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Abstract Total DNA methylation rates are well known to
vary widely between different metazoans. The phyloge-
netic distribution of this variation, however, has not been
investigated systematically. We combine here publicly
available data on methylcytosine content with the analysis
of nucleotide compositions of genomes and transcriptomes
of 78 metazoan species to trace the evolution of abundance
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and distribution of DNA methylation. The depletion of
CpG and the associated enrichment of TpG and CpA
dinucleotides are used to infer the intensity and localization
of germline CpG methylation and to estimate its evolu-
tionary dynamics. We observe a positive correlation of the
relative methylation of CpG motifs with genome size. We
tested this trend successfully by measuring total DNA
methylation with LC/MS in orthopteran insects with very
different genome sizes: house crickets, migratory locusts
and meadow grasshoppers. We hypothesize that the
observed correlation between methylation rate and genome
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size is due to a dependence of both variables from long-
term effective population size and is driven by the accu-
mulation of repetitive sequences that are typically meth-
ylated during periods of small population sizes. This
process may result in generally methylated, large genomes
such as those of jawed vertebrates. In this case, the emer-
gence of a novel demethylation pathway and of novel
reader proteins for methylcytosine may have enabled the
usage of cytosine methylation for promoter-based gene
regulation. On the other hand, persistently large popula-
tions may lead to a compression of the genome and to the
loss of the DNA methylation machinery, as observed, e.g.,
in nematodes.

Keywords Evolution of genome size - Suppression of
transposon activity - Germline methylation rate - Cytosine
methylation - CpG bias - CpNpG bias

Introduction

In animals, up to 12 % of cytosines (C) are methylated
(Regev et al. 1998; Grunau et al. 2001; Varriale and
Bernardi, 2006; Varriale and Bernardi, 2006; Zemach
et al. 2010; Feng et al. 2010). DNA methylation in ani-
mals as well as in plants is associated with the suppression
of promoters (Goll and Bestor 2005; Laurent et al. 2010).
Within active genes, DNA methylation is restricted to the
gene body, i.e., to the region of transcriptional elongation
(Simmen et al. 1999; Zemach et al. 2010). In this con-
text, DNA methylation apparently suppresses a possibly
interfering initiation of transcription (Maunakea et al.
2010). This effect may be dependent on the positions of
nucleosomes and/or histone modifications as histone
H4K36me3 (Hodges et al. 2009; Choi et al. 2009; Nanty
et al. 2011).

Another evolutionary old function of DNA methylation
is the suppression of activity of transposable elements
(TEs), which was demonstrated for model organisms of
plants, animals, and fungi, as well as for some other uni-
cellular eukaryotes including Entamoeba and Dictyostelium
(Yoder et al. 1997; Walsh and Bestor 1999; Krauss and
Reuter 2011). Transposon suppression may be accom-
plished by compaction of nucleosomes (Choy et al. 2010),
by stabilization of DNA duplexes (Thalhammer et al.
2011), by inhibition of transcription factor binding or by
mutational decay through deamination of methylcytosine
(mC) to thymine. Transposable elements constitute up to
45 % of metazoan genomes (The Human Genome Inter-
national Sequencing Consortium 2001). Both the fraction of
the genome occupied by TEs and the diversity of TEs grow
with genome size (Lynch 2007; Feschotte et al. 2009). The
hypothesis that TE control is a main function of cytosine
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methylation (Yoder et al. 1997) therefore implies that a
greater fraction of cytosines should be methylated in larger
genomes, i.e., one would expect a positive correlation of
genome size and the partition of cytosines that are meth-
ylated. However, earlier analyses of total methylation
(Regev et al. 1998) did not observe a significant correlation.

More recently, it was suggested that DNA methylation
has a fundamentally different distribution in invertebrates
compared to vertebrates (Suzuki and Bird 2008; Zemach
et al. 2010). Within the invertebrate genomes studied so
far, cytosine methylation is concentrated at broadly
expressed genes (Nanty et al. 2011), whereas the global
methylation in vertebrates is interrupted only by small
regions that mostly contain promoters (Molaro et al. 2011).
However, these differences may simply result from a dif-
ferent activity and not from a different targeting of the
methylation apparatus. Consistent with this point of view,
methylation of TEs was reported also from diverse inver-
tebrates such as Ciona, Echinus, Drosophila, Medauroidea,
and Locusta (Bird et al. 1979; Krauss et al. 2009; Feng
et al. 2010; Krauss and Reuter 2011; Robinson et al. 2011).
Global methylation patterns of vertebrates, furthermore,
seem to had evolved gradually during the radiation
of deuterostomes (Okamura et al. 2010). Thus, changes of
methylation rates may explain the observed changes of
methylation patterns.

