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Abstract

A growing body of evidence suggests that DNA methylation is functionally divergent among different taxa. The recently

discovered functional methylation system in the honeybee Apis mellifera presents an attractive invertebrate model system to

study evolution and function of DNA methylation. In the honeybee, DNA methylation is mostly targeted toward transcription

units (gene bodies) of a subset of genes. Here, we report an intriguing covariation of length and epigenetic status of

honeybee genes. Hypermethylated and hypomethylated genes in honeybee are dramatically different in their lengths for

both exons and introns. By analyzing orthologs in Drosophila melanogaster, Acyrthosiphon pisum, and Ciona intestinalis, we

show genes that were short and long in the past are now preferentially situated in hyper- and hypomethylated classes
respectively, in the honeybee. Moreover, we demonstrate that a subset of high-CpG genes are conspicuously longer than

expected under the evolutionary relationship alone and that they are enriched in specific functional categories. We suggest

that gene length evolution in the honeybee is partially driven by evolutionary forces related to regulation of gene expression,

which in turn is associated with DNA methylation. However, lineage-specific patterns of gene length evolution suggest that

there may exist additional forces underlying the observed interaction between DNA methylation and gene lengths in the

honeybee.
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Introduction

DNA methylation is phylogenetically widespread and likely
to have an ancient evolutionary origin (Colot and Rossignol

1999; Ponger and Li 2005). Although DNA methylation has

been studied extensively in mammalian model systems, its

function in other taxa, especially in invertebrate animals,

is poorly understood. In the last few years, it has become

apparent that the patterns of genomic DNAmethylation dif-

fer greatly between vertebrates and invertebrates (Suzuki

et al. 2007; Elango and Yi 2008; Elango et al. 2009; Wang

and Leung 2009; Feng et al. 2010; Zemach et al. 2010).

Accordingly, the functions of DNAmethylation are also likely

to vary significantly between taxa (Kucharski et al. 2008;

Elango et al. 2009; Foret et al. 2009; Yi and Goodisman

2009). Thus, investigating patterns of genomic DNA meth-

ylation in diverse taxa provides fundamental information on

evolution of epigenetic regulation.

The majority of vertebrate genomes are methylated, with

the only exceptions being short regions of high CpG dinu-

cleotide frequencies, the so-called ‘‘CpG islands’’ (Suzuki

and Bird 2008; Illingworth and Bird 2009). Genomic distri-

butions of DNA methylation in invertebrates appear to be

diametrically different from this vertebrate pattern (Suzuki

et al. 2007; Elango and Yi 2008; Suzuki and Bird 2008).

For instance, studies of the sea squirt Ciona intestinalis,

pea aphid Acyrthosiphon pisum as well as honeybee Apis

mellifera demonstrate that DNA methylations in these spe-

cies are targeted to ‘‘gene bodies’’ or transcriptional units

rather than nongenic regions (Wang et al. 2006; Suzuki

et al. 2007; Elango et al. 2009; Feng et al. 2010; Walsh

et al. 2010; Zemach et al. 2010). Furthermore, only subsets

of genes are methylated in these species (Suzuki et al. 2007;

Elango et al. 2009; Foret et al. 2009;Wang and Leung 2009;

Walsh et al. 2010).
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Such a pattern of ‘‘partial’’ DNA methylation can be rep-
resented by genomic patterns of CpG depletion, which is

a good proxy for the level of DNAmethylation. Briefly, DNA

methylation in animal genomes predominantly targets

CpG dinucleotides. Because methylated CpG dinucleoti-

des are readily converted to TpG dinucleotides via sponta-

neous deamination, methylated regions gradually lose

CpG dinucleotides (Duncan and Miller 1980). In other

words, regions with low CpG dinucleotides indicate high
levels of DNA methylation and vice versa (Bird 1980). CpG

O/E corresponds well to the actual level of DNA methyla-

tion observed in experimental studies in mammals (e.g.,

Weber et al. 2007) as well as in the honeybee (Foret

et al. 2009) and the silkworm (Xiang et al. 2010). Accord-

ing to the CpG depletion profile, it is clear that honeybee

genes can be divided into two distinctive groups, namely

low-CpG O/E and high-CpG O/E classes (henceforth re-
ferred to as low-CpG and high-CpG, respectively), repre-

senting hyper and hypomethylated genes in germlines

(fig. 1, also shown in the aforementioned references).

Here, we report that these two epigenetic classes of hon-

eybee genes exhibit another dramatic difference in their

characteristics.

