for
other invertebrate groups [17–19].
2. Methods
(a) Data acquisition
Transcriptomic and genomic (predicted coding sequences (CDS)
and proteins of structural annotations) data publicly available at
the end of the year 2019 were downloaded from various sources.
During the course of analysis, we added a few important taxa
whose genomes or transcriptomes became available only in 2020
(electronic supplementary material, appendix SA). Our analyses
were mostly based on assembled and, in the case of genomic
data, annotated sequences. However, in order to put together a tax-
onomically comprehensive dataset, we performed de novo
assemblies of RNAseq data and structural annotation of genome
assemblies to cover all mollusc classes. Publicly available
RNAseq data of 14 mollusc species were downloaded and
assembled (electronic supplementary material, appendix SB). The
transcriptome assemblies were carried out using Trinity 2.11.0
[52]. To approximate the completeness of the transcriptome assem-
blies, we used BUSCO 4.1.4 [53] with the providedmetazoa_odb10
dataset (for more details see electronic supplementary material,
appendix SB). Additionally, we carried out structural annotation
of publicly available genome assemblies from eightmollusc species
using GeMoMa 1.6.4 [54,55]. The quality of the final annotations
was evaluated by checking the annotation contiguity with a
custom script and BUSCO 4.1.4 (see electronic supplementary
material, appendix SB). In total, we analysed annotations of 31 gen-
omes and 124 transcriptomes of a total of 140 species covering all
extant mollusc classes. The presence of DNMTs and the CpG o/e
ratios were analysed in 126 and 136 species, respectively. Taxo-
nomic information of all investigated species, information on data
quality and the type of data we used can be found in the electronic
supplementary material, appendix SB.

A cladogram reflecting actual insights into the phylogeny of
molluscs is given in figure 1 in order to show the phylogenetic
dispersion of the taxa analysed. The backbone of this cladogram
was based on the most recent phylogenetic analysis of Mollusca
by Kocot et al. [56]. For more details of tree construction, see elec-
tronic supplementary material, appendix SB. The tree only
includes taxa represented in the data.
(b) Identification of DNA methyltransferases
We identified genes that encode for DNMT1 and DNMT3. In our
search, we also controlled for DNMT2. However, apart from
reporting our findings, we do not go into further detail regarding
DNMT2. As described in Provataris et al. [18], we generated Profile
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Figure 1. Cladogram reflecting the phylogenetic dispersion of the analysed genomic data. The numbers in brackets indicate the species studied per taxonomic group.
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HiddenMarkovModels (pHMMs) based on amino acid sequences
of metazoan DNMT1 and DNMT3 obtained from OrthoDB v. 8
[57,58]. The search option for mollusc DNMTs produced too little
output to create a suitable search pattern. We used MAFFT L-
INS-i v. 7 [59] to align each group of orthologous sequences.
Accordingly, we created pHMMs from each alignment using
hmmbuild (package of HMMER 3.1b2; www.hmmer.org). Tran-
scriptomic sequences were translated into their six reading frames
with fastatranslate of Exonerate 2.4.0 [60]. We searched the pre-
dicted protein data (translated transcriptome or genome) of each
species using the generated pHMMs of DNMT1 and DNMT3.

Subsequently, we scanned each candidate DNMT1 and
DNMT3 sequence obtained in the previous step against the
Pfam-A database version 32.0 using hmmscan (part of HMMER)
to identify their protein domains. Only sequences that contained
a DNA methylase domain (Pfam accession number: PF00145)
and/or DNMT1/DNMT3 specific domains (DNMT1-RFD, Pfam
accession number: PF12047, or ADD_DNMT3, Pfam accession
number: PF17980) were used in downstream analyses. To dis-
tinguish between DNMT1 and DNMT3 candidate sequences, we
searched the remaining candidate sequences against the official
gene set of C. gigas [61] and excluded candidate sequences that
did not have the corresponding C. gigas DNMT as their best
match. Finally, we searched remaining candidate sequences
against the non-redundant NCBI database using blastp 2.6.0+
[62] and only kept sequences whose best matches belonged to
metazoan species.

