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Abstract
The functional and evolutionary significance of DNA methylation in insect genomes remains to be resolved. Nasonia is well
situated for comparative analyses of DNA methylation and genome evolution, since the genomes of a moderately distant
outgroup species as well as closely related sibling species are available. Using direct sequencing of bisulfite-converted DNA,
we uncovered a substantial level of DNA methylation in 17 of 18 Nasonia vitripennis genes and a strong correlation
between methylation level and CpG depletion. Notably, in the sex-determining locus transformer, the exon that is
alternatively spliced between the sexes is heavily methylated in both males and females, whereas other exons are only
sparsely methylated. Orthologous genes of the honeybee and Nasonia show highly similar relative levels of CpG depletion,
despite ;190 My divergence. Densely and sparsely methylated genes in these species also exhibit similar functional
enrichments. We found that the degree of CpG depletion is negatively correlated with substitution rates between closely
related Nasonia species for synonymous, nonsynonymous, and intron sites. This suggests that mutation rates increase with
decreasing levels of germ line methylation. Thus, DNA methylation is prevalent in the Nasonia genome, may participate in
regulatory processes such as sex determination and alternative splicing, and is correlated with several aspects of genome
and sequence evolution.
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Introduction
DNA methylation refers to the addition of the methyl group to
theC5positionofthecytosinebase.Inanimals,themaintargets
of DNA methylation are cytosines when followed by guanine in
3#. For this reason, DNA methylation in animals is also often
referred to as ‘‘CpG methylation.’’ Because methyl-cytosines
allow a genome to increase its information content beyond
the capacity of the canonical four base system, they are sometimes referred to as the ‘‘fifth’’ base (Lister and Ecker 2009).
Indeed, methylated and unmethylated DNA often exhibit distinctive activity differences. For example, in mammals, DNA
methylation is associated with repressed chromatin state
and silenced gene expression (Bird and Wolffe 1999).
It has been known for some time that DNA methylation
occurs in various invertebrates (Regev et al. 1998; Field et al.
2004), but its functional significance and consequences to invertebrategenomeevolutionhavenotbeenextensivelystudied.
This is due in part to the fact that DNA methylation is lacking
or nearly absent in the two traditional invertebrate genetic
model organisms, Drosophila melanogaster and Caenorhabditis
elegans. However, with the technical advances in genome

sequencing and efficient detection of methyl-cytosines, functional DNA methylation has been recently confirmed in
genome-wide surveys of several insects, including the honeybee
(Wang et al. 2006), the pea aphid (Walsh et al. 2010), the silkworm (Xiang et al. 2010), the jewel wasp (Werren et al. 2010),
and several ant species (Bonasio et al. 2010; Smith et al. 2011;
Wurm et al. 2011). The finding that diverse invertebrates have
DNA methylation indicates that it is ancestral and that loss of
extensive DNA methylation is derived in sometaxa, such as flies.
Additionally, studies indicate that the most conserved pattern
of DNA methylation in invertebrates is that of transcribed genic
regions or ‘‘gene bodies’’ (Feng et al. 2010; Zemach et al. 2010).
In contrast, methylation of promoters is vertebrate specific
(Elango and Yi 2008).
These discoveries have invigorated interest in understanding the function and evolution of DNA methylation
in invertebrate taxa. Hymenopteran insects are emerging
as useful model systems to investigate these topics. For
example, recent studies using the honeybee Apis mellifera
have begun to shed light on the importance of DNA methylation in hymenopteran species. The honeybee genome
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Materials and Methods
Experimental Detection of Methyl-Cytosines
To quantify the level of DNA methylation of selected N. vitripennis genes, we used direct sequencing of polymerase chain
reaction (PCR) products following bisulfite conversion of
genomic DNA. Total genomic DNA was isolated using Puregene DNA isolation kit (Gentra/Qiagen) from 10 to 20 pooled
individuals each from the following six experimental groups:
males and females for three distinctive developmental stages
3346

(adult, yellow, and black pupae). Genomic DNAs were then
aliquoted to 500 ng each and then bisulfite converted using
the EpiTect Bisulfite conversion kit (Qiagen) following the
manufacturer’s instructions.
We designed bisulfite sequencing primers using the Methyl
Primer Express Software (v1.0) (Applied Biosystems). We initially developed 72 primer pairs based upon 41 genes selected
from the Nasonia RefSeq gene set (shown in supplementary
table 1, Supplementary Material online). These 41 genes were
selected to represent similar numbers of low- and high-CpG
O/E groups of genes. However, because it is harder to design
primersforhigh-CpG O/Egroupgenes(because it isdifficult to
choosepriming sites with noCpGdinucleotides),weendedup
with 25 low-CpG O/E genes and 16 high-CpG O/E genes.
Each primer pair was then amplified in a 25 ll reaction PCR
reaction. In our initial PCR screen, 44 primer sets (of 72 primer
pairs tested) produced strong reproducible bands of correct
sizes. We then amplified these from the six experimental
groups (two sexes for three developmental stages). Some
of the primers did not amplify from all six groups and were
not included in the subsequent steps. For some genes, we
designed several pairs of primers to increase the chance to
succeed in PCR. When more than one primer pairs produced
PCR products from the same genomic regions, we chose the
ones resulted in the brightest PCR bands.
Amplified bisulfite PCR products were purified using the
QIAquick Gel Extraction Kit (Qiagen), then cloned into pCR
2.1 vector by use of a TOPO-TA cloning system (Invitrogen),
transformed into TOPO10 chemically competent Escherichia coli (Invitrogen). We diluted samples 1,000 times before
plating to increase the probability of unique alleles. This
approach provides an approximation on the level of DNA
methylation (Farcas et al. 2009). A least five (most of them
greater than eight) positive clones were randomly selected
for Sanger sequencing. Following these steps, we collected
data from 25 primer pairs, distributed over 18 genes (table 1).

