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Abstract

Background: Gene bodies are the most evolutionarily conserved targets of DNA methylation in eukaryotes.
However, the regulatory functions of gene body DNA methylation remain largely unknown. DNA methylation in
insects appears to be primarily confined to exons. Two recent studies in Apis mellifera (honeybee) and Nasonia
vitripennis (jewel wasp) analyzed transcription and DNA methylation data for one gene in each species to
demonstrate that exon-specific DNA methylation may be associated with alternative splicing events. In this study
we investigated the relationship between DNA methylation, alternative splicing, and cross-species gene
conservation on a genome-wide scale using genome-wide transcription and DNA methylation data.

Results: We generated RNA deep sequencing data (RNA-seq) to measure genome-wide mRNA expression at the
exon- and gene-level. We produced a de novo transcriptome from this RNA-seq data and computationally
predicted splice variants for the honeybee genome. We found that exons that are included in transcription are
higher methylated than exons that are skipped during transcription. We detected enrichment for alternative
splicing among methylated genes compared to unmethylated genes using fisher’s exact test. We performed a
statistical analysis to reveal that the presence of DNA methylation or alternative splicing are both factors associated
with a longer gene length and a greater number of exons in genes. In concordance with this observation, a
conservation analysis using BLAST revealed that each of these factors is also associated with higher cross-species
gene conservation.

Conclusions: This study constitutes the first genome-wide analysis exhibiting a positive relationship between
exon-level DNA methylation and mRNA expression in the honeybee. Our finding that methylated genes are
enriched for alternative splicing suggests that, in invertebrates, exon-level DNA methylation may play a role in the
construction of splice variants by positively influencing exon inclusion during transcription. The results from our
cross-species homology analysis suggest that DNA methylation and alternative splicing are genetic mechanisms
whose utilization could contribute to a longer gene length and a slower rate of gene evolution.
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Background
DNA methylation, specifically the methylation of cyto-
sine’s within CpG (Cytosine-phosphate-Guanine) dinu-
cleotides, is an epigenetic signature used for the
regulation of gene expression in eukaryotes [1]. Recently,
the genome-wide location of DNA methylation was deter-
mined in 20 eukaryotic species [2-6]. It was revealed that
the functional targets of DNA methylation vary across
species with intragenic DNA methylation (inside gene
bodies) being generally more conserved than promoter
methylation [5,7-15].
Promoter methylation is a well-characterized mark used

for gene silencing in vertebrates [16,17]. In contrast, it has
been difficult to infer a conserved regulatory function for
intragenic DNA methylation because the relationship be-
tween intragenic DNA methylation and transcription varies
across species [5]. While it is known that intragenic DNA
methylation frequently occurs within actively transcribed
genes [7,8,11-13], its biological functions remain elusive
and may vary depending on the organism and the exact na-
ture of the DNA methylation patterns.
A positive linear correlation between intragenic DNA

methylation and gene expression has been demonstrated
in the anemone (Nematostella vectensis) and the silk-
worm (Bombyx mori) [4,5]. In other eukaryotes, includ-
ing the honeybee, a parabolic relationship was reported
in which the majority of moderately transcribed genes
are more methylated than lowly or highly expressed
genes, implying a lack of a positive correlation between
DNA methylation and transcription at the gene level in
these species [5]. In concordance with this observation,
it has recently been proposed that intragenic DNA
methylation, and more precisely exon DNA methylation,
may instead be associated with alternative splicing
events [18,19]. However, it remains to be determined if
we can observe such a relationship on a genome-wide
scale. In addition, it has been reported that gene body
methylation in Arabidopsis thaliana and honeybees is
positively associated with gene length and gene conser-
vation [20,21], and that gene length between honeybee
and fruit fly are highly correlated [20]. These associa-
tions bear the question whether gene length, the
methylation status of genes, and/or the propensity for
splicing are indicators of evolutionary sequence
conservation.
The location of DNA methylation in the honeybee