Alternative to a measurement of the cytosine methyla-
tion rate, expressed as the percentage of methylcytosines
among all genomic cytosines, an analysis of CpG depletion
may be used to estimate the extent of germline DNA
methylation (Bird 1980). In mammals, the amount of
CpG—TpG/CpA substitutions caused by cytosine methyl-
ation was determined to be about ten times higher than the
rate of a transversion (Arndt et al. 2003). Thus, dinucleo-
tide abundances could be profoundly influenced by a sig-
nificant methylation of CpG positions (Duret and Galtier
2000). CpG depletion rates in primate genomes depend
causally on the rate of DNA methylation. They are higher
in most types of transposons than in surrounding sequences
(Elango et al. 2008). Moreover, Simmen (2008) shows,
using vertebrate and invertebrate genomes, that CpG
depletion and TpG/CpA overrepresentation rates are
strongly correlated with each other and with the occurrence
of DNA methylation. In contrast to CpG, methylation of
CpH (H= AT, or C) is much weaker and much less
prevalent in animals (Laurent et al. 2010). It exhibits a
similar genome-wide distribution as CpG methylation in
human cells. In contrast to the situation in plants, specific
aberrant allocations of CpH methylation are also unknown
in other metazoa (Regev et al. 1998; Krauss et al. 2009;
Walsh et al. 2010; Zemach et al. 2010; Feng et al. 2010).
Thus, CpG methylation data are the appropriate model to
study the evolution of cytosine methylation in animals.
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Genome sizes and CpG methylation rates are simulta-
neously available for only 29 animal species (Grunau et al.
2001; Gregory 2010). A scatter plot of these data suggests a
significant correlation between the genome size and the
ratio of methylcytosines and CpG dinucleotides (mC/CpG,
see Supplementary Material 1). A closer inspection of these
data, however, shows that vertebrates (with large genomes)
have mC/CpG >40 %, while invertebrates (with smaller
genomes) have mC/CpG <40 %. The available data also
have a very uneven phylogenetic distribution: 12 of the 29
species are mammals, 6 are insects and only 11 represent
other taxa. Instead of a systematic trend with genome size,
the available methylation data could in principle also be
explained by group-specific properties.

Since this sampling bias cannot be corrected easily, we
have to resort to evaluating the traces that are left by DNA
methylation in the genome sequence itself. To this end, we
evaluate di- and trinucleotide composition data for 78
public available genome and transcriptome data sets. The
depletion of CpG and the associated enrichment of TpG
and CpA dinucleotides were used to infer intensity and
localization of germline CpG methylation. Our data sup-
port the view that the level of methylation is positively
correlated with genome size. In addition, we generated
evidence that at least some TEs are methylated both in
vertebrates and invertebrates. Fully methylated genomes
were found to be exactly restricted to the taxon of jawed
vertebrates (gnathostomes). Here, evolution of a novel
demethylation pathway and of novel reader molecules
appeared to enable the usage of cytosine methylation to
temporarily silence endogenous genes. To further support
the relationship between genome size and methylation rate
within a certain taxon that contain species with widely
diverging genome sizes, we measured the total cytosine
methylation of crickets, locusts and grasshoppers (all
Orthoptera) using combined liquid chromatography and
mass spectrometry (LC/MS) These original data are con-
sistent with the supposed positive correlation between
genome size and cytosine methylation. Finally, we discuss
possible consequences of our findings for the interpreta-
tion of epigenetic modifications and their roles during
evolution.

Materials and methods
Genome size and sequence data

Genome size data were retrieved from the Animal Genome
Size Database (Gregory 2010). We used medians of the
available measurements. For nine species without known
genome sizes, other species of the same genera were utilized.
The data sets underlying the analyses and figures of this

contribution can be downloaded from http://www.bioinf.
uni-leipzig.de/Publications/SUPPLEMENTS/10-026.

Dnmt, MBD, AID, Kaiso, and Zbtb38 genes of meta-
zoans were sampled from genome project and EST dat-
abases using tblastn (Gertz et al. 2006). In particular,
we used the human orthologs to retrieve sequences from
finished and unfinished genome projects deposited at the
NCBI database. In addition, single trace sequences were
screened using blastn. The orthology of these candidate
sequences was verified by blastx analysis using the
protein refseq database of NCBI. We counted only such
sequences as originated from orthologous genes which
return a more than 10°-fold lower E value for the orthol-
ogous human protein than for other human proteins. In case
of MBD proteins, we searched for orthologs of the human
MBD2 protein that show a preferential methyl-binding
domain structure (Ho et al. 2008). MBD orthologs that did
not meet this condition were not counted.

Transposable elements data were extracted from Rep-
Base (Jurka et al. 2005). We used all autonomous, non-
autonomous and simple elements of the eukaryotic taxon
group. Species with < 15 entries were excluded. Genomic
regions similar to RepBase entries were located by
blast with E value < 107'° and their sequence identity
to the most similar RepBase sequence was determined.
The level of sequence similarity approximates the relative
age. Nucleotide frequencies for CpG and CpNpG calcula-
tions were determined using galculator.'

CpG and CpNpG Bias

CpG dinucleotides are depleted because cytosines in a CpG
context are preferential methylated and mC then frequently
mutates to thymine (Simmen 2008). Hence the frequency
of CG dinucleotides decreases at the expense of the
mutation product TpG and its complement CpA (Bird
1980; Hodges et al. 2009). We measured the CpG deple-
tion and the accompanying TpG and CpA enrichment as
parallel consequences of CpG-oriented methylation in the
germline by the ratio of the resulting relative dinucleotide
bias

n= p?(}z tPEA (1)

PcG

where pyy = pxy/(pxpy)| X, Y € {A, T, C, G}. px is the
absolute mononucleotide frequency of X and pyy is the
absolute dinucleotide frequency of XY. Thus, py, can be

considered as quotient of the observed and the expected
dinucleotide content.

