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Abstract Total DNA methylation rates are well known to tribution of DNA methylation. The depletion of CpG and
vary widely between different metazoans. The phylogenetithe associated enrichment of TpG and CpA dinucleotides is
distribution of this variation, however, has not been invesused to infer the intensity and localization of germline CpG
tigated systematically. We combine here publicly avadabl methylation and to estimate its evolutionary dynamics. We
data on methylcytosine content with the analysis of nu@eot observe a positive correlation tfe relative methylation of
compositions of genomes and transcriptomes of 78 meta=pG motifswith genome size. We tested this trend success-
zoan species to trace the evolution of abundance and difilly by measuringanalytically total DNA methylation in
orthoptera insects with very different genome sizes: House
crickets, migratory locusts and meadow grasshoppers.
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(Simmenet al., 1999; Zemactet al., 2010). In this context, substitutions caused by cytosine methylation was detehin
DNA methylation apparently suppresses a possibly interferto be about 10 times higher than the rate of a transversion
ing initiation of transcription (Maunakest al., 2010). This  (Arndt et al., 2003b). Thus, dinucleotide abundances could
effect may be dependent on the positions of nucleosomdse profoundly influenced by a significant methylation of CpG
and/or histone modifications as histone H4K36me3 (Hodgegositions (Duret and Galtier, 2000). CpG depletion rates in
et al., 2009; Choiet al., 2009; Nantyet al., 2011). primate genomes dependusallyon the rate of DNA methy-
Another evolutionary old function of DNA methylation lation. They are higher in most types of transposons than
is the suppression of activity of transposable elements)TE in surrounding sequences (Elangtoal., 2008). Moreover,
which was demonstrated for model organisms of plants, anSimmen (2008) shows, using vertebrate and invertebrate gen
mals, and fungi, as well as for some other unicellular eukaryomes, that CpG depletion and TpG/CpA overrepresentation
otes includingEntamoeba and Dictyostelium (Yoderet al., ~ rates are strongly correlated with each other and with the
1997; Walsh and Bestor, 1999; Krauss and Reuter, 20119ccurrence of DNA methylation. In contrast to CpG, methy-
Transposon suppression may be accomplished by compacti@ien of CpH (H = AT, or C) is much weaker and much
of nucleosomes (Chast al., 2010), by stabilization of DNA  less prevalent in animals (Laureettal., 2010). It exhibits
duplexes (Thalhammest al., 2011), by inhibition of tran- @ similar genome-wide distribution as CpG methylation in
scription factor binding or by mutational decay throughrdea human cells. In contrast to the situation in plants, specific
ination of methylcytosine (mC) to thymine. Transposableaberrant allocations of CpH methylation are also unknown
elements (TEs) constitute up to 45% of metazoan genomeB other metazoa (Regest al., 1998; Krausst al., 2009;
(The Human Genome International Sequencing Consortiunyvalshet al., 2010; Zemaclet al., 2010; Fenget al., 2010).
2001). Both the fraction of the genome occupied by TEs andhus, CpG methylation data are the appropriate model to
the diversity of TEs grows with genome size (Lynch, 2007;study the evolution of cytosine methylation in animals.
Feschotteet al., 2009). The hypothesis that TE controlisa  Genome sizes and CpG methylation rates are simultane-
main function of cytosine methylation (Yoderal., 1997)  ously available for only 29 animal species (Grureital.,
therefore implies that a greater fraction of cytosines &hou 2001; Gregory, 2010). A scatter plot of these data suggests
be methylated in larger genomes, i.e., one would expect a significant correlation between the genome size and the
positive correlation of genome size afigk partition of cy-  ratio of methylcytosines and CpG dinucleotides (mC/CpG,
tosines which are methylateHowever, earlier analyses of see Supplementary Material 1). A closer inspection of these
total methylation (Regest al., 1998) did not observe a sig- data, however, shows that vertebrates (with large genomes)
nificant correlation. have mC/CpG> 40%, while invertebrates (with smaller gen-
More recently, it was suggested that DNA methylationomes) have mC/Cp& 40%. The available data also have a
has a fundamentally different distribution in inverteleat very uneven phylogenetic distribution: 12 of the 29 species
compared to vertebrates (Suzuki and Bird, 2008; Zemachre mammals, 6 are insects and only 11 represent other taxa.
et al., 2010). Within the invertebrate genomes studied so fadnstead of a systematic trend with genome size, the avail-
cytosine methylation is concentrated at broadly expresseable methylation data could in principle also be explained
genes (Nantgt al., 2011), whereas the global methylation in by group-specific properties.
vertebrates is interrupted only by small regions that gostl  Since this sampling bias cannot be corrected easily we
contain promoters (Molaret al., 2011). However, these dif- have to resort to evaluating the traces that are left by DNA
ferences may simply result from a different activity and notmethylation in the genome sequence itself. To this end we
from a different targeting of the methylation apparatus:Co evaluate di- and trinucleotide composition data for 78 pub-
sistent with this point of view, methylation of TEs was re- ic available genome and transcriptome data sets. The-deple
ported also from diverse invertebrates Gi®na, Echinus,  tjon of CpG and the associated enrichment of TpG and CpA
Drosophila, Medauroidea, andLocusta (Bird et al., 1979;  dinucleotides was used to infer intensity and localizatén
Krausset al., 2009; Fencgt al., 2010; Krauss and Reuter, germline CpG methylation. Our data support the view that
2011; Robinsort al., 2011). Global methylation patterns of the level of methylation is positively correlated with gen-
vertebrates, furthermore, seem to had evolved graduatty duome size. In addition, we generated evidence that at least
ing the radiation of deuterostomes (Okametal., 2010). some TEs are methylated both in vertebrates and inverte-
Thus, changes of methylation rates may explain the observegiates. Fully methylated genomes were found to be exactly
changes of methylation patterns. restricted to the taxon of jawed vertebrates (gnathosthmes
Alternative to a measurement of the cytosine methylaHere, evolution of a novel demethylation pathway and of
tion rate,given as the percentage of methylcytosines on genovel reader molecules appeared to enable the usage of cy-
nomic cytosines in totaan analysis of CpG depletion may tosine methylation to temporarily silence endogenousgene
be used to estimate the extent of germline DNA methylatiorTo further support the relationship between genome size and
(Bird, 1980). In mammals, the amount of CpapG/CpA  methylation rate, within a certain taxon that contain seeci
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with widely diverging genome sizes, we measured the tota?.2 CpG and CpNpG Bias