genome portends a genome-wide relationship between
exon DNA methylation and transcription. Approxi-
mately ~80% of CpG methylation in the honeybee gen-
ome is specifically confined to the exons in about half of
all genes [18]. In comparison, CpG methylation in plants
and humans is spread out over several functional targets
such as introns, exons, promoters, repeats, and transpo-
sons [6,14]. We sought to test (1) if there is an overall
correlation between DNA methylation and gene expres-
sion patterns in honeybees; (2) whether DNA methyla-
tion in exons correlates with the inclusion of exons in
transcription on a genome-wide scale; (3) if DNA
methylation is generally associated with the construction
of splice variants in the honeybee; and (4) if gene length,
the presence of DNA methylation and/or alternative
splicing in honeybee genes is associated with higher
cross-species evolutionary conservation.
Results and discussion
In order to investigate the relationship between DNA
methylation and transcription across the entire honeybee
genome, we generated genome-wide transcription data
using RNA-seq (pooled RNA from 20 individuals) and
analyzed them in conjunction with available genome-
wide DNA methylation data from honeybees (pooled
DNA from 50 individuals) [18]. Both data sets were
aligned to the honeybee Amel 2.0 genome. The bees
from the two datasets were of the same caste, sex (fe-
male workers), and tissue (brain).
The relationship between DNA methylation and gene
expression
We tested whether honeybee DNA methylation is
related to expression at the level of whole genes using
both a linear (Pearson’s) and non-linear (Spearman’s)
correlation analysis. We restricted this analysis to genes
that are both expressed and methylated because these
genes are the most biologically relevant for our hypoth-
esis and data points for unexpressed or non-methylated
genes could only weaken the correlation. Even with this
restriction, we did not find a significant genome-wide
positive correlation between gene DNA methylation
and gene expression (Pearson’s, N = 619, P = .2175,
r = .0496; Spearman’s, N = 619, P = .055, rho = .0772).
The relative methylation value (mCG/CG) was used to
calculate gene DNA methylation intensity using data
from the entire gene body, including introns. Similar
non-significant results were found using the absolute
methylation value (mCG/length), another standard cal-
culation of DNA methylation intensity from BS-seq
data (Additional file 1: Figure S1).
These results show that intragenic DNA methylation

in the honeybee brain is unlikely to act in the sup-
pression of gene transcription on a genome-wide
scale. They are consistent with previous findings by
Zemach and colleagues who investigated the relation-
ship between DNA methylation and gene expression
on a whole-organism level (Additional file 1:
Figure S1 for comparison to the data from Zemach
and colleagues) [5].



A B
Figure 1 The distribution of DNA methylation among included exons vs. skipped exons. The plots in (A) and (B) illustrate that exons that
are included in transcription are higher methylated than exons that are skipped during transcription. The absolute methylation (mCG/length)
around exons was calculated by dividing the regions +/− 200 bp within the start site (A) or end site (B) of either included exons or skipped
exons into 20 equal intervals. Plots show the methylation level within each interval. Included exons have significantly more methylation than
skipped exons in regions beginning after the exon start site and just before the exon end site (P < .05, Wilcoxon rank-sum test in each interval).
Genome-wide DNA methylation data were obtained from BS-seq [18].
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The relationship between DNA methylation and exon
expression
Given the suggested link between exon expression and
DNA methylation in honeybees ([18]) we next tested
whether a positive relationship between DNA methyla-
tion and expression exists on the level of exons, instead
of the whole gene. To address this topic we analyzed
BS-seq and RNA-seq data among exons within genes
that are both methylated and expressed, for reasons
similar to those stated above. We calculated the distribu-
tion of DNA methylation across the start and end sites
of exons that were either included or skipped during
transcription. We found that, overall, exons included in
the gene transcript contained significantly more DNA
methylation than skipped exons just after the exon start
site and before the exon end site (Figure 1A and 1B,
Additional file 1: Figure S2A and Additional file 1: S2B).
This relationship is consistent with previous predictions
based on an analysis of transcription and DNA methyla-
tion data from a single gene ([18]), and distinctly ends at
intron-exon junctions (Figure 1 A and 1B). Lyko and
colleagues recently showed that DNA methylation is
likely to co-localize to the proximity of alternative spli-
cing events in the honeybee by analyzing DNA methyla-
tion data for 169 genes with alternatively spliced introns
[18]. To investigate this result on a genome-wide scale,
we tested for an association between DNA methylation
and expression among introns. Although we did not find
that intron inclusion and the prevalence of DNA methy-
lation inside introns (within 200 bp of the intron start or
end site) were correlated (Additional file 1: Figure S2C
and S2D), the positive relationship between exon methy-
lation and expression led us to investigate the possibility
that DNA methylation is connected to the formation of
splice variants on a genome-wide scale.

DNA methylation in the honeybee is positively associated
with the occurrence of splicing events on a genome-wide
scale
To test whether methylated genes are enriched for splice
variants when compared to unmethylated genes we
assembled a honeybee transcriptome that included alter-
natively spliced transcripts using a de novo gene predic-
tion from genome-wide RNA-seq data. We found that
alternative transcripts occurred significantly more often
in methylated genes as compared to unmethylated genes
(Fisher’s exact test, P < 1e-10, Figure 2), over several dif-
ferent expression thresholds to ensure RNA-seq data
quality. In contrast to our above results that suggest a
general association between methylation and expression
at the exon level, these data indicate that intragenic
DNA methylation is positively related with alternative



Figure 2 Methylated genes are enriched for alternative splicing. Genome-wide DNA methylation data was overlaid with genes and the
occurrence of alternative transcripts predicted from a de novo transcriptome assembly. The proportion of methylated genes that were
alternatively spliced (triangles) was significantly greater than for unmethylated genes (circles) for several minimum expression thresholds (Fisher’s
exact test, P < 1e-10 for each minimum FPKM); expression is measured as the expected number of fragments per kilobase of transcript per million
reads (FPKM). We tested several minimum FPKM values to show that enrichment is robust despite the possibility that transcript abundance
estimation may be inaccurate at low expression (FPKM). Raw data were the same as for Figure 1.