! Available at http://www.bioinf.uni-leipzig.de/Software/galculator/.
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We use 1 instead of the CpG observed/expected measure
pog because both CpG depletion and TpG and CpA
enrichment are connected to the CpG methylation in the
germline (Simmen 2008). Therefore, 1 should be a better
measure than p¢; for the influence of cytosine methylation
on dinucleotide content. In contrast to p¢g (Duret and
Galtier 2000), furthermore, we find that the parameter 5 is
not significantly correlated with GC content (see Supple-
mentary Material 2). Analogously, we determined #7cnG
using the frequency pcng of CNG motifs instead of pcg.

Independent contrasts

The analysis of independent contrasts required a phyloge-
netic tree with corresponding branch lengths. The tree
topology is a composite of the phylogenies described by
Hejnol et al. (2009); Consortium (2007); Holterman et al.
(2006); Kriegs et al. (2006); Chen et al. (2004), see Fig. 2.
To approximate the branch lengths, ribosomal small sub-
unit sequences were taken from the ribosomal RNA data-
base silva and aligned using SINA Web Aligner
(eukaria ssu r106) (Pruesse et al. 2007). For Takifugu
rubripes, Helobdella robusta and Pongo pygmaeus we
have chosen sequences of closely related species (Takifugu
pardalis, Helobdella stagnalis and Pongo abelii).
Euprymna scolopes and Drosophila grimshawi had to be
removed from the analysis because the most related species
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Fig. 1 The parameter n, which measures CpG depletion and TpG +
CpA enrichment, correlates with metazoan genomes sizes. The data
covers all metazoan species for which genome sequences are
currently available (30 vertebrates and 48 invertebrates). Seven
outliers are indicated by their species names. p Spearman rank
correlation, r coefficient of correlation, ¢ ¢ test statistic
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were already included in the data set which then comprised
76 out of 78 species. The alignment was trimmed to col-
umns with gaps in <50 % of all species. Branch lengths
were then estimated for the tree topology of Fig. 1 by
PhyML (Guindon and Gascuel 2003) using the HKY85
model (see Supplementary Data).

The analysis of independent contrasts was then per-
formed using the PDAP-plugin (Midford et al. 2010) for
mesquite (Maddison and Maddison 2001). Utilizing
the PDAP diagnostic chart, we calculated the contrasts of
n versus the positivized contrasts of genome size in giga-
bases and derived the Pearson product-moment correlation
coefficient as well as a two tailed p value.

Total DNA methylation analysis in Orthoptera

Adult Chorthippus parallelus (meadow grasshopper)
females were trapped in the vicinity of Leipzig (Saxony,
Germany). Juvenile specimens of Locusta migratoria
(migratory locust) and of Acheta domestica (house cricket)
were used from commercial stocks. All animals were fed
last time at least 24 h before use. Only heads and legs were
selected for DNA preparation to avoid contamination with
plant or bacterial DNA. RNA-free DNA was isolated using
the DNeasy Blood & Tissue Kit (QIAGEN). Combined
liquid chromatography and mass spectrometry analysis
(LC/MS) of the samples were conducted on an Agilent
1200 analytical HPLC system coupled to an LTQ-Orbitrap
XL mass spectrometer (Thermo Fisher Scientific). Two
micrograms from at least five separate DNA extractions of
each species were degraded to single nucleosides using 2 U
of DNA degradase Plus (ZYMO research) according to the
protocol of the provider. Standards contained equal
amounts of all four nucleotides, supplemented with 0.25,
0.5, 1.0, 1.5, 5.0 or 10.0 % of 5-methylcytosine (Fermen-
tas) and degraded to nucleosides by the same method as the
probes. A positive control of herring sperm DNA (6.76 %
mC/C) and four negative controls made from adult Dro-
sophila melanogaster specimens (0.002 £ 0.005 % mC/C)
were also run.

The samples were injected by an autosampler and
separated on a reversed column (Jupiter C18, 2 mm X
250 mm, Phenomenex) using a solvent system of A (0.1 %
formic acid in water) and B (0.1 % formic acid in 50 %
methanol). The column was equilibrated with A and
maintained at 100 % A for 5 min following injection, then
a linear gradient from 0-50 % B during 9 min, followed by
another linear gradient from 50-100 % B during 3 min was
applied. The eluent was kept at 100 % B for 20 min.
During separation the column was maintained at 25 °C and
the flow rate was 200 pl/min. By applying a post-column
flow split roughly 10 % of the eluate was introduced to the
mass spectrometer and ionized by electrospray ionization
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(spray voltage 5 kV, sheath gas flow rate 25 a.u., capillary
temperature 200 °C). The ion chromatograms of the
nucleosides were acquired in SRM mode (selected reaction
monitoring) in the linear ion trap, by monitoring the spe-
cific transitions of the nucleosides during their respective
retention times (dC: m/z 228.1-112.1, 7-8.5 min, mdC:
mlz 242-126.1, 11-13 min, dA: m/z 252.1-136.1,
14-15.5 min, dG: m/z 268.1-152.1, 15.5-17 min, dT:
mfz 243.1-127.1, 18-19.5 min). The chromatographic
peak areas were integrated using the Genesis algo-
rithm (Xcalibur version 2.0.7, Thermo Fisher Scien-
tific) and the methylation rate of cytosine was calculated
based on the peak areas determined for cytosine and
5-methylcytosine.