In order to control for a relationship between data quality and
detection of DNMTs, we constructed generalized linear models
(GLMs) with binary response variable (presence/absence) and
logit link function in PAST 4.01 [63]. Independent variables
reflecting quality were BUSCO C (complete), 100 – BUSCO M
(missing) = BUSCO present, number of contigs and total sequence
length (electronic supplementary material, appendix SC).
(c) Calculation of normalized CpG dinucleotide content
In genes that have been historically methylated, CG dinucleo-
tides tend to be underrepresented, while in genes that have
been unaffected by DNA methylation CG dinucleotides are pre-
sent at a relatively higher frequency [64]. Thus, if methylation is
present in only a part of the gene repertoire of a species, two
classes of genes will be present: one depleted of CG dinucleo-
tides and another one unaffected by CpG depletion. By
contrast, species with very little or no DNA methylation are
expected to have only one class of genes that is unaffected by
CpG depletion. CpG depletion of genes can be quantified by
calculating the normalized CpG dinucleotide content provided
by the following equation:

CpGo=e ¼ PCpG

PC�PG
,

where PCpG, PC and PG are the frequencies of 50-CpG-3 dinucleo-
tides, C nucleotides and G nucleotides, respectively. In addition,
the normalized GpC dinucleotide content was calculated to
control for causative factors unrelated to cytosine DNA methyl-
ation, like GC content [65]. Sequences containing less than
200 nucleotides or greater than 5% ambiguous nucleotides
(N) were excluded from the calculation of the normalized
dinucleotide content.

(d) Inferring the presence of DNA methylation based on
CpG observed/expected distributions

To infer the presence of DNA methylation in mollusc species,
we calculated the CpG o/e of protein-coding sequences. The
modality of the CpG o/e distributions was tested using the
Gaussian mixture modelling software package mclust (5.4.6
[66] in R 4.0.3 ([67]; see [48]) and fitted two Gaussian

http://www.hmmer.org


4

3

2

1

0

de
ns

ity
4

3

2

1

0

0 0.5 1.0 1.5 2.0

Lanistes gyassanus Neomenia megatrapezata Proneomenia custodiens

CpG o/e

0 0.5 1.0 1.5 2.0

CpG o/e

0 0.5 1.0 1.5 2.0

CpG o/e

de
ns

ity

3

2

1

0

de
ns

ity

(a) (b) (c)

Figure 2. Examples of CpG o/e distribution patterns in protein-coding sequences in three mollusc species. The red and blue curves represent the two Gaussian
distributions fitted to the data. The correspondingly coloured dashed lines represent the mean values of the fitted distributions. (a) Lanistes nyassanus shows a
typical bimodal CpG o/e distribution with a portion that has low CpG o/e values (sequences mainly affected by CpG depletion) and one that has high CpG o/e values
(sequences less affected by CpG depletion) (b) Neomenia megatrapezata displays a ‘unimodal, indicative of methylation’ CpG o/e distribution. This distribution lacks
clear bimodality, but their low CpG o/e component has a characteristically large tail containing a significant amount of data. (c) Proneomenia custodiens shows a
‘unimodal, not indicative of DNA methylation’ CpG o/e distribution. The mean values of the two fitted distributions are almost identical and the proportion of data
belonging to the smaller component is small. (Online version in colour.)
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distributions to the CpG o/e and GpC o/e distributions of the
respective species. To conclude on the presence of germline
DNA methylation in the protein-coding sequences of a species,
we followed the criteria established by Provataris et al. [18]:

1. A CpG o/e distribution is bimodal if the absolute difference of
the means of the two Gaussian distributions is at least 0.25
and one of the means less than 0.7. Also the proportion of
data to the smallest of the fitted components should be greater
than 0.1. These criteria of bimodality should not apply to the
GpC o/e distribution, because GpC dinucleotides are not
affected by DNA methylation. A CpG o/e distribution that
meets these criteria is called ‘bimodal depleted’ (figure 2a).