Figure 3 Alternative splicing and DNA methylation in genes is associated with a longer gene length. The cumulative distribution function
(CDF) for the size of a gene (the size of the gene body, including introns, is the number of base pairs (bp) in the gene annotation) is plotted for
several categories of gene methylation and alternative splicing. Top left panel: The CDFs of methylated and unmethylated genes show that
methylated genes are longer than unmethylated genes. Top right panel: Alternatively spliced genes are longer than non-alternatively spliced
genes. Bottom left panel: Methylation is also associated with longer gene size among non-alternatively spliced genes. Bottom right panel:
Methylation is associated with longer gene size among alternatively spliced genes. Splice variants were annotated by assembling a de novo
transcriptome from RNA-seq data. The length of a gene is defined to be the maximum length from any splice variant (including introns) of that
gene. The significance of shifted distributions was quantified by using the Wilcoxon rank sum test with continuity correction (P < 2.2e-16 for each
panel). Genome-wide DNA methylation data were obtained from BS-seq [18].
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Table 1 DNA methylation or alternative splicing in honeybee genes is associated with higher cross-species
evolutionary conservation

Proportion of
methylated

genes

Proportion of
unmethylated

genes

Methylated vs.
unmethylated

P-value

Proportion of
alternatively
spliced genes

Proportion of
non-alternatively
spliced genes

Alternatively spliced
vs. Non-alternatively

spliced P-value

Conserved in H. sapiens 0.215 0.082 7.20E-69 0.189 0.13 8.79E-10

Conserved in C. intestinalis 0.142 0.053 1.86E-45 0.125 0.084 2.83E-07

Conserved in A. pisum 0.24 0.136 5.40E-35 0.259 0.159 1.17E-21

Conserved in N. vitripennis 0.426 0.278 9.26E-47 0.445 0.312 1.33E-25

Conserved in D. melanogaster 0.265 0.163 6.22E-31 0.3 0.179 7.23E-28

Cross-species gene conservation was determined by protein BLAST (E-value cutoff of 1E-150). A significantly higher proportion of methylated honeybee genes
are conserved across several species and taxa (Homo sapiens, Ciona intestinalis, Acryothisum pisum, Nasonia vitripennis, Drosophila melanogaster) than
unmethylated genes (Fisher’s exact test, P-values shown in column 4). Similarly, a significantly higher proportion of alternatively spliced genes are conserved
than non-alternatively spliced genes (P-values in column 7). Raw data were the same as for Figure 1.
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splicing at the gene level. This result corroborates on a
genome-wide scale what has previously been predicted
on the basis of individual genes: that honeybees display a
close relationship between DNA methylation and alter-
native splicing. Given prior observations that DNA
methylation and gene length appear to be associated in
the honeybee, we decided to test whether DNA methyla-
tion, splicing, and gene length are linked.
Gene length, DNA methylation, and alternative splicing
are associated with the conservation of honeybee genes
Our data on associations between gene length, DNA
methylation, and alternative splicing show that, in the
honeybee, genes that are methylated and/or alternatively
spliced are longer (Figure 3) and tend to have more exons
(Additional file 1: Figure S3) than genes that are not
methylated and not alternatively spliced. We also verified
previous observations that methylated honeybee genes are
higher conserved across taxa than unmethylated genes
(Table 1) [18,22]. Moreover, we found that alternatively
spliced honeybee genes are higher conserved than non-
alternatively spliced genes (Table 1). Finally, we observed
that methylated honeybee genes that are also alternatively
spliced were even higher conserved across species than
methylated genes that were not alternatively spliced (Add-
itional file 1: Table S1) or than alternatively spliced genes
that are not methylated (Additional file 1: Table S2). These
associations suggest that gene length, DNA methylation,
and alternative splicing are positively linked to gene con-
servation. Compared to non-methylated and non-
alternatively spliced genes, methylated and/or spliced
genes can result in a greater variety of transcripts. Thus,
by varying the methylation and splicing pattern, genes can
assume novel functions without a necessary change in
their primary sequence. This may explain why the respect-
ive genes can afford a higher conservation – they realize
variation in different ways, e.g. by variation in master
regulators of DNA methylation and splicing.
Conclusions
These results support a genome-wide positive association
between splicing events and exon methylation in the
honeybee. While we cannot say whether DNA methyla-
tion causes splicing events, it is tempting to surmise that
DNA methylation in exons can mark the chromatin for
modifications that reduce the chance of exon-skipping,
leading to a higher rate of exon inclusion during the
process of transcription. Interestingly, our data also show
that skipped exons are methylated at lower levels than
expressed exons, but also contain higher levels of DNA
methylation than surrounding introns (Figure 1). It
remains to be determined whether or not there is a pos-
sible role for this DNA methylation within skipped
exons. One possibility that was recently uncovered by
Shukla and colleagues in mammals is that exon-specific
DNA methylation may affect exon-skipping by interfer-
ing with CCCTC-binding factor (CTCF) binding to the
DNA. CTCF binding can promote the inclusion of
nearby exons by causing RNA polymerase II pausing,
and thus interference with CTCF binding has a recipro-
cal effect on exon inclusion [23]. These observations
support the hypothesis that the effect of DNA methyla-
tion, i.e. either causing a repressed (heterochromatin) or
open (euchromatin) chromatin state, can vary depending
on the species, sequence context, DNA binding proteins,
and the histone modifying enzymes that are associated
with methylated DNA [16,24].
The finding that DNA methylation in honeybees is pri-