Results

CpG depletion and TpG/CpA enrichment correlate
with metazoan genome sizes

CpG-biased methylation causes a specific mutation pres-
sure on CpG dinucleotides: CpG dinucleotides are depleted
because cytosines in a CpG context are preferential meth-
ylated and mC frequently mutates to thymine (Simmen
2008). While CpG becomes depleted, TpG and its com-
plement CpA are observed at an elevated level (Bird 1980;
Hodges et al. 2009). This process causes an increase of,
e.g., the human substitution rate of about one order of
magnitude, and about a third of all SNPs between human
cell lines (Kondrashov 2003; Shoemaker et al. 2010).
Moreover, DNA methylation correlates also in rather
weakly methylated insects with CpG depletion (Elango
et al. 2009; Krauss et al. 2009; Walsh et al. 2010). The
resulting signal can be used to investigate methylation in
metazoan species for which mC data are not available. If
methylation is related to genome size, we expected to
observe a correlation of the CpG depletion and TpG +
CpA enrichment ratio # with genome size.

We computed # for 78 metazoans (Fig. 1). To correct for
the non-independence of our data from the phylogenomic
position of the used species, we implemented an indepen-
dent contrasts analysis. This method uses topology and
branch lengths of a tree corresponding to the data (“Mate-
rials and methods”) under the assumption of a Brownian
motion model of character evolution. An independent
contrasts analysis which comprises 76 of those 78 species
(“Materials and methods”) attests a significant Pearson
product-moment correlation coefficient of 0.4 (p value
0.0004) between genome size and # (Table 1, Supplemen-
tary Data). An analysis without the seven outliers labeled in
Fig. 1 noticeably improves the correlation. We comment on
these exceptional genomes in “Discussion”. In addition, all
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Table 1 Results of the independent contrast analysis concerning the
correlation between 1 and genome size, Fig. 1

Group n n* mC/Cin% r P

All 76 46 0-12.04 0.40 0.0004

Without outliers 69 40 0-12.04 0.84 0

Tetrapoda 23 23 2.25-10.90 0.40 0.057

Basal Deuterostomia 11 10 3.28-12.04 0.26 042

Non-Deuterostomia 17 17 0.12-8.40 0.18 0.5
with Dnmt1

Metazoa without Dnmtl 27 0 0-0.17 —0.57 0.002

Given are the number of species in each group (n), the number of
Dnmtl-expressing species (n*), the range of measured total methyl-
ation rates of the group (mC/C in %), the pearson product-moment
correlation coefficient (r) and the corresponding p value

three subgroups of species containing taxa with genes
coding for Dnmtl methyltransferases show a positive cor-
relation within the groups, albeit not as significant. In
contrast, Metazoa without Dnmt1, revealing no species with
cytosine methylation rates above 0.17 % (Supplementary
Material 1), exhibit a significant negative correlation (r —
0.57, p value 0.002). This data suggests that the positive
correlation between 7 and genome size depends, indeed, on
the methylation rate.

All 30 species of jawed vertebrates (gnathostomes), the
lancelet Branchiostoma, the sea urchin Strongylocentrotus,
the nemertean Cerebratulus and the snails Biomphalaria
and Aplysia exhibit a highly significant CpG depletion and
a concurrent enrichment of TpG and CpA [n > 1.58
(Karlin and Cardon 1994)]. Given that species such as
Ciona intestinalis, Hydra magnipapillata and Nematostella
vectensis revealed mC/CpG rates between 10 and 30 %
(Grunau et al. 2001; Zemach et al. 2010) and 5 values
between 1.32 and 1.44, we can expect that within all
genomes with 1 > 1.32 CG dinucleotides become meth-
ylated at least in part. This includes the majority of
Chordata (32 of 33 species), Mollusca (5 of 5), Cnidaria (2
of 2), Annelida (2 of 2), Platyhelminthes (2 of 3), Echi-
nodermata (1 of 1) and Nemertea (1 of 1), but excludes
Nematoda (1 of 9), Arthropoda (0 of 21) and Placozoa (0 of
1). Hence, 46 species in 8 of the 10 metazoan phyla under
consideration methylate a significant fraction of cytosines
in CpG context at least in the germline. Cytosine methyl-
ation of large parts of the genome thus appears to be an
ancient property of metazoans.