cytosine methylation of crickets, locusts and grasshapper

(all Orthoptera)using combined liquid chromatography and CpG dinucleotides are depleted because cytosines in a CpG

mass spectrometry (LC/MSThese original data are consis- context are preferential methylated and mC then frequently

tent with the supposed positive correlation between genom@utates to thymine (Simmen, 2008). Hence the frequency

size and cytosine methylation. Finally, we discuss possiblof CG dinucleotides decreases at the expense of the mu-

consequences of our findings for the interpretation of epigetation product TpG and its complement CpA (Bird, 1980;

netic modifications and their roles during evolution. Hodgeset al., 2009). We measured the CpG depletion and
the accompanying TpG and CpA enrichment as parallel con-
sequences of CpG-oriented methylation in the germline by
the ratioof the resulting relative dinucleotide bias

n— PrctPea @
2 Materials and Methods 2pcg

wherepyy = pxy/(Px Py ). Px is the absolute mononucleotide
frequency ofX and pxy is the absolute dinucleotide fre-

quency ofXY. Thus, p§, can be considered as quotient of
Genome size data were retrieved from the Animal Genome,e ohserved and the expected dinucleotide content.

Size Database (Gregory, 2010). We used medians of the avail- \\e usen instead of the CpG observed/expected mea-

able measurements. For nine species without known genongre Pie because both CpG depletion and TpG and CpA

sizes, other species of the same genera were utilized. TR§richment are connected to the CpG methylation in the

datasets underlying the analyses and figures of this C“F‘tribgermline (Simmen, 2008). Thereforg, should be a bet-

tion can be downloaded fronttp: //www.bioinf .uni-leipzig. ter measure thap(*:G for the influence of cytosine methy-

de/Publications/SUPPLEMENTS/10-026. lation on dinucleotide content. In contrastg, (Duret and
Dnmt, MBD, AID, Kaiso, and Zbth38 genes of meta- Galtier, 2000), furthermore, we find that the parameter

zoans were sampled from genome project and EST databasesiot significantly correlated with GC content (see Supple-

usingtblastn (Gertzet al., 2006). In particular, we used mentary Material 2). Analogously, we determingghc us-

the human orthologs to retrieve sequences from finished aridg the frequencycng of CNG motifs instead ofce.

unfinished genome projects deposited at the NCBI database.

In addition, single trace sequences were screened b$atn.

The orthology of these candidate sequences was verified l‘?y3 Independent Contrasts

blastx analysis using the protein refseq database of NCBIThe analysis of independent contrasts required a phyloge-

We counted only such sequences as originated from ortholo- . )
Y q 9 netic tree with corresponding branch lengths. The treeltopo
gous genes which return a more thai-16ld lower E-value

. ogy is a composite of the phylogenies described by Hejnol
for the orthologous human protein than for other human pro al. (2009): Consortium (2007): Holtermast al. (2006):

ins. | f MBD i hed f hol _ .
teins. In case o prgtems, we searched for qrt 0l0gs 0 riegset al. (2006); Cheret al. (2004), see Figure 2. In or-
the human MBD?2 protein that show a preferential methyl_der to approximate the branch lengths, ribosomal small sub-
binding domain structure (Het al., 2008). MBD orthologs P gms,

. . " unit sequences were taken from the ribosomal RNA database
that did not meet this condition were not counted. ) . . . .
silva and aligned usin§INA Web Aligner (eukaria ssu

Transposable elements data were extracted RegpBase r106) (Pruesset al., 2007). ForTakifugu rubripes, Helob-
(Jurkaet al., 2005). We used all autonomous, non-autonogl|a robusta andPongo pygmaeus we have chosen sequen-
mous and simple elements of the eukaryotic taxon groupseg of closely related speciekakifugu pardalis, Helobdella
Species with less than 15 entries were excluded. Genom'&agnalis and Pongo abelii). Euprymna scolopes and Dro-
regions similar t(RepBase entries were located bylast sophila grimshawi had to be removed from the analysis be-
with E-value < 10°'° and their sequence identity to the cayse the most related species were already included in the
most similarRepBase sequence was determined. The levelqata set which then comprised 76 out of 78 species. The
of sequence similarity approximates the relative age. NUaIignment was trimmed to columns with gaps in less than
cleotide frequencies for CpG and CpNpG calculations werggo, of all species. Branch lengths were then estimated for

2.1 Genome Size and Sequence Data

determined usingalculator”. the tree topology of Figure 1 lBhyML (Guindon and Gas-
cuel, 2003) using the HKY85 model (see Supplementary
L available at Material 3).