Measurement and Classification of CpG O/E
Distribution
CpG O/E or ‘‘normalized CpG content’’ is a metric of depletion of CpG dinucleotides. It is negatively correlated
with DNA methylation levels in diverse animal genomes
(Bird and Taggart 1980; Elango and Yi 2008; Xiang et al.
2010; Zemach et al. 2010).
CpG O/E is defined as
PCpG
PC  PG
numberðCpGÞ
5
numberðCÞ  numberðGÞ

CpG½O=E 5



ðlengthÞ2
;
length

where PCpG, Pc, and PG are the frequencies of CpG dinucleotides, C nucleotides, and G nucleotides, respectively. We calculated CpG O/E for each gene, using RefSeq annotations. We
analyzed intron data as well as data from gene bodies (exons
þ introns).
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encodes a complete suite of methylation enzymes and harbors a functional DNA methylation system (Wang et al. 2006).
Similar to other invertebrates, DNA methylation in the
honeybee is targeted toward genes rather than nongenic
regions (Wang et al. 2006). The level of methylation varies
greatly among the honeybee genes. It has been demonstrated,
computationally and experimentally, that honeybee genes are
divided into two distinctive groups according to the levels of
DNA methylation: densely and sparsely methylated genes
(Elango et al. 2009; Foret et al. 2009; Wang and Leung 2009;
Lyko et al. 2010; Zemach et al. 2010). Genes sparsely methylated in the germ lines tend to be preferentially involved in
caste-specific patterns of gene expression (Elango et al.
2009). Densely and sparsely methylated genes are also distinct
in levels of gene expression (Foret et al. 2009) and exhibit
contrasting enrichments in gene function categories (Elango
et al. 2009; Wang and Leung 2009). Gene lengths, in particular
introns lengths, also appear to differ greatly between sparsely
and densely methylated honeybee genes (Zeng and Yi 2010).
These studies provide interesting directions for future investigations, including comparative studies of methylation.
The newly sequenced genomes of the jewel wasp Nasonia
vitripennis and its sibling species (Werren et al. 2010) provide
a unique opportunity to investigate evolutionary patterns
of genomic DNA methylation and its influence on genome
evolution. Nasonia are noneusocial wasps whose larvae
parasitize other arthropods. Due to their ability to specifically
target host species, parasitoid wasps have a great potential
to be used as biological control agents against insect pests.
Importantly, unlike the honeybee, Nasonia is highly amenable to the common laboratory environments, making it
a tractable model to investigate functional roles of DNA
methylation. Like A. mellifera, the genome of N. vitripennis
encodes a complete protein suite required for functional
DNA methylation (Werren et al. 2010). Nasonia are well
positioned for comparative analyses of DNA methylation
due to the availability of genomic resources from a moderately
divergent outgroup (the honeybee, which has diverged from
Nasoniaca.190Ma;Werrenetal.2010)aswellascloselyrelated
sibling species in the genus Nasonia (Werren et al. 2010).
Here, we present analyses of DNA methylation in Nasonia
genomes. We uncovered substantial levels of DNA methylation from selected genes and intriguing variation of relative
CpG depletion levels. Furthermore, comparative analyses
using distant and closely related outgroups allow us to
delineate evolutionary patterns of DNA methylation in relation to genome evolution in different evolutionary timescales.
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Statistical Analyses of CpG O/E Distribution in N.
vitripennis Genes
In the jewel wasp, the distributions of CpG O/E from gene
bodies (defined as exons þ introns, as in; Suzuki and Bird
2008; Zemach et al. 2010) as well as introns can be described
as a mixture of several distributions (fig. 2, Supplementary
text, Supplementary Material online). We estimated the
number of components in those mixture distributions using
a model-based clustering. The mclust package (Fraley and
Raftery 2003) in R package (www.r-project.org) was used
to estimate the number of components under the Gaussian
Mixture Model. This model is described as
k
X

pi Nðl1 ; r1 Þ;

where the function N is a Gaussian model containing unknown parameters li (mean of each component) and ri
(standard deviation of each component). k is the number
of components in the mixture model. pi is the proportion
of each Gaussian model component in the mixture model.
These parameters are estimated using the Expectation–
Maximization) algorithm.
Previously, we used a likelihood-ratio test (LRT) to compare the fit of a unimodal (k 5 1) to that of a bimodal model
(k 5 2) (Elango et al. 2008, 2009; Hunt et al. 2010). LRT is
limited since it allows comparison of nested models only.
Here, to identify the best fitting model among several nonnested models, we used Akaike information criteria (AIC)
and Bayesian information criteria (BIC) (Supplementary text,
Supplementary Material online). Using the mclust package
also allows us to apply more stringent criteria for assigning
different components (Supplementary text, Supplementary
Material online).