Figure 2 shows Gnathostomes (i.e., vertebrates exclud-
ing jawless ones such as Petromyzon) had evolved at even
higher methylation rates. In contrast, several times during
evolution, the extent of CpG methylation has been reduced:
in arthropods (e.g., Pediculus), nematodes, urochordates
(Oikopleura) and planarians (Schmidtea). With the excep-
tion of Schmidtea, genome sizes were reduced together with
CpG methylation levels.
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Evidence for strong germline methylation
in transposons

The positive correlation of genome size with CpG meth-
ylation argues for a relatively high methylation rate of
repetitive sequences. Thus, we wondered if cytosine
methylation within invertebrates is strongly concentrated at
coding sequences as recently suggested (Zemach et al.
2010). To evaluate the relative methylation rate of trans-
posable elements, we compared 7 between transposons and
whole genomes for 35 species using TE sequences
extracted from RepBase (Jurka et al. 2005), Fig. 3. In
invertebrates and fishes, similar values of # for TE and
whole genome sequences support an equivalent DNA
methylation level within TEs and in the remaining genome.
In contrast, all tetrapods show a lower # in transposon-
derived sequences than in the complete genome. This
observation is only consistent with a preferential methyl-
ation of LTR and LINE elements in human cells (Meissner
et al. 2008) as well as with the uniformly high methylation
around repetitive DNA in mouse (Feng et al. 2010) if the
value of 7 is not yet saturated by DNA methylation within
the younger part of TE insertions.

Therefore, we investigated # as a function of the relative
age of the TE insertions, determined by the amount of
sequence divergence (see “Materials and methods™). Fig-
ure 4a shows, that 1 increases systematically with the age
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Fig. 3 1 of transposable elements compared to genomic background.
Metazoan transposable elements were extracted from RepBase
(Jurka et al. 2005) for all species with more than 14 entries.
Transposable elements of tetrapods exhibit a systematically reduced
value of n

of TE insertions up to values above the genomic average
value in mammals and birds (tetrapods). This is consistent
with the report by Arndt and Hwa (2005) that the CpG
mutation rate within repetitive elements increased sub-
stantially during the evolution of mammals. A much
weaker increase was observed for some invertebrates,
including Strongylocentrotus purpuratus, Ciona savignyi,
Nasonia vitripennis, Acyrthosiphon pisum (all with Dnmt1)
and Schistosoma mansoni (without Dnmt1). In contrast, no
increase was found for the species Bombyx mori, N. vect-
ensis (both with Dnmtl), D. melanogaster and Caeno-
rhabditis elegans (both without Dnmt1).

In green plants, transposons are specifically methylated
at CpNpG sites (Zemach et al. 2010). CpNpG methylation
was found also in mammal genomes, its distribution,
however, remains unknown (Clark et al. 1995; Lister et al.
2009). To evaluate whether CpNpG methylation is local-
ized similarly in animals and plants, we determined #cyG
values as function of TE insertion age, Fig. 4b. We found a
weak, but significant rise of ncng with the age of TE
insertions, well above the genomic 7 average, in basal
chordates (Kendall Tau Rank Correlation Coefficient
7 = 0.467) and in invertebrates with Dnmtl (7 = 0.46).
Intriguingly, tetrapods (t = 0.087) did not deviate strongly
from other animals in that respect. In contrast, four species
show large variations of ncng values in aged TE insertions:
N. vitripennis (with Dnmtl), Drosophila pseudoobscura,
S. mansoni and C. elegans (all without Dnmt1). Thus, a
weak, but in most cases significant values of CpNpG
depletion and TpNpG + CpNpA enrichment (4cyg) were
specifically found in animal transposon copies located in
genomes with at least one active Dnmt. While we cannot
exclude that other causes are responsible for these obser-
vations, we suspect that TE copies in most animals are
CpG and CpNpG methylated in the germline.

Evidence that promoter-related CpG islands
are restricted to Gnathostomata

CpG islands, initially described for mammals, were also
found in birds, frogs and fishes, but not in invertebrate
chordates as Ciona (Elango and Yi 2008). They form
regions of low methylation intensity and are characterized
by a much more moderate loss of CpG dinucleotides than
all other parts of the genome. CpG islands are found most
often at promoters because a strong methylation is
incompatible with initiation of transcription in animals.
Thus, local selection against methylation maintains CpG
islands in globally strongly methylated genomes. Most
effectively, this could be accomplished (1) by general
methylation and (2) by local demethylation, as shown in
fishes and mammals (Rai et al. 2008; Bhutani et al. 2010).
Figure 1 reveals that higher mutation biases (1 > 2) are
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7 \ \ \

® Gnathostomata
6~ ®m |Invertebrata -

n(’ UTR)

0 1 2 3 4 5 6 7
n(3 UTR)

Fig. 5 Emergence of demethylated 5UTRs in jawed vertebrates. 1
was calculated for 5UTR and 3'UTR of coding genes in 13 species.
In gnathostomes, a relatively low 5 of the 5UTR (part of the
promoter) contrasted with high # of the 3’UTR. Invertebrates show
only small differences between both UTRs

restricted to jawed vertebrates (gnathostomes) including
cartilaginous fishes (Callorhinchus milii). To evaluate
the methylation status of promoters, we compared # of
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5'UTRs, which represent a part of the promoter (FitzGerald
et al. 2006), and in 3'UTRs (control) of 15 species, Fig. 5.
Contrary to earlier expectations, 1 values were much higher
in 3’UTRs than in 5UTRs only in gnathostomes. In
5'UTRs, n was even lower in these species than in the
analyzed invertebrates.