http://www.bioinf.uni-leipzig.de/Software/ The analysis of independent contrasts was then performed
galculator/ using thePDAP-plugin (Midford et al., 2010) formesquite
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(Maddison and Maddison, 2001). Utilizing t®®AP diag- L (1830 't b !;8 '0 998'

i — r=0. =12. =0. |
nostic chart we calculated the contrastsjofersus the pos- 8.0 e
itivized contrasts of genome size in gigabases and derive - _' am - Daspus -

. TP m Gallusgallus oW novemcinctus
the Pearson product-moment correlation coefficient as we ~ B Taenopygiagutata _ W T g u
as a two tailecp-value. o 4.0 - -" —
o L i
c |
2.4 Total DNA Methylation Analysis in Orthoptera % n ,_!!
QL 20— = - —
) e
Adult Chorthippus parallelus (meadow grasshopper) femalesﬁ o € ‘.. *s Euprymna scalopes ,
were trapped in the vicinity of Leipzig (Saxony, Germany). & |&¢ °
Juvenile specimens abcusta migratoria (migratory locust) £ 1opY o Ix0des scapularis -
and of Acheta domestica (house cricket) were used from ¢  m'e ° |
commercial stocks. All animals were fed last time at leas &, oediculush m Tetrapoda
24 hours before use. Only heads and legs were selected f 05 _'. Api'::jif:r:a"us Basal Deuterostomia |
DNA preparation in order to avoid contamination with plant '\Nﬂcé?égggﬁt?fgg{“& :’n‘”ttlh Dnmtl
or bacterial DNA. RNA-free DNA was isolated using the | | | | |

DNeasy Blood & Tissue Kit (QIAGEN). Combined liquid :
chromatography and mass spectrometry analysis (LC/MS genome size [Gh]

of the samples were conducted on an Agilent 1200 analyt-

ical HPLC system coupled to an LTQ-Orbitrap XL massFig. 1 The parametern, which measures CpG depletion and
spectrometer (Thermo Fisher Scientific). Two microgramsTpG*'CpA enrichment, correlates with metazoan genomes sizes. The

from at least five separate DNA extractions of each s eCiedata covers all metazoan species for which genome sequences-are ¢
P P r%ntly available (30 vertebrates and 48 invertebrates)eisewutliers

were degraded to single nucleosides using two units of DNAye indicated by their species names- Spearman rank correlation,
degradase Plus (ZYMO research) according to the proto- coefficient of correlatiort, - t-test statistic.

col of the provider. Standards contained equal amounts of

all four nucleotides, supplemented with 0.25, 0.5, 1.0, 1.5 ion2.0.7 Th Fisher Scientifi dth hviati
5.0 or 10.0% of 5-methylcytosine (Fermentas) and degrade\éerSIon 0.7, Thermo Fisher Scientific) and the methyfatio

to nucleosides by the same method as the probes. A pogf"—‘te ,Of cytosine wgs calculated based O,n the peak areas de-
tive control of herring sperm DNA (86% mC/C) and four termined for cytosine and 5-methyicytosine.
negative controls made from adOitosophila melanogaster
specimens (@02%-=+ 0.005% mC/C) were also run.

The samples were injected by an autosampler and sep3-Results
rated on a reversed column (Jupiter C18, 2 mrad50 mm,
Phenomenex) using a solvent system of A (0.1% formic aci@.1 CpG Depletion and TpG/CpA Enrichment Correlate
in water) and B (0.1% formic acid in 50% methanol). Thewith Metazoan Genome Sizes
column was equilibrated with A and maintained at 100% A
for 5 min following injection, then a linear gradient from CpG-biased methylation causes a specific mutation pressure
0-50% B during 9 min, followed by another linear gradienton CpG dinucleotides: CpG dinucleotides are depleted be-
from 50-100% B during 3 min was applied. The eluent wascause cytosines in a CpG context are preferential methyla-
kept at 100% B for 20 min. During separation the columnted and mC frequently mutates to thymine (Simmen, 2008).
was maintained at 25C and the flow rate was 2Q@/min.  While CpG becomes depleted, TpG and its complement CpA
By applying a post-column flow split roughly 10% of the are observed at an elevated level (Bird, 1980; Hodgek,
eluate were introduced to the mass spectrometer and ioniz®09). This process causes an increase of, for example, the
by electrospray ionization (spray voltage: 5 kV, sheath gaBuman substitution rate of about one order of magnitude,
flow rate: 25 a.u., capillary temperature: 200). The ion  and about a third of all SNPs between human cell lines (Kon-
chromatograms of the nucleosides were acquired in SRMrashov, 2003; Shoemaket al., 2010). Moreover, DNA
mode (selected reaction monitoring) in the linear ion thgp, methylation correlates also in rather weakly methylated in
monitoring the specific transitions of the nucleosidesryri sects with CpG depletion (Elangbal., 2009; Kraus&t al.,
their respective retention times (d@7z228.1-112.1, 7-8.5 2009; Walstet al., 2010). The resulting signal can be used to
min, mdC:m/z242-126.1, 11-13 min, dAn/z252.1-136.1, investigate methylation in metazoan species for which mC
14-15.5 min, dGm/z 268.1-152.1, 15.5-17 min, dTn/z  data are not available. If methylation is related to genome
243.1-127.1, 18-19.5 min). The chromatographic peak areasze, we expected to observe a correlation of the CpG deple-
were integrated using tleenesis algorithm (Xcalibur  tion and TpG+CpA enrichment ratip with genome size.