Ortholog Identification and Estimation of
Nucleotide Substitution Rates
Orthologs between N. vitripennis, A. mellifera, and D. melanogaster were identified in Werren et al. (2010). Briefly,
all-against-all protein sequence comparisons were performed
using the Smith–Waterman algorithm. Best reciprocal hits
were then clustered using a cutoff E value of 106. The numbers
of nonsynonymous and synonymous substitutions between
the honeybee and the jewel wasp as well as between the three
sibling species of Nasonia were estimated using the codeml
module of the PAML package (Yang 2007).
To estimate divergence data from introns, we first generated multiple sequence alignments of orthologous
intronic regions from N. vitripennis, N. giraulti, and N. longicornis by ClustalW using the default settings. A computational pipeline was used to identify and remove low-quality
alignments or regions that contained mostly missing
data (N’s) before further analyses. Maximum likelihood
estimates of divergence (dI) were obtained from the intron
alignments using the baseml module of the PAML package
(Yang 2007). The model of sequence evolution used for the
baseml calculations was HKY85 and no molecular clock was
assumed (clock 5 0).

Gene Ontology Enrichment Analyses
We investigated overrepresentation of specific gene ontology
(GO) terms in genes belonging to different CpG O/E
groups. Due to the lack of extensive functional annotations
of N. vitripennis genes, we used 1:1 orthologs to D. melanogaster and used GO terms in D. melanogaster orthologs for
this analysis. We used the GeneTrail tools (http://genetrail.
bioinf.uni-sb.de/) to test for enrichments of specific GO biological process terms, using the whole orthologs as the background set. Statistical significances are calculated using
a Hypergeometric distribution and correcting for multiple
testing by false discovery rates adjustment.

Results
DNA Methylation Is Prevalent in N. vitripennis
Genome
To examine the presence and patterns of DNA methylation in
N. vitripennis genome, we experimentally characterized CpG
methylation using sequencing of bisulfite-converted genomic
DNA.Briefly,sodiumbisulfiteconvertsunmethylatedcytosine
residuestouracil(whichissubsequentlyconvertedtothymine
during PCR), whereas methylated cytosines remain unmodified. Thus, methylated and unmethylated cytosines can be
distinguished by comparing sequences from bisulfite-treated
and not-treatedDNA.In otherwords, we can map DNA methylation in a nucleotide-specific manner.
We analyzed DNA methylation in genes because DNA
methylation is known to preferentially target gene bodies, especially exons, in insects as well as other invertebrates (Wang
et al. 2006; Suzuki et al. 2007; Xiang et al. 2010; Zemach et al.
2010). Table 1 lists 18 genes we surveyed for the evidence of
DNA methylation. Among these 18 selected genes, all but one
showed the presence of methyl-cytosines. We did not detect
any non-CpG methylation from this analysis, suggesting
that the level of non-CpG methylation may be negligible compared with CpG methylation. This is similar to what has been
observed in the honeybee (Wang et al. 2006).
Even though we examined six different experimental
groups (two sexes and three developmental stages), we did
not observe any sex- and developmental stage- specific
patterns of DNA methylation in these genes. Consequently,
we present the means of all six groups in table 1. We estimated
the number of methylated cytosines by counting the numbers
of CpGs harboring methylated cytosines relative to all CpGs in
the examined samples. These ratios, mCG/(mCG þ CG), are
shown in table 1. The mean mCG/(mCG þ CG) ratio of the
18 genes is 0.315. Thus, a considerable number of methylcytosinesis present in N.vitripennisgenome.However, we caution that our sampling scheme is not random, and this value
cannot necessarily be extrapolated into the genome-wide
level. Our initial primer sets included more from the lowCpGgenes,whicharemorelikelytobemethylated.Inaddition,
only those genes that we were able to amplify from all samples
using PCR were included in the survey. Nonbiased sampling
scheme such as sequencing of bisulfite-converted genomic
DNA should be used to determine the genome-wide levels
of DNA methylation in N. vitripennis.
3347
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Table 1. Eighteen Genes Sequenced by Using Bisulfite Sequencing in the Genome of Nasonia vitripennis.
Gene ID
XM_001600728.1
XM_001607338.1
XM_001601674.1
XM_001605749.1
XM_001604744.1

XM_001602423.1
XM_001599168.1
XM_001600593.1

XM_001601041.1

XM_001599009.1
XM_001600017.1
XM_001601077.1
XM_001601755.1
XM_001602655.1
XM_001603232.1
XM_001605357.1
XM_001605741.1

exon
exon
exon
exon

3
3
3
5

exon
exon
exon
exon
exon
exon

2
3–4
5–6
7–8
3
2

exon 2
exon 3
exon 4
0.420
exon 2–3
exon 4
0.362
exon 2
exon 3
exon 2
exon 3
exon 4
exon 3
exon4
exon 3
exon 6
exon 3