2. If clear bimodality is not observed, the criteria of bimodality
do not apply. Based on the findings in insects that did not
show a bimodal distribution but had experimentally verified
cytosine methylation, a large part of the data belongs to the
smaller of the two fitted distributions [32,47,50]. Therefore,
the threshold for the proportion of the smaller of the fitted
normal distributions was set to ≥0.36 (based on experimental
data of Bombyx mori [68]). Again, this should not hold for the
corresponding GpC o/e distribution. The CpG o/e distri-
butions of such species are called ‘unimodal, indicative of
DNA methylation’ (figure 2b).

3. If the above criteria were not met, we considered the evidence
as insufficient to conclude the presence of DNA methylation.
Such CpG o/e distributions are described as ‘unimodal, not
indicative of DNA methylation’ (figure 2c).

3. Results
(a) The distribution of DNA methyltransferases in

molluscs
We found homologues of all three DNMTs in the transcrip-
tomes and genomes of all eight mollusc classes (electronic
supplementary material, appendix SC; in particular for
DNMT2, which is otherwise not further mentioned). Only in
nine of the 140 species investigated neither DNMT1 nor
DNMT3were found. Thesewere single, distantly related repre-
sentatives from different classes: (i) the cephalopods Sepia
pharaonis and Sepioloidea lineolata; (ii) the bivalves Eurhomalea
rufa, Mytilus galloprovincialis, Mytilus trossulus and Septifer
virgata; and (iii) the gastropods Haliotis fulgens, Plakobranchus
ocellatus as well as Siphonaria pectinata. In the following three
species, DNMT1 was not found: (i) the cephalopd Sepiella
maindroni, as well as in the two bivalves (ii) Margaritifera
margaritifera and (iii) Placopecten magellanicus. In all other
species, we did detect a DNMT1 homologue. By contrast,
DMNT3 homologues were consistently not found in all inves-
tigated representatives of certain taxonomic groups: thesewere
(i) within Cephalopoda, the order Oegopsida with seven
species from five different families (Chiroteuthis calyx,Dosidicus
gigas and Stenoteuthis oualaniensis, Octopoteuthis deletron,
Onychoteuthis banksii, as well as Pterygioteuthis hoylei and
Watasenia scintillans); and (ii) within Gastropoda, the sub-
class Heterobranchia with 21 not closely related species
(Melibe leonina, Phylliroe bucephala, Aplysia californica, Limacina
antarctica, L. helicina, L. retroversa, Clione limacina, Elysia chloro-
tica, E. cornigera, E. timida, Plakobranchus ocellatus, Siphonaria
pectinata, B. glabrata, B. pfeifferi, Lymnaea stagnalis, Physella
acuta, Radix auricularia, Achatina fulica, Arion vulgaris,
Bradybaena similaris and Cepaea nemoralis). Furthermore,
DNMT3 was not detected in individual species of different
taxonomic groups: one caudofoveate, three solenogastres,
two more polyplacophorans, one additional decapodiform
cephalopod, another twelve bivalves, two scaphopods, three
vetigastropods, one patellogastropod and eight caenogastro-
pods (for details see electronic supplementary material,
appendix SC).