o
-
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Table 1 Results of the independent contrast analysis concerning thenetazoan phyla under consideration methylate a significant
correlation betWeen and genome size, Figure 1. Given are the nUm-fraction Of Cytosines in CpG context at |east in the germ"ne

ber of species in each group){ the number of Dnmtl-expressing . - )
speciesif*), the range of measured total methylation rates of the grouprtosme methylation of large parts of the genome thus ap

(MCIC in %), the pearson product-moment correlation coeffigignt P€ars to be an ancient property of metazoans.

and the corresponding-value. Figure 2 shows Gnathostomes (i.e., vertebrates exclud-
Group n o mciCin% r D in_g jawless ones such @&tromyzon) had evolvec_i at even
All 76 46 0-12.04 040 0.0004 higher methylation rates. In contrast, several times durin
Without outliers 69 40 0-12.04 084 0 evolution, the extent of CpG methylation has been reduced:
Tetrapoda 23 23 225-10.90  0.40  0.057 iy arthropods (e.gPediculus), nematodes, urochordateiko-

Basal Deuterostomia 11 10 3.28-12.04 0.26 0.42 . . . .
Non-Deuterostomia pleura) and planarianshmidtea). With the exception of

with Dnmt1 17 17 0.12- 840 0.18 0.5 Schmidtea, genome sizes were reduced together with CpG

Metazoa methylation levels.
without Dnmt1 27 0 0- 0.17 -0.57  0.002

3.2 Evidence for Strong Germline Methylation in

We computed) for 78 metazoans (Figure 1Jo cor-  Transposons
rect for the non-independence of our data from the phyloge-
nomic position of the used species, we implemented an indérhe positive correlation of genome size with CpG methyla-
pendent contrasts analysis. This method uses topology aion argues for a relatively high methylation rate of repeti
branch lengths of a tree corresponding to the data (Matdive sequences. Thus, we wondered if cytosine methylation
rial and Methods) under the assumption of a brownian mowithin invertebrates is strongly concentrated at coding se
tion model of character evolutioAn independent contrasts quences as recently suggested (Zemetchl., 2010). To
analysis which comprises 76 tfose 78species (Materials evaluate the relative methylation rate of transposable ele
and Methods) attests a significant Pearson product-momenients (TEs), we comparepbetween transposons and whole
correlation coefficient of @ (p-value: 00004) between gen- genomes for 35 species using TE sequences extracted from
ome size andy (Table 1, Supplementary Material 3). An RepBase (Jurkaet al., 2005), Figure 3. In invertebrates and
analysis without the seven outliers labeled in Figure 1 nofishes, similar values af for TE and whole genome sequen-
ticeably improves the correlation. We comment on these exees support an equivalent DNA methylation level within TEs
ceptional genomes in the discussion section. In additibn, aand in the remaining genome. In contrast, all tetrapods show
three subgroups of species containing taxa with genes cod-lowern in transposon-derived sequences than in the com-
ing for Dnmtl methyltransferases show a positive correlaplete genome. This observation is only consistent with a
tion within the groups, albeit not as significant. In contras preferential methylation of LTR and LINE elements in hu-
Metazoa without Dnmt1, revealing no species with cytosinenan cells (Meissneet al., 2008) as well as with the uni-
methylation rates above17% (Supplementary Material 1), formly high methylation around repetitive DNA in mouse
exhibit a significant negative correlation (¢0.57, p-value:  (Fenget al., 2010) if the value of is not yet saturated by
0.002). This data suggests that the positive correlation bddNA methylation within the younger part of TE insertions.
tweenn and genome size depends, indeed, on the methyla- Therefore, we investigateg as a function of the rel-
tion rate. ative age of the TE insertions, determined by the amount

All 30 species of jawed vertebrates (gnathostomes), thef sequence divergence (see Materials and Methods). Fig-
lanceletBranchiostoma, the sea urchirstrongylocentrotus,  ure 4a shows, thap increases systematically with the age
the nemertea@erebratulusand the snailBiomphalariaand  of TE insertions up to values above the genomic average
Aplysia exhibit a highly significant CpG depletion and a value in mammals and birds (tetrapods). This is consistent
concurrent enrichment of TpG and CpA ¢& 1.58 (Karlin  with the report by Arndt and Hwa (2005) that the CpG mu-
and Cardon, 1994)). Given that species suclCiama in-  tation rate within repetitive elements increased subistiiynt
testinalis, Hydra magnipapillata and Nematostella vecten-  during the evolution of mammals. A much weaker increase
sisrevealed mC/CpG rates between 10% and 30% (Grunawas observed for some invertebrates, includgagngylo-
etal., 2001; Zemaclet al., 2010) and) values between 1.32 centrotus purpuratus, Ciona savignyi, Nasonia vitripennis,
and 1.44, we can expect that within all genomes wjtke  Acyrthosiphon pisum (all with Dnmt1) andSchistosoma man-
1.32 CG dinucleotides become methylated at least in parsoni (without Dnmt1). In contrast, no increase was found for
This includes the majority of Chordata (32 of 33 species)the specie®ombyx mori, Nematostella vectensis (both with
Mollusca (5 of 5), Cnidaria (2 of 2), Annelida (2 of 2), Platy- Dnmt1), Drosophila melanogaster and Caenorhabditis ele-
helminthes (2 of 3), Echinodermata (1 of 1) and Nemertegans (both without Dnmt1).
(1 of 1), but excludes Nematoda (1 of 9), Arthropoda (0 of In green plants transposons are specifically methylated
21) and Placozoa (0 of 1). Hence, 46 species in 8 of the 18t CpNpG sites (Zemackt al., 2010). CpNpG methyla-
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L I T T 7 T asCiona (Elango and Yi, 2008). They form regions of low
~ m Tetrapoda 1 methylation intensity and are characterized by a much more
6|- ® Basal Deuterostomia _ moderate loss of CpG dinucleotides than all other parts of
® Non-Deuterostomia with Dnmt1 the genome. CpG islands are found most often at promot-
Metazoa without Dnmt1 ers because a strong methylation is incompatible witheiniti
tion of transcription in animals. Thus, local selectioniaga
- § methylation maintains CpG islands in globally strongly me-
thylated genomes. Most effectively, this could be accom-
plished (1) by general methylation and (2) by local demethy-
lation, as shown in fishes and mammals (Baal., 2008;
Bhutaniet al., 2010). Figure 1 reveals that higher mutation
B _— 1 biases > 2) are restricted to jawed vertebrates (gnathos-
tomes) including cartilaginous fishe&d]lorhinchus milii).
"t To evaluate the methylation status of promoters, we com-
E paredn of 5’UTRs, which represent a part of the promoter
= & | (FitzGeraldet al., 2006), and in 3'UTRs (control) of 15
i T species, Figure 5. Contrary to earlier expectatiopsal-
obo L 11 L L ues were much higher in 3UTRs than in 5’UTRs only in
0 1 2 r]:igenomi) 5 6 ! gnathostomes. In 5’UTRg, was even lower in these species
than in the analyzed invertebrates.
Fig. 3 n of transposable elements compared to genomic background. Unfortunately, no data to evaluatein the UTRs of the
Metazoan transposable elements were extracted BigpBase (Jurka  lampreyPetromyzon marinus (a jawless vertebrate) and of
et al., 2005) for all species with more than 14 entries. Transposablg¢he cartilaginous fisiCallorhinchus milii were available. To
elements of tetrapods exhibit a systematically reduced valge of overcome this limitation, we investigated chordate gersme
for the presence of orthologs of the activation-induced cyt