In one of the genes, the transformer locus, data included
three intronic regions (fig. 1). Amplicons in other loci did
not include any intronic CpG dinucleotides. The mCG/
(mCG þ CG) for the intronic sites is 0.008, much lower than
other sites. This observation is in accord with the idea that
exons are more strongly methylated than introns, similar to
the case in the honeybee (Wang et al. 2006).
The data in table 1 provide a chance to examine the relationship between CpG O/E and the level of DNA methylation
inN.vitripennis.CpGO/E,ametricofCpGdepletion(Materials
and Methods), is used as a proxy for the levels of DNA methylation in diverse animal taxa (e.g., Suzuki et al. 2007; Weber
et al. 2007; Elango and Yi 2008). Briefly, DNA methylation occurs predominantly at CpG dinucleotides in animal genomes.
Methylated cytosines are chemically unstable and change to
thymine via spontaneous deamination. Thisleads to increased
frequency of CpG to TpG (CpA in the complementary strand)
mutations. Consequently, methylated regions gradually lose
CpG dinucleotides (Bird 1980; Duncan and Miller 1980),
and CpG O/E is expected to be negatively correlated with
the levels of DNA methylation. Indeed, recent surveys of
genome-wide methylation, including in the honeybee (Lyko
et al. 2010) and the silkworm (Xiang et al. 2010), provide
supports for the use of CpG O/E as a indicator of the methylation level in insect genomes.
In N. vitripennis, CpG O/E and mCG/(mCG þ CG) ratios are
highly significantly negatively correlated among the 18 genes
that we examined (Pearson’s r 5 0.72, P , 103). Thus, CpG
O/E measuresappeartobeagoodindicatorofthelevelofDNA
3348

1.144
0.343
0.459

0.796
0.797
0.792
0.778
0.783
0.799
0.791
0.790

Number of CpG sites
29
23
14
24
47
7
9
13
18
18
3
16
7
6
3
7
2
5
7
2
5
5
5
6
10
8
4
10
7

Amplicon Length
357
360
297
303
1171
301
289
255
326
309
284
992
337
342
313
703
364
339
657
393
264
385
334
245
345
325
317
287
326

m

CG/(mCG 1 CG)
0.027
0.006
0.009
0.003
0.092
0.701
0.012
0.007
0.011
0.004
0.882
0.739
0.948
0.461
0.642
0.571
0.534
0.645
0.829
0.829
0.827
0.852
0.379
0.003
0.007
0.500
0
0.05
0.717

methylation in this genome. We also observe a similar correlation between CpG O/E and experimentally measured methylation from the honeybee (S. Sarda, J. Zeng, B. Hunt, S. Yi,
unpublished data). It is important to note that because
CpG O/E measures depletion of CpG dinucleotides at inherited DNA, it best reflects levels of germ line methylation.
Nevertheless, studies in mammals show that methylation levels in different tissues tend to be strongly correlated, and CpG
O/E is consequently highly related to levels of DNA methylation in whole bodies and in other, non-germ line tissues
(Weber et al. 2007; Bock and Lengauer 2008).

Differential Methylation Among the Exons of the
transformer Locus
To determine whether there is intragenic variation in the levels of DNA methylation, we further analyzed patterns of DNA
methylation of multiple exons for 4 of the 18 genes (RefSeq
IDs XM_001604744.1, XM_001600593.1, XM_001606530.1,
and XM_001601041.1, table 1). Among the four genes
analyzed, the major sex-determining locus transformer
(tra) shows exon-specific differences in methylation level
(fig. 1). This locus (referred to a feminizer in Apis, Hasselmann
et al. 2008) is homologous to the splicing factor transformer,
which has a conserved role as a sex-determining signal by regulating female specific-splicing of ‘‘doublesex’’ (Sosnowski
et al. 1989). Although exons 3–8 are only weakly methylated
(mCG/(mCG þ CG) ratios are around 1%), the second
exon exhibits high frequency of DNA methylation (mCG/
(mCG þ CG) was 0.7 for the second exon). The results are
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XM_001606530.1

Epithelial membrane protein
Vitellogenin
Odorant receptor 85c
Integrator complex subunit 6
Transformer
Amplicon 1
Amplicon 2
Amplicon 3
Amplicon 4
Fruitless gene
Proteasome beta 3 subunit
Polypeptide of 976 aa
Amplicon 1
Amplicon 2
Amplicon 3
eIF 2a kinase
Amplicon 1
Amplicon 2
eIF2B-gamma protein
Amplicon 1
Amplicon 2
Enhancer of zeste, ezh
ATP-dependent RNA helicase
Retrotransposon protein
Cytochrome P450
Ras gtpase activating protein
Retrotransposon protein
Glutamate cysteine ligase
Slender lobes

CpG O/E
1.579
1.002
1.218
1.216
1.171
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intriguing as exon 2 shows differential splicing between maleand female-specific transcripts (Verhulst et al. 2010). Note
that our data did not reveal a difference in methylation of
this exon between males and females. The other three loci
showed similar levels of DNA methylation among different
exons.