The GLMs predicting presence/absence of DNMTs based
on quality scores for the transcriptomes and genomes clearly
suggested a direct relationship. The detection of DNMT1
depended on complete BUSCOs, present BUSCOs and total
sequence length (G = 14.476, p = 0.00014; G = 17.821, p <
0.00005; G = 6.718, p = 0.00954). The number of contigs was
not decisive (G = 2.725, p = 0.09882). The presence of DNMT3
was predicted by complete BUSCOs and present BUSCOs
(G = 11.47, p = 0.00071; G = 8.048, p = 0.00456). Number of
contigs and total sequence length did not have an influence
(G = 0.016, p = 0.90095; G = 1.297, p = 0.25477). The distribution
of DNMTs and BUSCO completeness across classes is
summarized in figure 3.
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(b) CpG observed/expected distributions
To infer the presence of DNA methylation in molluscs, we
calculated the CpG o/e ratio of protein-coding sequences in
140 species covering all mollusc classes. Our results suggest
that DNA methylation is widespread in the phylum as it
was present in seven out of eight classes. Only in the class
Monoplacophora, where we could examine just one represen-
tative (Laevipilina hyalina), did we find no evidence of DNA
methylation. In addition, four out of six species in the Soleno-
gastres showed no indication of DNA methylation:
Greenland neomeniomorph, Neomeniomorpha sp1, Proneome-
nia custodiens and Wirenia argentea (figure 3; electronic
supplementary material, appendix SC).

We found both ‘bimodal depleted’ and ‘unimodal, indica-
tive of methylation’ CpG o/e distribution patterns in
molluscs. While in Cephalopoda and Bivalvia, a bimodal
CpG o/e distribution pattern predominated, aplacophoran
species (Caudofoveata and Solenogastres) only showed unim-
odal CpG o/e distributions, except for Chaetoderma nitidulum.
In gastropods, Littorina saxatilis and Potamopyrgus antipodarum
showed ‘unimodal, indicative of methylation’ CpG o/e
distribution patterns. By contrast, all other gastropods had a
bimodal CpG o/e distribution. In Polyplacophora and
Scaphopda, we found both patterns. For more details, see
electronic supplementary material, appendices SC, SD.

Solenogastres exhibited higher overall mean CpG o/e
values (greater than 0.9), i.e. lower mean germline DNA
methylation, in protein-coding sequences compared to the
other molluscan classes except for Monoplacophora (mean
CpG o/e value of almost 0.9), which showed no signature of
cytosine DNA methylation. Within Caudofoveata the mean
CpG o/e value was 0.66 and in Polyplacophora 0.7. In most
cephalopods and bivalves, mean CpG o/e values were
between 0.58 and 0.62. But there were two outliers to the
bottom: (i) the cephalopod Nautilus pompilius appeared to be
extremely CpG-depleted (mean CpG o/e value 0.45) and (ii)
the two bivalve species Margaritifera margaritifera and Mytilus
edulisdisplayedmeanCpGo/evalues of 0.41 and 0.43, respect-
ively, indicating high CpGdepletion. Furthermore, two bivalve
species had a rather high mean CpG o/e value of 0.74 and 0.8,
respectively (Dreissena rostriformes, D. polymorpha). In Scapho-
poda, the mean CpG o/e value was 0.73 and in gastropods
approximately 0.57. One upward outlier in gastropods was
Potamopyrgus antipodarum with a mean CpG o/e value of
0.78 indicating less cytosine DNA methylation, whereas
the gastropod species Siphonaria pectinata and B. glabrata
appeared to be extremely CpG-depleted with mean CpG o/e
values of 0.39 and 0.45, respectively. Mean CpG o/e values
for classes are shown in the electronic supplementary material,
appendix SB.
4. Discussion
Among invertebrates, DNA methylation has largely been
studied in model organisms [24]. Comprehensive comparative
analyses across higher, more inclusive taxa are scarce and
arthropods are the notable exception among invertebrates
[17,18,69]. Such large-scale analyses are partially based on
indirect inference through the detection of DNMTs and evalu-
ation of CpG o/e distributions. In the second largest phylum
Mollusca, methylation has been experimentally studied in
only 17 species [25,26] and Aliaga et al.’s [24] account included
merely two. To our knowledge, this is the first study to compre-
hensively investigatemethylation patterns in 140 species across
all eight mollusc classes based on the normalized CpG
dinucleotide content distributions and the presence ofDNMTs.
(a) The distribution of DNA methyltransferases in
molluscs