tion was found also in mammal genomes, its distributiorfiin® deaminase (AID), a necessary component of one of the
however remains unknown (Claek al., 1995; Listeret al., cytosine demethylation pathways of vertebrates @ai.,
2009). To evaluate whether CpNpG methylation is localizec?008; Popret al., 2010), which is only found in jawed ver-
similarly in animals and plants, we determinggng val- tebrates (includingallorhinchus), Flggre 2. Although. two.
ues as function of TE insertion age, Figure 4b. We found ®aralogs of the AID/APOBEC protein family were identi-
weak, but significant rise afcng with the age of TE inser- fied in lampreys, these are not qrthologs of AID or APOBECZ
tions, well above the genomig average, in basal chordates (Conticelloet al., 2005; Rogoziret al., 2007; Conticello,
(Kendall Tau Rank Correlation Coefficient= 0.467) andin  2008). Only AID and APOBEC2, but not other paralogs
invertebrates with Dnmtir(= 0.46). Intriguingly, tetrapods Tom the AID/APOBEC protein family are known to be in-

(1 = 0.087) did not deviate strongly from other animals in VoIved in demethylation (Rat al., 2008). In addition, the
that respect. In contrast, four species show large vaniatio Methyl-specific transcription factors Kaiso and Zbtb38-(Sa
of neng values in aged TE insertiondlasonia vitripen-  S& and Defossez, 2910; Bogdanovic and Veenstra, 2009)
nis (with Dnmt1), Drosophila pseudoobscura, Schistosoma ~ Were also foupd onlyiln gnathostomes (datg not shown), sup-
mansoni and Caenorhabditis elegans (all without Dnmtl). porting that dlff.erentllal_ promqter methylation as a pathwa
Thus, a weak, but in most cases significant values of Cpr@f gene regulation originated in the last common ancestor of
depletion and TpNpG+CpNpA enrichmeneis) were specif- (e gnathostomes.

ically found in animal transposon copies located in genomes

with at least one active Dn_mt. While we cannot elxclude thag 4 Total Methylation Appears to be Related with Genome
other causes are responsible for these observations, we Sd§,as also in Orthopteran Species

pect that TE copies in most animals are CpG and CpNpG

methylated in the germline. The genomes of the 78 sequenced metazoa have a size be-
tween 0.04 Gb and 5.41 Gb, whereas the 4,972 metazoan
genomes, whose sizes have been determined, vary between

3.3 Evidence that Promoter-Related CpG Islands are 0.019 Gb and 129.9 Gb (Gregory, 2010). Thus, there exists

Restricted to Gnathostomata a bias to include preferentially animals with smaller gen-
omes into the analysis. To confirm with independent data

CpG islands, initially described for mammals, were alsafbu that (1) cytosine methylation is positively correlated &mg

in birds, frogs and fishes, but not in invertebrate chordatesme sizes and that (2) this correlation is not a taxonomic

w SN a
I I I
| |

]

| ]

nh
]
| | |

n(transposable elements)
T
]

N
I
[
[
u
|




8 Marcus Lechner et al.
(a) (b)
5L I \ | 14F I I -
[0 Tetrapoda 1.3 [0 Tetrapoda —
| [0 Basal Chordata ] o 1.2~ [ Basal Chordata -
< 4 O Other Invertebrata with Dnmt1 n S 11 O Other Invertebrata with Dnmt1l -
g r Other Invertebrata without Dnmt1 7 g 1 Other Invertebrata without Dnmt1 =
s | 1 g 08 =
= < 07F -
T 2 — . C ]
oot | 7 06F 3
c c 051 —
g 1 —] qé 04 ]
[} L . 7] C ]
3 2 03f 3
[} [3) - m
o 0f== 2 Sl |- HTOTFE= o 02 ¢ é .
8 - N 4 OF =5 = -
=8 Q r ]
s 2 ] s _0.3 - ° ]
- L i o Vo ]
5-041 ]
-3 n < .05 — ]
L . 0.6 —
4 | | | | | C | | | | [ ]
100 95 90 85 80 100 95 90 85 80

percent identity to RepBase sequences

percent identity to RepBase sequences

Fig. 4 Relative values of andncng of transposable elements compared to the genomic background sisoavfunction of the insertion age
of TEsin a boxplot The relative ages of TE insertions are determined by the anafulivergence from th@epBase TE appropriate consensus
sequences. The genomic background levels are marked by a dashed li