80% of genes are classified to the same components regardless
whether introns or gene bodies are used. Following the terminologies in literature (Elango et al. 2009; Walsh et al. 2010), we
refer to the two groups as low-CpG O/E genes and high-CpG
O/E genes.

Functional Enrichments and Gene Lengths Differ
Between Low- and High-CpG Genes
To infer the genomic pattern of DNA methylation, we analyzed
distributions of CpG O/E in N. vitripennis genes. We analyzed
introns as well as gene bodies (exons þ introns), as gene
bodies are primary targets of DNA methylation in invertebrate
genomes (Feng et al. 2010; Xiang et al. 2010; Zemach et al. 2010).
We used the AIC and BIC to test the fit of mixture distributions
with different numbers of components (see Materials and
Methodsandsupplementarymaterial,SupplementaryMaterial
online).
In the case of the honeybee or pea aphid, genes were clearly
separated into two groups according to levels of CpG depletion (Elango etal. 2009; Walsh etal. 2010).This wasnot the case
in Nasonia, where the levels of CpG depletion exhibited
a relatively broad distribution (fig. 2). The pattern of CpG
depletion in Nasonia is more similar to that observed in the
pacific oyster Crassostrea gigas (Gavery and Roberts 2010).
Likewise, fitting mixture distributions indicate that a model
with two components can describe pattern of CpG depletion
in N. vitripennis, for both intron and gene body data (fig. 2,
supplementary text, Supplementary Material online). Over

FIG. 2. Density plots of CpG O/E values from gene bodies of the
jewel wasp, Nasonia vitripennis. Genes in the jewel wasp can be
divided into two distinctive groups, referred to as low- and highCpG O/E genes (red and blue curves, respectively). Gray lines
represent the sum of the inferred components or the fit of the
model to the observed distribution.
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FIG. 1. Complex pattern of DNA methylation uncovered by experimental means from multiple exons of the transformer locus. CpG O/E
calculated from the whole gene is 1.171, suggesting a generally sparse level of DNA methylation. Accordingly, CpG dinucleotides in exons 3–8
show sparse levels of DNA methylation in all developmental stages and sex surveyed. However, CpG dinucleotides in the exon 2 are densely
methylated in most cases. There are eight CpG dinucleotides belonging to introns (highlighted in blue). The frequency of intronic methylcytosines is much lower than that of exons.
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Table 2. Distinctive Functional Enrichments of the Low- and HighCpG O/E Genes.
Observed

Significance

3
3
3
3

10210
1029
1027
1027

678
146
138
448

1.0
1.2
2.7
4.0

349
115

7.1 3 1027
4.5 3 1026

737
107
864

5.6 3 1026
1.1 3 1025
1.2 3 1025

304

5.2 3 10222

350
241
105

7.2 3 10219
1.1 3 10218
2.9 3 10217

341
376
115
261

7.9
1.7
3.7
8.3

71

3
3
3
3

10217
10216
10216
10215

1.0 3 10214

FIG. 3. Distributions of low- and high-CpG genes among honeybee
and jewel wasp orthologs. Each circle represents the number of
genes belonging to the corresponding CpG O/E status in either Apis
mellifera or Nasonia vitripennis. The overlaps designate the numbers
of orthologs from both species with the same CpG O/E
classification. The low-CpG genes are depicted in (A), and the
high-CpG genes are shown in (B). The low-CpG O/E genes are more
conserved than the high-CpG O/E genes.

P , 1016). Total gene lengths and exon lengths also show
a similar pattern (the means of low- and high-CpG O/E genes
are 4,606 vs. 18,553 nt and 1,921 and 2,166 nt for gene bodies
and exons, respectively, P , 1016 for both comparisons).
Thus, the covariation between DNA methylation, functional
enrichment, and gene lengths difference is a common theme
in A. mellifera and N. vitripennis.

Evolutionary Conservation of DNA Methylation
Status
We then investigated whether the two CpG O/E groups of
genes in the jewel wasp exhibit distinctive functional enrichment, by analyzing overrepresentation of GO terms of the
two groups. For subsequent analyses, we only used genes that
belong to the same CpG O/E groups in both intron and gene
body classifications. In the honeybee, low- and high-CpG genes
exhibit strikingly different functional enrichments (Elango et al.
2009). Specifically, low-CpG genes are overrepresented in
‘‘housekeeping’’ processes, such as metabolic process and
nucleotide processing. High-CpG groups, in contrast, are enriched in ‘‘developmental’’ functions. Remarkably, low- and
high-CpG genes of the jewel wasp exhibit distinctive functional
enrichment similar to the pattern observed in the honeybee
(table 2). Specifically, low-CpG genes are overrepresented
by functions in basic cellular processes, such as nucleotide
processing, transcription, and biogenesis. High-CpG groups
of genes are heavily enriched in development and morphogenesis functions. Such pattern of enrichment was the same when
we used gene body or intron classifications separately (results
not shown).
We have previously shown thatlow- and high-CpG genes in
honeybee tend to be short and long, respectively (Zeng and Yi
2010). We observe the same pattern in N. vitripennis: CpG O/E
is highly correlated with the length of gene bodies (Spearman’s
r50.59,P,1016)aswellasthelengthofintrons(Spearman’s
r 5 0.49, P , 1016). Exon lengths are also highly significantly
correlated with CpG O/E (Spearman’s r 5 0.13, P , 1016),
although not as strongly as intron or gene body lengths are.
The mean intron lengths of low-CpG and high-CpG genes
are also highly significantly different from each other (3,420
and 16,681 nt for low- and high-CpG genes, respectively.
3350