marily targeted to exons ([18]) and the genome-wide posi-
tive association between exon expression and DNA
methylation that we report here suggests that honeybees
may be a compelling organism in which to establish a func-
tional link between DNA methylation and other epigenetic
mechanisms, such as histone modifications. Global correla-
tions between intragenic DNA methylation and specific
histone modifications have been difficult to establish in
other species in part because DNA methylation has many
functional genomic targets (e.g. introns, exons, promoters,
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repeats, etc.) and therefore may play more diverse roles
than in honeybees [25]. For example, Hahn and colleagues
recently analyzed DNA methylation in human cell lines
and demonstrated that although intragenic DNA methyla-
tion co-localizes with H3K9 methylation (a modification
usually associated with DNA methylation in plant and
mammalian heterochromatin repeats) and H3K36 tri-
methylation (a modification associated with DNA hyper
methylation and transcriptional elongation, i.e. euchroma-
tin), the co-localization of these marks within gene bodies
is largely independent [26]. Because honeybees have a rela-
tively simple DNA methylation landscape, examining the
link between DNA methylation and histone modifications
within honeybee exons, for example by analyzing genome-
wide BS-seq data together with ChIP-seq data for histone
modifications, may yield different results than in humans.
Overall, the honeybee methylome exemplifies that

DNA methylation can be targeted with a resolution that
differentiates intron-exon boundaries. This capacity for
exon DNA methylation targeting appears to be evolu-
tionarily conserved in humans [27]. Thus, the use of
exon methylation to control splice variants genome-wide
in a context-specific manner may be a basal function for
both vertebrate and invertebrate DNA methylation sys-
tems. Future studies should perform manipulative
experiments to causally test the predicted link between
DNA methylation and gene splicing. For example,
knocking down or de-activating the de novo DNA
methyltransferase (DNMT3), shown to be feasible in the
honeybee by Kucharski and colleagues [28], should
change the splice variant pool during life-stages when
DNA methylation marks are established or changed.
Biological roles of exon DNA methylation may differ

or coincide between species and could involve basic bio-
logical processes, organismal and behavioral plasticity, as
well as tissue differentiation. Elango and colleagues used
a computational prediction to show that methylation is
likely to occur in genes associated with metabolism and
housekeeping functions of gene transcription and trans-
lation [29]. Lyko and colleagues used BS-seq and found
that brain DNA methylation patterns differ between
queens and workers, suggesting that DNA methylation
is involved in the regulation of caste-specific genes that
may influence behavior in honeybees [18]. Our results
demonstrate that one way DNA methylation could regu-
late these genes is by altering the splice variant land-
scape. In future studies, the correlation between DNA
methylation and exon expression that we demonstrated
for the honeybee could become stronger by using DNA
and RNA extracted from individuals matched for age
and behavior. By using such stringency in experimental
design, it will likewise be beneficial to study the associa-
tions between DNA methylation and splice variant for-
mation across tissues during development, maturation,
and aging in a variety of insect species with different
life-history dynamics and behaviors. This may include
species with caste polymorphisms (e.g. honeybee, ants)
as well as solitary species with different lifestyles (e.g.
the parasitic jewel wasp and the silkmoth). From a
mechanistic point of view it will be especially instructive
to compare species with a positive correlation between
DNA methylation and gene expression (e.g. the silk-
worm) to the ones with a negative or no correlation be-
tween DNA methylation and gene expression (e.g. the
honeybee). The knowledge gained in insects can then be
tested for its evolutionary conservation in organisms
with a more complex DNA methylation landscape. By
using RNA-seq to predict splice variants in various hon-
eybee tissues we also can enhance our understanding of
the associations between gene DNA methylation, cross-
species conservation, length, and expression breadth
across tissues that have recently been established in the
honeybee [20,22,30]. For example, if intragenic DNA
methylation mediates the generation of many splice var-
iants from the same gene, this may enable a methylated
gene to take on new functions without perturbing the
existing isoforms. This mechanism would benefit methy-
lated honeybee genes, which tend to be highly conserved
across species [18,25]. We also speculate that genes that
are longer and contain more exons could be preferen-
tially targeted for intragenic DNA methylation due to
their larger number of possibilities for alternative spli-
cing. Moroever, the methylation of a gene may enable its
broad expression in several tissues by influencing the ex-
pression of tissue-specific splice variants that have
tissue-specific functions.