7 T I T I T I T T T
e Gnathostomata
6— m Invertebrata
5 -
E 4
l_
2 r °
0
c 3+ ]
i | |
— )
2 . ° °
= [}
= °
1 B
| |
0 1 I 1 I 1 I 1 I 1 I I 1
0 1 2 3 4 5 6

n@ UTR)

Fig. 5 Emergence of demethylated 5’UTRs in jawed vertebrates.
was calculated for 5’UTR and 3'UTR of coding genes in 13 spedie

gnathostomes, a relatively lomy of the 5’'UTR (part of the promoter)
contrasted with highp of the 3'UTR. Invertebrates show only small

differences between both UTRs.

taxon that is well known for the small, sparsely methylated
genomes of its best studied species. Insect genomes stud-
ied so far contain typically less than 1% mC (Regewal.,

1998; Marholdet al., 2004; Walshet al., 2010; Zemach

et al., 2010) and have < 1.32. Therefore, we decided to
measure total DNA methylation of selected species of the
insect order Orthoptera. This highly diverse order corstain
many species with large genomes of highly variable sizes
(1.516 Gb to 16.56 Gb) (Gregory, 2010).

We evaluated species whose genome sizes (1) were de-
termined independently three or more times and (2) areyighl
diverged from each other (Gregory, 2010). The mC content
was determined by LC/MS and confirmed the correlation
between the cytosine methylation rate and the genome size,
Figure 6: First, the house crickétheta domestica has the
smallest genome size average dd2Ght0.17 Gb and re-
vealed a mC/C ratio of .2@8%-+ 0.15%. Second, the gen-
ome of the migratory locustocusta migratoria is about
three times larger (36 Ght-0.48 Gb). Its methylation rate
of 1.25%+ 0.79% is significantly higher as well. Our mea-
surements are consistent with the mC/C ratio.86% cited
in (Regevet al., 1998), although we have not been able to
backtrack the source of this number in the literature. Third
the genome of the meadow grasshopplorthippus paral-
lelusbelongs to the largest genomes of the groupZ@&h+0.98 Gb).
Its mC/C ratio of 406%-+ 0.68% is, in fact, comparable to

effect, we performed comparative measures of total methythat of mammals (82%+ 1.24%). Fourth, we added re-
lation within a selected metazoan taxon. 19 of the bioinforcently determined LC/MS cytosine methylation from three
matically analyzed genome sequences are from insects,different tissues and genome size data of the desert locust
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2010)). The restriction of demethylated 5’UTRs, of one path
way of active demethylation and of some CpG methylation
readers to jawed vertebrates suggest that this evolugionar
novelty originated in the last common ancestors of the gigath
tomes.

In some species, labeled as outliers in Figure 1, genome
sizes seem not to co-evolve with the level of DNA methy-
lation. The genomes dkodes, Euprymna, andDasypus ap-
pear to have expanded substantially in the recent past, see
Figure 2. It can be speculated that their DNA methylation
machineries have not had sufficient time to adapt to the cur-
rent genome size. In contrast, the genomes of birds shrank
relative to other tetrapods, possibly due to a higher dwieti
bias, as proposed for pufferfishes (Neafsey and Palumbi,
2003). Corresponding genome-wide adaptations of the methy
i . lation rate might be limited by a local need for TE silencing

Acheta domestica
oob—— 1 1l ] and therefore should proceed more slowly than genome am-
2 4 6 8 10 12 14 plification or reduction. A second argument for the evolu-
genome size [Gb] . o . S .
tionary stability of cytosine methylation in the bir@allus

Fig. 6 Relationship between genome size and cytosine methylatior"%"nd-I—a'enmpy(‘:]Ia is the importance of DNA methylation for

rate in four species of orthopterans. Error bars indicatedard de- developmental gene silencing in vertebrates (Elango and Yi
viations (thin) and standard deviations of the means (thick) of three2008).

to five measurements of genome size (Gregory, 2010) and of seven to As depicted in Figure 1 the genomes of the inségis

eight (this study) or three (Boerjaat al., 2011) cytosine methylation . . . .
measurements using LC/MS. mellifera, Acyrthosiphon pisum and Pediculus humanus re-

markably show a trend opposite to that obtained for verte-
brates: CpG dinucleotides are enriched, while TpG and CpA
Schistocerca gregaria, Figure 6 (Boerjaret al., 2011). Al-  are both depleted, i.ef < 1 (Wanget al., 2006; Elango
though these experiments comprise only four genomes, thig al., 2009). In EST data of both species, however, all three
observations indicates that the high mC/C values in vertesypes of dinucleotides show nearly the expected values, i.e
brates are not exceptional for metazoans and might be de-~ 1 (data not shown). Fohpis, it was demonstrated re-
pendent on genome size. peatedly that exons are methylated preferentially, see e.g
(Wanget al., 2006; Elangcet al., 2009; Fenget al., 2010;
Zemachet al., 2010). It may be speculate that the biased