To gain insights into the evolutionary maintenance of genes
with respect to the levels of DNA methylation, we investigated evolutionary conservation and divergence of CpG
O/E groups between the honeybee and the jewel wasp.
Nasonia and the honeybee are estimated to have diverged
180–200 Ma (Werren et al. 2010). The CpG O/E values of
orthologous genes between the jewelwasp and the honeybee
are highly significantly correlated with each other (Spearman’s r 5 0.64, P , 1016). This demonstrates that DNA
methylation levels of orthologous genes tend to be conserved between these two species.
We then examined the correspondence between different CpG O/E groups of the honeybee and the jewel wasp in
detail. Most (77.4%) of the 5,217 1:1 ortholog genes between N. vitripennis and A. mellifera are classified into
the same CpG O/E classes in the two species (fig. 3).
However, the proportions of genes belonging to the same
CpG O/E class differed betweenlow-and high-CpG O/E groups
of genes. Among the low-CpG O/E group of 1:1 orthologous
genes, 88% of genes remained in the same CpG O/E class in
the two species. In contrast, 64% of genes stayed in
the high-CpG O/E class in the two species. This difference is
highly significant (Fisher’s exact test, P , 1016, table 3). Thus,
low-CpG O/E status tends to be more conserved compared
with the high-CpG O/E status. Furthermore, the correlation
of CpG O/E of orthologous genes between the honeybee
and N. vitripennis is much stronger in low-CpG O/E group
(Spearman’s r 5 0.42, P , 1016) than in high-CpG O/E
group (Spearman’s r 5 0.22, P , 1016). In conclusion, densely
methylated genes tend to stay densely methylated during the
divergence time between the honeybee and the jewel wasp.
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GO Biological Process Term Expected
Low-CpG O/E genes
Cellular macromolecule
metabolic process
575.1
RNA processing
98.7
Translation
97.3
Gene expression
375.7
Cellular protein metabolic
process
285.4
mRNA metabolic process
81.3
Macromolecule metabolic
process
659.3
mRNA processing
75.6
Cellular metabolic process
786.4
High-CpG O/E genes
System development
191.6
Multicellular organismal
development
237.8
Organ development
147.7
Transcription factor activity
49.5
Anatomical structure
development
235.7
Developmental process
267.4
Signal transducer activity
57.7
Signaling
173.5
Sequence-specific DNA
binding
30.5
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Table 3. Differential Conservation of CpG O/E Status Between
Low- and High-CpG Genes in Nasonia vitripennis.

N. vitripennis
genes
Low-CpG O/E
genes
High-CpG O/E
genes

Conserved CpG
Group with
Apis mellifera

Nonconserved
CpG Group with
A. mellifera

Proportion
Conserved
(%)

2,631

369

88

1,409

808
P value
(Fisher’s exact test)

64
<10216

Signature of DNA methylation Covaries with Rates
of Nucleotide Substitution
Genome sequences for two sibling species of N. vitripennis
(N.longicornisandN.giraulti) allowedus to examinemolecular
evolutionary patterns ofgeneswith respect toCpGO/E status,
by comparing substitution patterns in coding genes relative
to N. vitripennis as the outgroup (Werren et al. 2010). These
species are estimated to have diverged from N. vitripennis
approximately 1 Ma and from each other approximately
0.5 Ma (Raychoudhury et al. 2009). Nasonia longicornis and
N. giraulti show an average synonymous divergence of 0.03
to N. vitripennis and 0.012 to each other (Raychoudhury
et al. 2009; Werren et al. 2010). We first examined the relationship between the rate of nonsynonymous, synonymous, and
intronic divergence to CpG O/E.
According to the mutational tendency of methylated cytosines (Duncan and Miller 1980), genes that are subject to
moremethylationshouldexhibitanincreasedtendencytoward
mutation. Thus, nucleotide substitution rates might decrease
with CpG O/E. In contrast with this expectation, we found that
nonsynonymous, synonymous, and intronic rates are all positively correlated with CpG O/E (table 4). In other words, genes
that are likely to be less methylated appear to have higher
effective mutation rates. The fact that intronic rates exhibited
thesamepatternsuggeststhattheeffectisnotduetofunctional
constraints in the codingregions. Selective constraint (dN/dS) is
not significantly correlated with CpG O/E (table 4).
We also examined the relationship between nucleotide
substitution rates and CpG O/E on longer timescales by comparing orthologs ofhoneybeeandNasonia.Becauseof thelong
evolutionary timescales (;190 My divergence), most genes
are saturated for synonymous substitutions. We therefore only present correlations between rates of nonsynonymous substitution (dN) and CpG O/E. Again, we observe a significant
positiverelationshipbetweenCpGO/Eandratesofnucleotide
substitution, although it is very weak (table 4).
We investigated whether the observed patterns can be
caused by confounding effects of nucleotide contents and/
or functional constraints. CpG O/E and GþC contents are
correlated in many genomes (e.g., Elango et al. 2008; Zeng
and Yi 2010), and GþC contents are often positively correlated with evolutionary rates (Yi et al. 2002). Thus, we