Methods
Honeybees. Wildtype bees (Apis mellifera carnica) were
raised at Arizona State University (Tempe, USA).
Returning from foraging flights with pollen loads indivi-
duals were collected at the hive entrance and put into
ice-cold 70% ethanol.
Dissections and RNA extraction. The brains of 20 indivi-

duals were dissected on ice and RNA was isolated using
the TRIzolW Plus RNA isolation kit from Invitrogen (Carls-
bad, CA, USA), following the manufacturers instructions.
DNA methylation data. Genome-wide DNA methylation

data from bisulfite sequencing (BS-seq) of honeybee
worker brains were obtained from Lyko et al. [18]. The
BS-seq data we analyzed were generated from reads
mapped to the Amel_2.0 genome and bases assessed for
methylation as previously described by Lyko et al. [18].
The methylation intensity, mCG, was calculated at each
CpG location as (# methylated reads)/(# methylated
reads + # unmethylated reads). Genes that contained
at least one methylated CpG with mCG>0 were classified
as methylated.
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Generation of RNA-seq data. RNA was purified,
DNAse treated, and eluted with 30 ul of RNAse free
H20, using the RNeasy Mini Kit and the RNase-Free
DNase Set (Qiagen, Valencia, CA, USA). 50 ng of pooled
RNA was reverse transcribed with oligo-d(T) and ran-
dom primers into cDNA, and linearly amplified using
NuGEN’s Ovation RNA-Seq protocol (NuGEN, San Car-
los, CA, USA). Samples were then fragmented (Covaris,
Woburn, MA, USA), end-repaired, d-A tailed, and
adaptor-ligated with the NEBNext DNA Sample Prep Re-
agent set (New England Biolabs [NEB], Ipswich, MA,
USA). The ligation product was then run on a 2% TAE
agarose gel to excise an approximately 300 bp fragment.
Enrichment PCR (15 cycles) was performed using Phu-
sion High-Fidelity PCR Master Mix (NEB). Libraries
were then quantified on a bioanalyzer with a High Sensi-
tivity DNA chip (Agilent Technologies, Santa Clara, CA,
USA). Whole transcriptome paired-end data was gener-
ated with the HiSeq 2000 (Illumina, San Diego, CA). The
sequences have been submitted to the National Center
for Biotechnology Information Sequence Read Archive
database under accession no. SRA051462. 116,791,866
total reads of length 104 bases were generated passing
default Illumina thresholds. 14 bases were clipped off the
end of the second read to remove low-quality overlap-
ping ends. Reads were aligned to Amel_2.0 with TopHat
[31] (version 1.2.0, bowtie version 0.12.7) using default
parameters. In total, 64,321,565 reads were mapped and
we identified 96,823 exon junctions. We used the “mark-
duplicates” command in Picard (version 1.64) and found
25,956,078 duplicate reads (40.35%) in our data [32].
In accordance with typical RNA-seq data analysis
approaches [32,33], the duplicate reads were retained for
accurate transcript quantitation.
Calculation of exon and gene expression. Gene expres-

sion for Figure 3 and Additional file 1: Figure S1 is mea-
sured as the expected number of fragments per kilobase
of transcript per million reads (FPKM), which quantifies
the expression of an entire gene based on the expected
number of read fragments that are located within coding
regions [33]. Currently, there is no method to calculate
the FPKM for individual exons, so instead we calculated
the number of reads per kilobase of transcript per million
reads (RPKM), a standard quantification of expression for
RNA-seq data [34], for each exon as a measure for exon-
level expression for Figure 1 and Additional file 1: Figures
2A and 2B. Exons with RPKM>0 were classified as exons
included in gene transcription, whereas exons with
RPKM=0 were classified as exons that were skipped dur-
ing gene transcription. Introns were similarly classified for
Additional file 1: Figures 2C and 2D. Alternative tran-
scripts were derived from a de novo assembly of the hon-
eybee transcriptome (a total of 72,479 unique transcripts)
from RNA-seq data using Cufflinks (version 0.9.3) [33].
The FPKM is simultaneously calculated when alternative
transcripts are predicted with Cufflinks, thus the FPKM
was used as a measure of expression for alternative tran-
scripts. Statistical analysis was done in the R programming
language (version 2.10.1) and Python (version 2.6.4).
Calculation of cross species gene conservation. Conser-

vation of Apis mellifera genes within other species was
determined by BLAST (Basic Local Alignment Search
Tool, version 2.2.18), specifically the blastp tool. All protein
annotations (including those corresponding to Amel_2.0)
were downloaded from the NCBI ftp site (http://www.ncbi.
nlm.nih.gov/Ftp/). Genes were considered conserved if
BLAST resulted in an E-value of less than 1e-150 [19,22].
For the analysis in Table 1 and Additional file 1: Tables S1
and S2, splice variants from the de novo transcriptome
were aligned with gene annotations from Amel_2.0 using
nucleotide BLAST (with E-value cutoff of 1e-50) to deter-
mine which genes are alternatively spliced.