4.0 Chorthippus parallelus +

3.0

% mC/C

2.0

I Schistocerca gregaria

1.0 III Locusta migratoria

o
=
[¢]

4 Discussion dinucleotide content is result of a context-dependent DNA
repair mechanism that compensates for the mutational ef-
4.1 Total Methylation fect caused by CpG methylation. This could be achieved by

repairing a T-G mismatch systematically to C-G and not to

Analysis of the genomic CpG depletion and TpG+CpA en-T-A provided the position 3’ of T is occupied by G. This
richment measurg in animals shows that the level of DNA would suppress mainly CpGTpG substitutions in coding
methylation correlates positively with genome size. Dinu-regions which are frequently methylated, while non-coding
cleotide data are available preferentially for smalleeadly  typically unmethylated regions would accumulate CpG at
sequenced genomes. To overcome this limitation, we detethe expense of TpG and CpA, explaining the unexpectedly
mined methylation rates for three species of a selecteshtaxgsmall genome-wide value @f. Such a hypothetical mecha-
with larger genome sizes and larger genome size differencéésm would naturally explain the increaserpfn exons.
(orthoptera, insecta). The results of this analysis arsisen To evaluate this possibility, we searched the proteomes
tent with the predicted positive correlation of DNA methy- of those insects to find candidate member proteins of such
lation with genome size. a pathway. Using reciprocallastp, we identified an or-

Promoters generally show the weakest methylation ofholog of thymine DNA glycosylase (TDG) in all exam-
all functionally defined elements of the genomes (see e.dned insect species. This enzyme excises thymine ften
(Zemactletal., 2010; Fengt al., 2010)). An active demethy- mispairs with a preference for lesions in a CpG-T context
lation of promoters as found at least in mammals mark théMorganet al., 2007). InterestinglyDrosophila TDG is 5
evolutionary emergence of regulative, differential médghy to 10 fold less effective than the human ortholog in this re-
tion of functional promoters (for review see (Wu and Zhang spect (Hardelanet al., 2003). The relative activities of TDG
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enzymes of other insects are unknown to date but mightertebrates without Dnmtl show exactly the opposite behav-
be responsible for the observed nucleotide biases. Thss bigor (Figure 4a) or large group-internal differences, dapen

is even more visible in AT-rich genomes, e.g.,/Apisand ing on the organism measured (Figure 4b). This is true in
Pediculus (AT content: 67.3% and 68.5%, respectively). Ac- particular for later stages of mutational decay and sugport
cordingly, two-fold more TpG and CpA than CpG increasesgermline cytosine methylation of transposons in all meta-
(1) the absolute TpG/CpA to CpG mutation rate and (2) theizoans with DNA methylation apparatus. This does not nec-
effect onn. essarily imply, however, that transposons are prefergntia
methylated in these genomes because selection should be
stronger in coding sequences and could have erased, at least
partially, methylation-caused nucleotide sequence bias.

We found evidence for methylation of repetitive elementsaddition’ Feuerbacht al. (2011) have recently found that
d he CpG mutation rate within AluSx SINE elements of pri-

In most analyzed genomes of Metazoans that express trt}r(?ates depends mainly not on the age of the copies but on
DNA methyltransferase Dnmtl (Figure 4). Zemagthal. P y 9 P

(2010) reported foCiona intestinalis, Nematostella vecten- t?ﬁ T(?I:tgylar::on status ofsflllisrt;rr?hur:d;in% selque;rr:cet?. ;ll'hlus,
sis, Apis mellifera, and Bombyx mori that methylation is sma S may escape emnylation aiso n strongly

methylated genomes. While amplification of TEs might en-

weaker within repeats than in neighboring sequences. Tt]e . .
: arge genomes and the methylation rate, not all TE copies
authors conclude, based on data collected from six meta-

. . . need to be methylated to the same or a higher extent than
zoan species only, that selective methylation of transp®so - . .
he remaining genome. High-quality TE sequence data ana-

is not conserved between plants and animals. Our resulfs . ) )
do not contradict this suggestion. However, we prefer no yzed using available tools (Arndt al., 2003a; Feuerbach

to exclude that preferential methylation of transposons iet al., 2011) may reveal a diversity of TE methylation pat-

conserved between plants, fungi and vertebrates, as beyon(?:{nS in the near future.