Unfortunately, no data to evaluate # in the UTRs of the
lamprey Petromyzon marinus (a jawless vertebrate) and of
the cartilaginous fish C. milii were available. To over-
come this limitation, we investigated chordate genomes
for the presence of orthologs of the activation-induced
cytidine deaminase (AID), a necessary component of one
of the cytosine demethylation pathways of vertebrates
(Rai et al. 2008; Popp et al. 2010), which is only found
in jawed vertebrates (including Callorhinchus), Fig. 2.
Although two paralogs of the AID/APOBEC protein
family were identified in lampreys, these are not ortho-
logs of AID or APOBEC2 (Conticello et al. 2005;
Rogozin et al. 2007; Conticello 2008). Only AID and
APOBEC2, but not other paralogs from the AID/APO-
BEC protein family are known to be involved in
demethylation (Rai et al. 2008). In addition, the methyl-
specific transcription factors Kaiso and Zbtb38 (Sasai and
Defossez 2010; Bogdanovic and Veenstra 2009) were also
found only in gnathostomes (data not shown), supporting
that differential promoter methylation as a pathway of
gene regulation originated in the last common ancestor of
the gnathostomes.
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Total methylation appears to be related with genome
sizes also in Orthopteran species

The genomes of the 78 sequenced metazoa have a size
between 0.04 and 5.41 Gb, whereas the 4,972 metazoan
genomes, whose sizes have been determined, vary between
0.019 and 129.9 Gb (Gregory 2010). Thus, there exists a bias
to include preferentially animals with smaller genomes into
the analysis. To confirm with independent data that (1)
cytosine methylation is positively correlated to genome sizes
and that (2) this correlation is not a taxonomic effect, we
performed comparative measures of total methylation within
a selected metazoan taxon. 19 of the bioinformatically ana-
lyzed genome sequences are from insects, a taxon that is well
known for the small, sparsely methylated genomes of its
best-studied species. Insect genomes studied so far contain
typically <1 % mC (Regev et al. 1998; Marhold et al. 2004;
Walsh et al. 2010; Zemach et al. 2010) and have n < 1.32.
Therefore, we decided to measure total DNA methylation of
selected species of the insect order Orthoptera. This highly
diverse order contains many species with large genomes of
highly variable sizes (1.516-16.56 Gb) (Gregory 2010).
We evaluated species whose genome sizes (1) were
determined independently three or more times and (2) are
highly diverged from each other (Gregory 2010). The mC
content was determined by LC/MS and confirmed the cor-
relation between the cytosine methylation rate and the gen-
ome size, Fig. 6: First, the house cricket A. domestica has the
smallest genome size average of 2.03 & 0.17 Gb and
revealed a mC/C ratio of 0.28 &+ 0.15 %. Second, the gen-
ome of the migratory locust L. migratoria is about three times
larger (5.76 4+ 0.48 Gb). Its methylation rate of 1.25 +
0.79 % is significantly higher as well. Our measurements are
consistent with the mC/C ratio of 0.96 % cited in (Regev
et al. 1998), although we have not been able to backtrack the
source of this number in the literature. Third, the genome of
the meadow grasshopper C. parallelus belongs to the largest
genomes of the group (13.26 £ 0.98 Gb). Its mC/C ratio of
4.06 £ 0.68 % is, in fact, comparable to that of mammals
(4.32 + 1.24 %). Fourth, we added recently determined LC/
MS cytosine methylation from three different tissues and
genome size data of the desert locust Schistocerca gregaria,
Fig. 6 (Boerjan et al. 2011). Although these experiments
comprise only four genomes, this observations indicates that
the high mC/C values in vertebrates are not exceptional for
metazoans and might be dependent on genome size.

Discussion
Total methylation

Analysis of the genomic CpG depletion and TpG+CpA
enrichment measure 1 in animals shows that the level of
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Fig. 6 Relationship between genome size and cytosine methylation
rate in four species of orthopterans. Error bars indicate standard
deviations of the sample distribution (thin) and standard deviations of
the means (thick) of three to five measurements of genome size
(Gregory 2010) and of seven to eight (this study) or three (Boerjan
et al. 2011) cytosine methylation measurements using LC/MS

DNA methylation correlates positively with genome size.
Dinucleotide data are available preferentially for smaller,
already sequenced genomes. To overcome this limitation,
we determined methylation rates for three species of a
selected taxon with larger genome sizes and larger genome
size differences (Orthoptera, Insecta). The results of this
analysis are consistent with the predicted positive correla-
tion of DNA methylation with genome size.

Promoters generally show the weakest methylation of all
functionally defined elements of the genomes [see, e.g.,
(Zemach et al. 2010; Feng etal. 2010)]. An active
demethylation of promoters as found at least in mammals
mark the evolutionary emergence of regulative, differential
methylation of functional promoters [for review see (Wu
and Zhang 2010)]. The restriction of demethylated 5'UTRs,
of one pathway of active demethylation and of some CpG
methylation readers to jawed vertebrates suggest that
this evolutionary novelty originated in the last common
ancestors of the gnathostomes.

In some species, labeled as outliers in Fig. 1, genome
sizes seem not to co-evolve with the level of DNA meth-
ylation. The genomes of Ixodes, Euprymna, and Dasypus
appear to have expanded substantially in the recent past,
see Fig. 2. It can be speculated that their DNA methylation
machineries have not had sufficient time to adapt to the
current genome size. In contrast, the genomes of birds
shrank relative to other tetrapods, possibly due to a higher
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deletion bias, as proposed for pufferfishes (Neafsey and
Palumbi 2003). Corresponding genome-wide adaptations
of the methylation rate might be limited by a local need for
TE silencing and therefore should proceed more slowly
than genome amplification or reduction. A second argu-
ment for the evolutionary stability of cytosine methylation
in the birds Gallus and Taeniopygia is the importance of
DNA methylation for developmental gene silencing in
vertebrates (Elango and Yi 2008).