DNMTs were found in the majority of species and in all eight
classes of molluscs. Therefore, the last common ancestor of
molluscs likely possessed the enzymatic toolkit necessary
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for DNA methylation, which is in line with Aliaga et al. [24].
This general conclusion was also backed by the GLMs
suggesting that the detection of DNMTs highly depended
on the quality of the sequencing data. In particular, BUSCO
values were good predictors for the presence of DNAmethyl-
transferases. This means that the lack of DNMTs in species
with low BUSCO completeness cannot be interpreted as evi-
dence for their absence. By contrast, the presence of a DNA
methyltransferase does not leave room for ambiguity. This
also means that in species with high BUSCO completeness
the absence of DNMTs is probably due to an evolutionary
loss. This interpretation gained more weight in cases where
the findings were similar among closely related species,
suggesting an ancestral loss of DNMTs in these clades.

DNMT1 homologues could not be found in twelve species.
By contrast, DNMT3 was not detected in 69 species from all
eight classes, particularly gastropods. In most cases, the
absence of DNMT1 can probably be explained by poor data
quality. Only five of these species showed a BUSCO complete-
ness greater than 80% and nine also lackedDNMT3. In all these
cases, we only examined transcriptomes, which only reflect a
snapshot of the genes that were currently transcribed when
the respective species was fixed. Furthermore, due to the
rapid degeneration of mRNA, this snapshot may comprise
only a subsample of the genes expressed [70–72]. As the CpG
o/e distributions of the twelve species lacking DNMT1 did
indicate the presence of DNA methylation (electronic sup-
plementary material, appendix SD), it is very likely that these
species do possess the necessary DNMT toolkit.

In contrast with DNMT1, the lack of DNMT3 showed
a systematic distribution. All 21 fairly distantly related repre-
sentatives of the Heterobranchia (Gastropoda), all seven
Oegopsida (Cephalopoda) and both species ofDreissena (Bival-
via) as well as Littorina (Gastropoda) lacked DNMT3
homologues. The largely high BUSCO completeness—only
six heterobranchs and one oegopsid had values less than
85%—suggests that in these taxa the respective most recent
common ancestors already lacked DNMT3. In seven Hetero-
branchia, this was backed by genome data. The loss of
DNMT3 in these four groups apparently occurred indepen-
dently given their distant relationships. The lack of DNMT3
in the heterobranchs B. glabrata and A. californica despite
experimentally proven DNA methylation has already been
reported [21,28]. Also, in insects, the frequent loss of DNMT3
has been documented [17,18]. It was hypothesized that the
function of the DNMT3 may be compensated and taken over
by DNMT1 or another enzyme. Likewise, the methylomes of
these four groups of molluscs may depend on DNMT1 for
both maintenance and de novo methylation. Thus, DNMT3
is evolutionarily dispensable for many invertebrate taxa and
its absence does not seem to negatively impact functional
methylation systems.
(b) CpG observed/expected patterns
Our inferences on the occurrence of DNA methylation were
based on CpG o/e distributions of gene bodies and in par-
ticular exons/exonic sequences. This is justified through the
finding that DNA methylation predominates in gene bodies
throughout invertebrates. Although it is not yet well under-
stood how gene regulation through methylation of gene
bodies functions, experimental studies have established a
clear relationship between gene expression and gene body
methylation [73–76] including evidence from B. glabrata as
well as C. gigas and C. virginica [21,26,51,77]. Given this
tight correspondence, inferring DNA methylation patterns
through CpG o/e distributions allows for a meaningful, phy-
logenetically broad survey based on existing genome and
transcriptome data revealing general patterns, hence, provid-
ing a basis for future experimental research.