our own results also substantial other evidence is comsiste
with a preferential methylation of TEs in at least some in-
vertebrates. FirstCiona appears to contain at least a sub-4.3 A Hypothesis
set of repeats that are preferentially methylated (Zemach
et al., 2010; Fenget al., 2010). Second, the general incom- We suggest that the correlation between genome size and
pleteness of genome assemblies may be source of a sube level of cytosine methylation might be based on their
stantial bias, given that the conclusions of Zematkl. = common dependence @mg-term effective population size
(2010) and Fengt al. (2010) are based only on mappable Lynch (2006) pointed out that reductionslofig-term effec-
repetitive sequences. Fépis mellifera, a mCpG rate of tive population sizere associated with dramatic expansions
3.09% was measured for unassembled and unoriented cai-genome size, most of which reflect changes in non-coding
tigs (comprising more than 18% of CpGs in the genome)regions. This is why selection against weakly deleterious
while chromosomal linkage groups exhibit an mCpG ratgnsertions is abolished in smaller populations. Estinretio
of only 0.93% (Fenget al., 2010). Thus unmapped, typi- of the effective population size reviewed in (Charlesworth,
cally repetitive, sequences may be more strongly methyla2009)show that population sizes of large mammals are be-
ted than mapped sequences. Third, all invertebrate specibgeen 16 and 4x 10*, whereashe population sizesf small
which became genome-wide evaluated for DNA methylainvertebrates aBrosophila melanogaster (10f) andCaeno-
tion patterns Acyrthosiphon, Apis, Bombyx, Ciona, Droso-  rhabditis remanei (2 x 10°) aremuch larger. We could not
phila, Nematostella, and Tribolium) have relatively small add more numbers for comparisontas estimates are me-
genome sizes (180525 MB), compared to the analyzed thodically difficult, and thus rare.
vertebrate®anio, Homo, Mus, andTetraodon (420— 3,500 However, the within-species nucleotide divergence for
MB) (Gregory, 2010). silent sites [1s), determined for at least 36 metazoan species
Nevertheless, we found relatively low values pffor  using sampled alleles of protein-coding genes (Lynch, 2006
transposons, generally not exceeding the values obtaimed fis proportional to the product dbng-term effective popu-
the whole genomes of the corresponding species. These ldation sizeand mutationrate It is difficult to relatells to
n or nene values within TEconsensus sequences might be known methylation rates, however, because both numbers
explained by the selection for activity, whereas the ineeea are known simultaneously only for 4 invertebrate species.
of the bias in older copies is consistent with a mutagenid@herefore, we plotted averages of 10 groups containing at
effect of CpG and CpNpG methylation, respectively. Perdeast two species withlg data (birds, fishes, mammals, ne-
haps most interestingly, TE sequences of invertebratds witmatodes, crustaceans, orthopterans, lepidopteransratist
Dnmtl (a main DNA methyltransferase) show higheval-  molluscs and invertebrate deuterostomes), see Figuree/. Th
ues than their genomic average, while TE sequences of imesult is consistent with the proposed relationship. Addi-

4.2 Methylation of TE Sequences
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9 ' ' | ' | ' | ' ces and suppress non-functional sites of transcriptional i
[ r=-0.679 t=-2.616 p=-0.757 1 tiation (Yoderet al., 1997; Maunakeat al., 2010). In other
8 I words, DNA methylation acts mainly against deleterious DNA
; _ _' sequence variation that would not persist if purifying sele
i | tion against such mutations would be successful. Because
6l | the efficiency of natural selection is directly dependent on
i i long-term effective population sizthe importance of DNA
05l n _| methylation increases with shrinking population size and
LEJ L . i with increasing genome size, which in turn is associated
cal ™ - with increased retention rates of TEs and accelerated emer-
i 4 gence of promoter-like sequences by local mutations. We
3l — predict that this hypothesis of “junk-masking” may explain
- " . only the broad patterns, as we have found ample evidence of
2 . — a stochastic distribution around the general expectations
i T Intriguingly, if the proposed evolutionary mechanism is
Un - N valid, the primary function of DNA methylation is likely a
i . | Y | . - i defense against the increasing deleterious effects cdnysed
00 0.01 0.02 0.03 0.04 0.05 growing genomes, not the invention of an additional level of

Mg regulation. Such erroneous effects or functions are esg. di
ruptions of endogenous genes by TE activity, modulations
Fig. 7 The relationship between cytosine methylation rate and within of functional and non-functional transcription by TE-bdse
species nucleotide divergence for silent sitek)(is correlated neg- regulative sequences, non-homologous recombinatioris at T
atively. Compared are averages of ten metazoan faxaSpearman . . . L f .
rank correlationr — coefficient of correlatiort, — t-test statistic. '_nsemon sites and aCt'Vat'c?nS 0 c_ryptlc promoters (pocem:
like sequences) by mutations within gene structures over-
stretched by large introns. Our hypothesis is consistettit wi
tional, phylogenetically more balanced data will be necesthe suggestion that cytosine methylation constrains the ef
sary, however, to evaluate our hypothesis further. fective size of the genome through the selective exposure

Two model species deviate strongly from the suggeste@f regulatory sequences remaining hypomethylated (Rollin
dependencies. First, wild mice have a population size nedt a., 2006). If genome and methylation rate had grown un-
the reported invertebrate estimates (Eyre-Watkat., 2002) der the influence of a persistently low long-term effective
but nevertheless maintained methylation rates similaarto | Population size, the entire genome may became transfigured
ger mammals. Here, the about 100-fold higher TE transpd?y DNA methylation as in jawed vertebrates. Now a novel
sition rate (mouse versus humans) may play an importariem of mitotically stable silencing of endogenous genes
role (Maksakovaet al., 2006). In addition, theTs value of ~ could arise in response to the emergence of a novel active
the rat is congruent with those of other mammals. Thus théemethylation pathway.
divergence time might not have been sufficient to decrease
the methylation rate of the mouse. Second, the high self-
fertilizing rates of some nematodes, especi@aenorhab-
ditis elegans, decrease both TE activity and effective popu-
lation size (Charlesworth, 2009; Htial., 2011), two factors Methylation rate data, genome size data, tree and the used
that are expected to have opposite influences on genome size . * o '
and methylation rate. Thus, differenceslamg-term effec- genome versllo.ns are. avalllak?le at
tive population sizehere represented by, are certainly http://www.bioinf.uni-leipzig.de/supplements/10-026.
not the sole cause for differences in genome size or methy-
lation rate, but might have played an important role in estab/”cknowledgements This work was supported in part ByFG GRK-
lishing those. Genome size, in addition, is only a crude es%384 and MAS082/1-1.
timate for deleterious consequences of TE activity. Data on
absolute TE abundances would represent a better measure.

At present, however, such estimates are rare and unreliabi€sfer ences
(Feschotteet al., 2009).
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