Table 4. Correlations Between Evolutionary Rates and CpG O/E.
CpG O/E P Value CpG O/EjGC Content
Comparison among Nasonia sibling species
0.153
dN
0.117
<10216
dS
0.218
<10216
0.157
dI
0.226
<10216
0.130
dN/dS
20.002
NS
20.001
Nasonia–Apis comparisona
dN
0.066
<1025
0.099

P Value
<10216
<10216
<10216
NS
<10211

NOTE.—Comparisons in two timescales (between sibling species of Nasonia and
between Nasonia and honeybee) provide support for a negative relationship
between the level of DNA methylation and rates of nucleotide substitution.
a
Because synonymous sites are saturated for most genes, we only analyze
nonsynonymous substitutions.

asked if the relationship between CpG O/E and substitution rates could be explained by the underlying GþC contents. We calculated partial correlations between CpG O/E
and substitution rates, after removing the contributions of
GþC contents (Kim and Yi 2007). The results are still highly
significant, indicating that covariation between CpG O/E
and GþC contents cannot account for the observed relationships between CpG O/E and substitution rates in all
comparisons (table 4). In fact, the partial correlations between CpG O/E and dN increase after removing the effects
of GþC contents.
Alternatively, because densely methylated (low-CpG O/
E) genes tend to be enriched in housekeeping functions
(table 2), it is possible that the correlation between CpG
O/E and sequence divergence reflects bias toward more
conserved genes in the low-CpG O/E category. To control
for a potential effect of functional bias, we performed the
following analysis. We first identified GO terms of orthologous proteins between N. vitripennis and D. melanogaster.
We then examined the correlations between CpG O/E and
sequence divergence among genes within each GO term.
We limited our analyses to GO terms with at least 200 orthologous proteins, to increase statistical power. If the significant correlations between sequence divergence and
CpG O/E are due to the functional bias, such correlation
would disappear within each GO term. In contrast, we observe that in many cases, sequence divergence and CpG O/
E are highly significantly correlated (table 5). In particular,
the correlation between intron divergence and CpG O/E is
highly significant in most (nine of ten) GO terms examined.
Nonsynonymous rates (dN) and synonymous rates (dS) are
significantly correlated with CpG O/E in five and six GO
terms of ten terms, respectively. The fact that the correlation between rates of intron divergence and CpG O/E is
a consistent pattern in this analysis again supports the idea
that mutation rate differences underlie the relationship between CpG O/E and sequence divergence.

Discussion
The genome of N. vitripennis harbors a full set of methyltransferases required for maintenance and de novo DNA methylation (Werren et al. 2010). Our survey of 18 genes
confirms that cytosine methylation is present in this genome
and that the frequency of methyl-cytosines is likely to be
3351
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NOTE.—CpG O/E values of N. vitripennis divide into low- and high-CpG genes,
representing densely and sparsely methylated genes, respectively. Genes
belonging to the low-CpG O/E class in N. vitripennis exhibit significantly greater
conservation of CpG O/E status compared with high-CpG O/E genes.
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Table 5. Correlations Between CpG O/E and Sequence Divergence
within Each GO Term.
Correlation with CpG O/E
GO Terms
Regulation of transcription
Cellular component morphogenesis
Phosphate metabolic process
Cytoskeleton organization
Cell morphogenesis
Transcription
Protein localization
Neuron differentiation
Microtubule-based process
Postembryonic development