The results of our CpG o/e analyses showed that a bimo-
dal CpG o/e distribution pattern was dominant in all mollusc
classes except for Solenogastres and Monoplacophora,
suggesting that DNA methylation is widespread in molluscs.
According to this, genes in these groups appear to be divided
into highly and lowly methylated genes. Unimodal CpG o/e
distributions were frequently observed in Caudofoveata,
Monoplacophora, Polyplacophora, Scaphopoda and Soleno-
gastres. Especially remarkable were the Solenogastres, in
which all six investigated species showed a unimodal CpG
o/e distribution, with four representatives entirely lacking a
methylation signature despite the presence of DNMTs. The
only monoplacophoran species examined also showed no
sign of methylation in its CpG o/e distribution. Thus, species
belonging to these two groups likely possess a sparse or even
no-DNA methylation pattern in protein-coding sequences.
A similar pattern has been reported for holometabolous
insects [18]. Experimental investigations on the patterns of
Holometabola have shown that DNA methylation is sparsely
targeted to exons of protein-coding genes (reviewed in [78]).
Thus, we suggest that many representatives belonging to
Caudofoveata, Monoplacophora, Polyplacophora, Scapho-
poda and Solenogastres likely possess a pattern of DNA
methylation that is similar to Holometabola.

In comparison, almost all representatives of the Cephalo-
poda, Bivalvia and Gastropoda showed a bimodal CpG o/e
distribution with lower mean CpG o/e values. These results
indicated high levels of DNA methylation in these groups,
which was also detected experimentally in the bivalves Chla-
mys farreri, Crassostrea gigas, C. virginica, Pinctada fucata and
Saccostrea glomerata, the cephalopod Octopus vulgaris, and
the gastropods Haliotis discus hannai, A. californica, B. glabrata
and Lymnaea sp. (see review of [25] and [26]). Similarly low
mean CpG o/e values have been detected in many hemime-
tabolous insects species [17,18]. This observation, also backed
by experimental evidence, leads to the hypotheses that DNA
methylation levels were high in the last common ancestor of
insects and were subsequently reduced in holometabolous
insects [18]. However, inferring macro-evolutionary trends
in molluscs is probably premature at this stage as the classes
Solenogastres, Caudofoveata, Polyplacophora, Monoplaco-
phora and Scaphopoda were represented only by low
numbers of species. Ideally, such inference would be based
on comprehensive experimental evidence, though, which is
still a far way to go.

Interestingly, all Heterobranchia (Gastropoda) showed a
bimodal CpG o/e distribution pattern indicating the presence
of DNA methylation, despite all of them lacking DNMT3.
This further supports the idea that the function of DNMT3
is compensated by another enzyme, likely DNMT1.
5. Conclusion
Our inferences suggest that molluscs possess substantial
levels of DNA methylation in gene bodies as a rule. Yet,
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we did detect deviations from this general pattern both
regarding CpG o/e distributions indicating reduced methyl-
ation as well as the completeness of the DNMT toolkit. These
deviations were scattered across the mollusc tree indicating
convergent evolution. On the other hand, we have to concede
that the data basis in particular for the smaller classes is unsa-
tisfying so that it is premature to infer general evolutionary
trends of DNA methylation among Mollusca. In comparison
to other groups of animals such as vertebrates and arthro-
pods, methylomic data of molluscs are still rather scarce
[25,79]. One reason for this may lie at the very beginning of
such analyses: extraction of suitable DNA. The polysacchar-
ides contained in the mucus of molluscs are known to
inhibit enzymes used in DNA extractions, the preparation
of sequencing libraries and even in the sequencing processes
itself [80,81]. Protocols working for one species may be inap-
propriate for others. Such difficulties may have been
responsible also for the lower quality in several of the data-
sets available to us. Regardless of technical problems, direct
analyses of DNA methylation are the principal route of
research we want to encourage. These data will be invaluable
for a more comprehensive understanding of evolution and
development in molluscs. Our indirect inferences provide a
solid basis for targeted empirical investigations and testing
of the hypotheses we presented.
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