Additional file

Additional file 1: Figure S1. We did not find an overall correlation
between expression and DNA methylation within gene bodies in the
honeybee brain. For comparison to other published results, the relative
methylation level (mCG/CG, top panel) and absolute methylation (mCpG/
length, bottom panel) were calculated for 100bp intervals plotted within
gene-expression quintiles. We included data from the regions 2kbp up/
down stream of the translation start site (left-most zero on the x-axis)
and 2kbp up/downstream of the translation end site (right-mist zero on
the x-axis), including introns. The 5th expression quintile is the highest
expressed. Plots show the methylation level within each interval. DNA
methylation data were obtained from BS-seq ([1]) and expression data
were based on RNA-seq. These data do not show the parabolic
relationship between DNA methylation and whole gene transcription
demonstrated by Zemach and colleagues [2]. This discrepancy may be
related to the fact that we did not use the same tissue as Zemach and
colleagues (brains vs. whole bodies). Figure S2. Exons included in
transcription are more methylated than skipped exons and introns
included in transcription have the same level of methylation as skipped
introns. The plots in (A) and (B) illustrate that DNA methylation in exons
included in gene transcription is significantly higher than DNA
methylation in skipped exons. The absolute methylation (mCG/length)
around exons was calculated by dividing the regions +/- 200bp within
the start site (A) or end site (B) of either included exons or skipped exons
into 20 equal intervals. These calculations yielded a distribution of
methylation values for included exons and for skipped exons within each
interval. The Wilcoxon rank-sum test with continuity correction was used
within each interval to determine whether the included exons had
significantly more DNA methylation than skipped exons. Significant data
points are plotted in red (P-value < .05) and non-significant data points
are plotted in black (P-value > .05). The dashed lines, when shown, are
P-value = .05 (equivalent to -log(P-value) = 1.3). Similar calculations were
performed for included vs. skipped introns around the intron start site (C)
or end site (D). Included introns are methylated at the same level as
skipped introns. However, the inclusion of introns in transcription does
correlate with higher levels of DNA methylation at approximately 100bp
into the downstream exon. DNA methylation data were obtained from
BS-seq [1]. Figure S3. Alternative splicing and DNA methylation in genes
is associated with a greater number of exons. The cumulative distribution
function (CDF) for the number of exons in a gene is plotted for several
categories of gene methylation and alternative splicing. Top left panel:
The CDFs of methylated and unmethylated genes show that methylated
genes contain more exons than unmethylated genes. Top right panel:
Alternatively spliced genes contain more exons than non-alternatively

http://www.ncbi.nlm.nih.gov/Ftp/
http://www.ncbi.nlm.nih.gov/Ftp/
http://www.biomedcentral.com/content/supplementary/1471-2164-13-480-S1.doc
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spliced genes. Bottom right panel: Methylation is also associated with a
higher number of exons among alternatively spliced genes. Bottom left
panel: Alternative splicing is also associated with a higher number of
exons among methylated genes. Splice variants were annotated by
assembling a de novo transcriptome from RNA-seq data. The number of
exons in an alternatively spliced gene was defined to be the maximum
number of exons from any splice variant of that gene. The significance of
shifted distributions was quantified by using the Wilcoxon rank sum test
with continuity correction (P < 2.2e-16 for each panel). DNA methylation
data were obtained from BS-seq [1]. Table S1. Methylated honeybee
genes that are also alternatively spliced are more evolutionarily
conserved than methylated genes that are not alternatively spliced.
Cross-species gene conservation was determined by protein BLAST
(E-value cutoff of 1e-150). Here, the evolutionary conservation analysis is
restricted to the data for methylated honeybee genes. There is a
significantly higher proportion of methylated honeybee genes that are
also alternatively spliced that are conserved across several species (Homo
sapiens, Ciona intestinalis, Acrythosiphon pisum, Nasonia vitripennis,
Drosophila melanogaster) as compared to methylated genes that are not
alternatively spliced (Fisher’s exact test, P-values shown in column 4).
DNA methylation data were obtained from BS-seq [1]. Table S2.
Alternatively spliced honeybee genes that are also methylated are more
evolutionarily conserved than alternatively spliced genes that are not
methylated. Cross-species gene conservation was determined by protein
BLAST (E-value cutoff of 1e-150). Here, the evolutionary conservation
analysis is restricted to the data for alternatively spliced honeybee genes.
There is a significantly higher proportion of alternatively spliced
honeybee genes that are also methylated that are conserved across
several species (Homo sapiens, Ciona intestinalis, Acrythosiphon pisum,
Nasonia vitripennis, Drosophila melanogaster) as compared to alternatively
spliced genes that are not methylated (unmethylated) (Fisher’s exact test,
P-values shown in column 4). DNA methylation data were obtained from
BS-seq [1].

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
KF and FW wrote the manuscript, GVA revised the manuscript, JJC and ANA
generated the RNA-seq data, KF performed the statistical analyses, MJH
supervised the collection of the RNA-seq data. All authors read and
approved the final manuscript.