dN
0.20**
0.12NS
0.06NS
20.04NS
0.15**
0.14**
0.15**
0.27**
0.03NS
0.08NS

dS
0.26***
0.17**
0.24**
0.06NS
0.16**
0.24**
0.02NS
0.31***
0.11NS
0.11NS

dI
0.16**
0.21**
0.17**
0.21**
0.19**
0.04ns
0.14**
0.21**
0.22**
0.18**

substantial: Among all CpG dinucleotides examined, 31.5%
are in the form of methyl-cytosines (table 1). To compare the
level of methylation in the jewel wasp genome to that of the
honeybee genome, we performed the following analysis.
Among the 18 genes we investigated here, ten genes had orthologs in the honeybee genome associated with
experimentally determined methylation levels (Zemach
et al. 2010). Among these ten genes, there was no difference
in terms of actual methylation levels between the two species
(Wilcoxon rank-sum test, P 5 0.35). Thus, there is no evidence to suggest that N. vitripennis and A. mellifera have significantly different levels of genomic DNA methylation. It is
also notable that the mean levels of CpG depletion in the
Nasonia and the honeybee genome are highly similar (mean
CpG O/E 5 1.02 and 1.05 for the honeybee and N. vitripennis,
respectively).
Remarkably, in one gene (transformer), methylation preferentially targets CpG sites of a particular exon. This pattern is
suggestive of a role for DNA methylation in sex determination
in Nasonia for two reasons. First, exon 2 shows differential splicing between male- and female-specific transcripts, and second,
maternal imprinting is implicated in sex determination in
Nasonia, possibly mediated by regulation of transformer
expression (Verhulst et al. 2010). Furthermore, a recent study
of thehuman genomesuggested that gene body methylation is
related to regulation of alternative transcription (Maunakea
et al. 2010). It is interesting to note that even though the exon
2 is alternatively spliced between the two sexes, it is methylated
inbothsexes.Thus,DNA methylationmayplayaroleto‘‘mark’’
alternatively spliced exons, while not directly participating in
alternative splicing per se.
In invertebrates, DNA methylation does not occur uniformly in all genes. In most invertebrate species examined,
genes differ greatly in their relative levels of DNA methylation
(Suzuki et al. 2007; Elango et al. 2009; Walsh et al. 2010).
A widely used method to detect and characterize different
levels of DNA methylation is by analyzing CpG O/E values.
CpG O/E is a ‘‘normalized’’ level of CpG dinucleotides, which
is negatively related to the levels of DNA methylation. Analysis of CpG O/E has successfully captured differences in levels
of DNA methylation across different genomic regions and
species. For example, in the honeybee, CpG O/E values reveal
3352
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NOTE.—For this analysis, we used data from Nasonia sibling species.
NS
P . 0.05; **P , 103; and ***P , 105.

two distinctive groups, which are correctly characterized as
densely and sparsely methylated genes in subsequent experimental studies (Feng et al. 2010; Lyko et al. 2010; Zemach
et al. 2010). The analysis of CpG O/E reveals a complex pattern of DNA methylation in Nasonia. Statistical analyses indicate that this pattern can be deciphered as a mixture of two
distributions. Comparing levels of CpG depletion between
Nasonia and the honeybee discovers several interesting evolutionary patterns. First, the low- and high-CpG genes of the
honeybee and Nasonia exhibit functional similarity: The two
groups of genes can be broadly categorized as housekeeping
and development, respectively (Elango et al. 2009). Second,
the densely and sparsely methylated groups of genes in these
two species show different levels of conservation of DNA
methylation. Specifically, genes classified as low-CpG genes
in both species show greater levels of conservation compared
with those classified as high-CpG genes (fig. 3, table 2). Third,
this asymmetry in conservation of methylation status is directly translated into sequence similarity of Nasonia and
honeybee genes. The numbers of nonsynonymous substitutions between Nasonia and honeybee genes increase
with CpG O/E (tables 4 and 5). In other words, the more
densely methylated genes tend to be the more conserved
at the sequence level.
A unique advantage of Nasonia is the fact that closely related outgroup sequences are available. Using these sequences, we can investigate the relationship between molecular
evolution of genes and their methylation levels over relatively
short (between sibling species) and long (between Nasonia
and Apis) timescales. Because the Nasonia species are
extremely closely related, harboring 1–3% synonymous
sequence divergence (Werren et al. 2010), CpG O/E classes
between species do not change. Thus, we can ask whether
genes in distinctive CpG O/E groups differ in their molecular
evolutionary rates. Interestingly, we observed that rates of
nonsynonymous and synonymous substitutions increase
with the CpG O/E (tables 4 and 5). In other words, densely
methylated genes at the germ lines tend to be more conserved at the sequence level, and this is observed both in
the exons and introns between the sibling species. The long
evolutionary timescales to Apis do not allow such a comparison because of saturation at synonymous and intronic sites.
However, using dN, we find the same pattern of higher evolutionary rate in genes between Nasonia and Apis with
increased with the CpG O/E. Importantly, this relationship
is independent of the confounding effects of GþC contents
(table 4) and potential functional bias (table 5).
The pattern that densely methylated genes tend to be
more conserved is at odds with the mutational property
of DNA methylation. Since DNA methylation tends to be
mutagenetic, genes with high methylation would be expected to show higher divergence at the sequence level.
The observed trends are in contrast to this expectation.
The fact that we observe between the sibling species a strong
correlation between CpG O/E and synonymous rates as well
as between CpG O/E and intronic rates (table 4) indicates
that mutation rates are likely to increase with decreasing levels of DNA methylation. The reasons for such an effect are
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but insertion/deletions problematic (Werren et al. 2010). As
correct alignment of short reads to the reference is based
on sequence conservation, mapping at regions containing
small insertions and deletions presents a considerable challenge to the current generation of short read assemblers.
For this reason, we chose not to investigate the evolution of
intron length in this study, however, with further resequencing
efforts and the continued optimization of assembly software it
is hoped this analysis will be possible in the near future.
Nasonia are very tractable laboratory organisms for genetics. Among their useful features are short generation time
(2 weeks), ease of handling and rearing, interfertile species,
and a number of genomic and genetic resources (Werren
and Loehlin 2009). These features combined with the discovery of methylation in this insect, make it a promising model
for studies of DNA methylation.

Supplementary Material
Supplementary table S1 and text are available at
Molecular Biology and Evolution online (http://www.mbe
.oxfordjournals.org/).
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