As depicted in Fig. 1 the genomes of the insects Apis
mellifera, A. pisum and Pediculus humanus remarkably
show a trend opposite to that obtained for vertebrates: CpG
dinucleotides are enriched, while TpG and CpA are both
depleted, ie., 7 < 1 (Wang et al. 2006; Elango et al.
2009). In EST data of both species, however, all three types
of dinucleotides show nearly the expected values, i.e.,
n =~ 1 (data not shown). For Apis, it was demonstrated
repeatedly that exons are methylated preferentially, see,
e.g., (Wang et al. 2006; Elango et al. 2009; Feng et al.
2010; Zemach et al. 2010). It may be speculate that the
biased dinucleotide content is result of a context-dependent
DNA repair mechanism that compensates for the mutational
effect caused by CpG methylation. This could be achieved
by repairing a T-G mismatch systematically to C-G and not
to T-A provided the position 3’ of T is occupied by G. This
would suppress mainly CpG—TpG substitutions in coding
regions which are frequently methylated, while non-coding,
typically unmethylated regions would accumulate CpG at
the expense of TpG and CpA, explaining the unexpectedly
small genome-wide value of #. Such a hypothetical mech-
anism would naturally explain the increase of # in exons.

To evaluate this possibility, we searched the proteomes
of those insects to find candidate member proteins of such a
pathway. Using reciprocal blastp, we identified an
ortholog of thymine DNA glycosylase (TDG) in all
examined insect species. This enzyme excises thymine
from G-T mispairs with a preference for lesions in a CpG-T
context (Morgan et al. 2007). Interestingly, Drosophila
TDG is five to tenfold less effective than the human
ortholog in this respect (Hardeland et al. 2003). The rela-
tive activities of TDG enzymes of other insects are
unknown to date but might be responsible for the observed
nucleotide biases. This bias is even more visible in AT-rich
genomes, e.g., in Apis and Pediculus (AT content 67.3 and
68.5 %, respectively). Accordingly, twofold more TpG and
CpA than CpG increases (1) the absolute TpG/CpA to CpG
mutation rate and (2) their effect on 7.

Methylation of TE sequences
We found evidence for methylation of repetitive elements

in most analyzed genomes of Metazoans that express the
DNA methyltransferase Dnmtl (Fig. 4). Zemach et al.
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(2010) reported for C. intestinalis, N. vectensis, A. melli-
fera, and B. mori that methylation is weaker within repeats
than in neighboring sequences. The authors conclude,
based on data collected from six metazoan species only,
that selective methylation of transposons is not conserved
between plants and animals. Our results do not contradict
this suggestion. However, we prefer not to exclude that
preferential methylation of transposons is conserved
between plants, fungi and vertebrates, as beyond our own
results also substantial other evidence is consistent with a
preferential methylation of TEs in at least some inverte-
brates. First, Ciona appears to contain at least a subset of
repeats that are preferentially methylated (Zemach et al.
2010; Feng et al. 2010). Second, the general incomplete-
ness of genome assemblies may be source of a substantial
bias, given that the conclusions of Zemach et al. (2010)
and Feng et al. (2010) are based only on mappable repet-
itive sequences. For A. mellifera, a mCpG rate of 3.09 %
was measured for unassembled and unoriented contigs
(comprising more than 18 % of CpGs in the genome),
while chromosomal linkage groups exhibit an mCpG rate
of only 0.93 % (Feng et al. 2010). Thus unmapped, typi-
cally repetitive, sequences may be more strongly methyl-
ated than mapped sequences. Third, all invertebrate species
which became genome wide evaluated for DNA methyla-
tion patterns (Acyrthosiphon, Apis, Bombyx, Ciona,
Drosophila, Nematostella, and Tribolium) have relatively
small genome sizes (180—525 MB), compared to the
analyzed vertebrates Danio, Homo, Mus, and Tetraodon
(420—3,500 MB) (Gregory 2010).

Nevertheless, we found relatively low values of # for
transposons, generally not exceeding the values obtained
for the whole genomes of the corresponding species. These
low 1 or ncng values within TE consensus sequences might
be explained by the selection for activity, whereas the
increase of the bias in older copies is consistent with a
mutagenic effect of CpG and CpNpG methylation,
respectively. Perhaps most interestingly, TE sequences of
invertebrates with Dnmt1 (a main DNA methyltransferase)
show higher 5 values than their genomic average, while TE
sequences of invertebrates without Dnmt1 show exactly the
opposite behavior (Fig. 4a) or large group-internal differ-
ences, depending on the organism measured (Fig. 4b). This
is true, in particular, for later stages of mutational decay
and supports germline cytosine methylation of transposons
in all metazoans with DNA methylation apparatus. This
does not necessarily imply, however, that transposons are
preferentially methylated in these genomes because selec-
tion should be stronger in coding sequences and could have
erased, at least partially, methylation-caused nucleotide
sequence bias. In addition, Feuerbach et al. (2011) have
recently found that the CpG mutation rate within AluSx
SINE elements of primates depends mainly not on the age
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of the copies but on the methylation status of the sur-
rounding sequences. Thus, small TEs may escape DNA
methylation also in strongly methylated genomes. While
amplification of TEs might enlarge genomes and the
methylation rate, not all TE copies need to be methylated to
the same or a higher extent than the remaining genome.
High-quality TE sequence data analyzed using available
tools (Arndt et al. 2003; Feuerbach et al. 2011) may reveal
a diversity of TE methylation patterns in the near future.