Data deposition
The sequencing data reported in this paper have been deposited in the
Sequence Read Archive database (accession no. SRA051462).

Acknowledgements
This study was supported by funds from the Research Council of Norway
(#180504, 185306, and 191699 to GVA), the National Institute on Aging
(NIA P01 AG22500 to GVA), the PEW Charitable Trust and FP7-PEOPLE-ITN-
2008-238665 (to GVA). We thank Osman Kaftanoglu for providing honeybees,
Brian H Smith for helpful discussions, Irina Sinakevitch for RNA isolations, and
Sylvain Foret and Ryszard Maleszka for making honeybee DNA methylation
data available.

Author details
1School of Life Sciences, Arizona State University, PO Box 874501, 85287
Tempe, AZ, USA. 2Department of Biotechnology, Chemistry and Food
Science, Norwegian University of Life Sciences, PO Box 5003, N-1432 Aas,
Norway. 3Neurogenomics Division, The Translational Genomics Research
Institute, 445 N Fifth Street, 85004 Phoenix, AZ, USA.

Received: 3 October 2011 Accepted: 12 September 2012
Published: 15 September 2012

References
1. Law JA, Jacobsen SE: Establishing, maintaining and modifying DNA

methylation patterns in plants and animals. Nat Rev Genet 2010, 11:204–220.
2. Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery
JR, Lee L, Ye Z, Ngo Q-M, Edsall L, Antosiewicz-Bourget J, Stewart R, Ruotti
V, Millar AH, Thomson JA, Ren B, Ecker JR: Human DNA methylomes at
base resolution show widespread epigenomic differences. Nature 2009,
462:315–322.

3. Lister R, O’Malley RC, Tonti-Filippini J, Gregory BD, Berry CC, Millar AH, Ecker
JR: Highly integrated single-base resolution maps of the epigenome in
Arabidopsis. Cell 2008, 133:523–536.

4. Xiang H, Zhu J, Chen Q, Dai F, Li X, Li M, Zhang H, Zhang G, Li D, Dong Y,
Zhao L, Lin Y, Cheng D, Yu J, Sun J, Zhou X, Ma K, He Y, Zhao Y, Guo S, Ye
M, Guo G, Li Y, Li R, Zhang X, Ma L, Kristiansen K, Guo Q, Jiang J, Beck S, Xia
Q, Wang W, Wang J: Single base-resolution methylome of the silkworm
reveals a sparse epigenomic map. Nat Biotechnol 2010,
28:516–520.

5. Zemach A, McDaniel IE, Silva P, Zilberman D: Genome-wide evolutionary
analysis of eukaryotic DNA methylation. Science 2010,
328:916–919.

6. Feng S, Cokus SJ, Zhang X, Chen P-Y, Bostick M, Goll MG, Hetzel J, Jain J,
Strauss SH, Halpern ME, Ukomadu C, Sadler KC, Pradhan S, Pellegrini M,
Jacobsen SE: Conservation and divergence of methylation patterning in
plants and animals. Proc Natl Acad Sci U S A 2010, 107:8689–8694.

7. Zhang X, Yazaki J, Sundaresan A, Cokus S, Chan SW-L, Chen H, Henderson
IR, Shinn P, Pellegrini M, Jacobsen SE, Ecker JR: Genome-wide high-
resolution mapping and functional analysis of DNA methylation in
arabidopsis. Cell 2006, 126:1189–1201.

8. Hellman A, Chess A: Gene body-specific methylation on the active X
chromosome. Science 2007, 315:1141–1143.

9. Suzuki MM, Kerr ARW, De Sousa D, Bird A: CpG methylation is targeted
to transcription units in an invertebrate genome. Genome Res 2007,
17:625–631.

10. Suzuki MM, Bird A: DNA methylation landscapes: provocative insights
from epigenomics. Nat Rev Genet 2008, 9:465–476.

11. Zilberman D, Gehring M, Tran RK, Ballinger T, Henikoff S: Genome-wide
analysis of Arabidopsis thaliana DNA methylation uncovers an
interdependence between methylation and transcription. Nat Genet
2007, 39:61–69.

12. Ball MP, Li JB, Gao Y, Lee J-H, LeProust EM, Park I-H, Xie B, Daley GQ, Church
GM: Targeted and genome-scale strategies reveal gene-body
methylation signatures in human cells. Nat Biotechnol 2009, 27:361–368.

13. Rauch TA, Wu X, Zhong X, Riggs AD, Pfeifer GP: A human B cell
methylome at 100-base pair resolution. Proc Natl Acad Sci U S A 2009,
106:671–678.

14. Lee T-F, Zhai J, Meyers BC: Conservation and divergence in eukaryotic
DNA methylation. Proc Natl Acad Sci U S A 2010, 107:9027–9028.

15. Su Z, Han L, Zhao Z: Conservation and divergence of DNA methylation in
eukaryotes: new insights from single base-resolution DNA methylomes.
Epigenetics 2011, 6:134–140.

16. Klose RJ, Bird AP: Genomic DNA methylation: the mark and its mediators.
Trends Biochem Sci 2006, 31:89–97.

17. Elango N, Yi SV: DNA methylation and structural and functional
bimodality of vertebrate promoters. Mol Biol Evol 2008, 25:1602–1608.

18. Lyko F, Foret S, Kucharski R, Wolf S, Falckenhayn C, Maleszka R: The honey
bee epigenomes: differential methylation of brain DNA in queens and
workers. PLoS Biol 2010, 8:e1000506.

19. Park J, Peng Z, Zeng J, Elango N, Park T, Wheeler D, Werren JH, Yi SV:
Comparative Analyses of DNA Methylation and Sequence Evolution
Using Nasonia Genomes. Mol Biol Evol 2011, 28:3345–3354.

20. Zeng J, Yi SV: DNA methylation and genome evolution in honeybee: gene
length, expression, functional enrichment covary with the evolutionary
signature of dna methylation. Genome Biol Evol 2010, 2:770–780.

21. Takuno S, Gaut BS: Body-methylated genes in Arabidopsis thaliana are
functionally important and evolve slowly. Mol Biol Evol 2011, 29:219–227.

22. Hunt BG, Brisson JA, Yi SV, Goodisman MAD: Functional conservation of
DNA methylation in the pea aphid and the honeybee. Genome Biol Evol
2010, 2:719–728.

23. Shukla S, Kavak E, Gregory M, Imashimizu M, Shutinoski B, Kashlev M,
Oberdoerffer P, Sandberg R, Oberdoerffer S: CTCF-promoted RNA
polymerase II pausing links DNA methylation to splicing. Nature 2011,
479:74–79.

24. Cedar H, Bergman Y: Linking DNA methylation and histone modification:
patterns and paradigms. Nat Rev Genet 2009, 10:295–304.



Flores et al. BMC Genomics 2012, 13:480 Page 9 of 9
http://www.biomedcentral.com/1471-2164/13/480
25. Flores KB, Amdam GV: Deciphering a methylome: what can we read into
patterns of DNA methylation? J Exp Biol 2011, 214:3155–3163.

26. Hahn MA, Wu X, Li AX, Hahn T, Pfeifer GP: Relationship between Gene
Body DNA Methylation and Intragenic H3K9me3 and H3K36me3
Chromatin Marks. PLoS One 2011, 6:e18844.

27. Li Y, Zhu J, Tian G, Li N, Li Q, Ye M, Zheng H, Yu J, Wu H, Sun J, Zhang H,
Chen Q, Luo R, Chen M, He Y, Jin X, Zhang Q, Yu C, Zhou G, Sun J, Huang
Y, Zheng H, Cao H, Zhou X, Guo S, Hu X, Li X, Kristiansen K, Bolund L, Xu J,
Wang W, Yang H, Wang J, Li R, Beck S, Wang J, Zhang X: The DNA
methylome of human peripheral blood mononuclear cells. PLoS Biol
2010, 8:e1000533.

28. Kucharski R, Maleszka J, Foret S, Maleszka R: Nutritional control of
reproductive status in honeybees via DNA methylation. Science 2008,
319:1827–1830.

29. Elango N, Hunt BG, Goodisman MAD, Yi SV: DNA methylation is
widespread and associated with differential gene expression in castes
of the honeybee. Apis mellifera. Proc Natl Acad Sci U S A 2009,
106:11206–11211.

30. Foret S, Kucharski R, Pittelkow Y, Lockett GA, Maleszka R: Epigenetic
regulation of the honey bee transcriptome: unravelling the nature of
methylated genes. BMC Genomics 2009, 10:472.

31. Trapnell C, Pachter L, Salzberg SL: TopHat: discovering splice junctions
with RNA-Seq. Bioinformatics 2009, 25:1105–1111.

32. Picard: http://picard.sourceforge.net/.
33. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ,

Salzberg SL, Wold BJ, Pachter L: Transcript assembly and quantification
by RNA-Seq reveals unannotated transcripts and isoform switching
during cell differentiation. Nat Biotechnol 2010, 28:511–515.

34. Ramsköld D, Wang ET, Burge CB, Sandberg R: An abundance of
ubiquitously expressed genes revealed by tissue transcriptome
sequence data. PLoS Comput Biol 2009, 5:e1000598.

doi:10.1186/1471-2164-13-480
Cite this article as: Flores et al.: Genome-wide association between DNA
methylation and alternative splicing in an invertebrate. BMC Genomics
2012 13:480.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://picard.sourceforge.net/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	The relationship between DNA methylation and gene expression
	The relationship between DNA methylation and exon expression
	DNA methylation in the honeybee is positively associated with the occurrence of splicing events on a &b_k;genome-&e_k;&b_k;wide&e_k; scale
	Gene length, DNA methylation, and alternative splicing are associated with the conservation of honeybee genes

	Conclusions
	Methods
	Additional file
	Competing interests
	Authors´ contributions
	Data deposition
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