A hypothesis

We suggest that the correlation between genome size and
the level of cytosine methylation might be based on their
common dependence on long-term effective population
size. Lynch (2006) pointed out that reductions of long-term
effective population size are associated with dramatic
expansions in genome size, most of which reflect changes in
non-coding regions. This is why selection against weakly
deleterious insertions is abolished in smaller populations.
Estimations of the effective population size reviewed by
Charlesworth (2009) show that population sizes of large
mammals are between 10* and 4 x 10*, whereas the pop-
ulation sizes of small invertebrates as D. melanogaster (10%)
and Caenorhabditis remanei (2 x 10°) are much larger. We
could not add more numbers for comparison as the esti-
mates are methodically difficult, and thus rare.

However, the within-species nucleotide divergence for
silent sites (I1;), determined for at least 36 metazoan spe-
cies using sampled alleles of protein-coding genes (Lynch
2006), is proportional to the product of long-term effective
population size and mutation rate. It is difficult to relate II;
to known methylation rates, however, because both num-
bers are known simultaneously only for four invertebrate
species. Therefore, we plotted averages of ten groups
containing at least two species with I data (birds, fishes,
mammals, nematodes, crustaceans, orthopterans, lepidopt-
erans, dipterans, molluscs and invertebrate deuterostomes),
see Fig. 7. The result is consistent with the proposed
relationship. Additional, phylogenetically more balanced
data will be necessary, however, to evaluate our hypothesis
further.

Two model species deviate strongly from the suggested
dependencies. First, wild mice have a population size near
the reported invertebrate estimates (Eyre-Walker et al.
2002) but nevertheless maintained methylation rates simi-
lar to larger mammals. Here, the about 100-fold higher TE
transposition rate (mouse versus humans) may play an
important role (Maksakova et al. 2006). In addition, the II;
value of the rat is congruent with those of other mammals.
Thus, the divergence time might not have been sufficient to
decrease the methylation rate of the mouse. Second, the
high self-fertilizing rates of some nematodes, especially
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Fig. 7 The relationship between cytosine methylation rate and
within-species nucleotide divergence for silent sites (I1;) is correlated
negatively. Compared are the averages of ten metazoan taxa. p
Spearman rank correlation, r coefficient of correlation, ¢ ¢ test statistic

C. elegans, decrease both TE activity and effective popu-
lation size (Charlesworth 2009; Hu et al. 2011), two factors
that are expected to have opposite influences on genome
size and methylation rate. Thus, differences in long-term
effective population size, here represented by II;, are cer-
tainly not the sole cause for differences in genome size or
methylation rate, but might have played an important role
in establishing those. Genome size, in addition, is only a
crude estimate for deleterious consequences of TE activity.
Data on absolute TE abundances would represent a better
measure. At present, however, such estimates are rare and
unreliable (Feschotte et al. 2009).

DNA methylation within metazoan genomes is strongest
in exons and repetitive elements. The function of DNA
methylation is to inactivate transposons, stabilize repetitive
sequences and suppress non-functional sites of transcrip-
tional initiation (Yoder et al. 1997; Maunakea et al. 2010).
In other words, DNA methylation acts mainly against del-
eterious DNA sequence variation that would not persist if
purifying selection against such mutations would be suc-
cessful. Because the efficiency of natural selection is
directly dependent on long-term effective population size,
the importance of DNA methylation increases with
shrinking population size and with increasing genome size,
which in turn is associated with increased retention rates of
TEs and accelerated emergence of promoter-like sequences
by local mutations. We predict that this hypothesis of
“junk-masking” may explain only the broad patterns, as we
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have found ample evidence of a stochastic distribution
around the general expectations.

Intriguingly, if the proposed evolutionary mechanism is
valid, the primary function of DNA methylation is likely a
defense against the increasing deleterious effects caused by
growing genomes, not the invention of an additional level of
regulation. Such erroneous effects or functions are, e.g.,
disruptions of endogenous genes by TE activity, modula-
tions of functional and non-functional transcription by
TE-based regulative sequences, non-homologous recombi-
nations at TE insertion sites and activations of cryptic pro-
moters (promoter-like sequences) by mutations within gene
structures overstretched by large introns. Our hypothesis is
consistent with the suggestion that cytosine methylation
constrains the effective size of the genome through the
selective exposure of regulatory sequences remaining
hypomethylated (Rollins et al. 2006). If genome and
methylation rate had grown under the influence of a per-
sistently low long-term effective population size, the entire
genome may became transfigured by DNA methylation as in
jawed vertebrates. Now a novel form of mitotically stable
silencing of endogenous genes could arise in response to the
emergence of a novel active demethylation pathway.
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