Materials and Methods

Genome Sequences and Annotations

The genome sequences and annotations of Drosophila
melanogaster were downloaded from the University of

California, Santa Cruz genome browser, RefSeq Genes
Track (April 2006 assembly, dm3). Genome sequences of

C. intestinalis were downloaded them from Ensembl 55

(JGI2). We extracted annotations of C. intestinalis by appli-
cation program interfaces code from Ensembl. Annotations

from the A. mellifera genome assembly 4.0 were down-

loaded from the beebase (http://www.beebase.org/). For

Ac. pisum, the annotations are downloaded from the aphid-

base (http://www.aphidbase.com/aphidbase). Only the
Refseq gene model was used for analyses.

We used honeybee recombination rate estimates

obtained by Beye et al. (2006). Local recombination rates

were estimated by comparing genetic distances between

markers with physical distance in 125-kb nonoverlapping

windows.

Ortholog Identification

To identify orthologous genes among D. melanogaster,
C. intestinalis, and A. mellifera, we utilized the Roundup

database of orthologs (DeLuca et al. 2006), which identifies

orthologous proteins using the Reciprocal Smallest
Distance algorithm. We first downloaded the protein clus-

ters containing the three pairwise orthologous proteins

separately with the default parameter setting. If the same

A. mellifera protein ID appeared in all three clusters, we

took the combined protein clusters as the 1 to 1 to 1 ortho-

logs among D. melanogaster, C. intestinalis, and A. melli-
fera. To identify four-way orthologs between Ac. pisum,

D. melanogaster, C. intestinalis, and A. mellifera, we

FIG. 1—(A) The distribution of CpG O/E in Apis mellifera genes. A mixture of two distributions (represented by two blue curves) fit the observed

distribution of CpG O/E (the red curve represents the sum of the two distributions). Accordingly, honeybee genes are classified into low- and high-CpG

O/E genes (see text). (B) Length differences of low- and high-CpG O/E genes are represented in the boxplot. Note that gene length diagrams are shown

only up to 80 kbps for display purposes. Analyzing exons and introns separately leads to similar patterns of bimodal distributions (supplementary

material, Supplementary Material online).

Length and Epigenetic Regulation of Honeybee Genes GBE

Genome Biol. Evol. 2:770–780. doi:10.1093/gbe/evq060 Advance Access publication October 5, 2010 771

http://www.beebase.org/
http://www.aphidbase.com/aphidbase
http://gbe.oxfordjournals.org/cgi/content/full/evq060/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq060/DC1
http://gbe.oxfordjournals.org/cgi/content/full/evq060/DC1


performed BlastP comparisons of complete protein
sequence sets between Ac. pisum and other species with

a cutoff value of 1 � 10�5, to identify reciprocal best hits.
Once the four-way orthologs were identified, all protein GI

identifiers were converted to RNA nucleotide accessions

using the gene2refseq database from the National

Center for Biotechnology Information ftp site (http://

www.ncbi.nlm.nih.gov/ftp/). We identified a total of

2,026 four-way orthologs.

Measurement and Classification of CpG O/E
Distribution

CpG O/E or ‘‘normalized CpG content’’ measures depletion

of CpG dinucleotides for certain regions of interest. It is de-

fined as

CpG½O=E�5 PCpG
PC � PG

5
numberðCpGÞ

numberðCÞ � numberðGÞ

� length2

length
;

where PCpG, Pc, and PG are the frequencies of CpG dinucleo-

tides, C nucleotides, and G nucleotides, respectively.

Alternatively, CpG O/E can be also calculated as

CpG½O=E�5 PCpG
PC � PG

5
numberðCpGÞ=length
ðG þ C contentÞ2

;

where Gþ C content is calculated as total number of G and

C divided by the total number of nucleotides. The values cal-

culated by these methods are nearly identical, as expected

under the Chargaff’s rule (Chargaff 1951; Rudner et al.
1968).

In the honeybee, the distributions of CpG O/E from

exons, introns, and exonsþ introns (referred to as gene bod-

ies) are not unimodal but mixtures of distributions (fig. 1,

supplementary fig. 1, Supplementary Material online). We

estimated the number of components in those mixture dis-

tributions using a model-based clustering. The ‘‘mclust’’

package in R package (www.r-project.org) was used to
estimate the number of components under the Gaussian

mixture model.

Gene Ontology Enrichment Analysis

Due to the limitation of the gene ontology (GO) annota-

tion in A. mellifera, we only used the orthologs in

D. melanogaster for GO biological process term analysis.

Enrichment of specific GO terms was compared with
the background (all D. melanogaster orthologs used) using
the DAVID tools (Dennis et al. 2003). A Benjamini multiple-

testing correction of the EASE score (a modified Fisher ex-

act test) was used to determine the significance of gene

enrichment.

Results

Dramatic Length Difference between Low- and
High-CpG Genes of A. mellifera

The distributions of CpG O/E from honeybee exons, introns,

and exons þ introns (referred to as gene bodies) are best
explained by ‘‘bimodal’’ distributions (fig. 1, supplementary

fig. 1, Supplementary Material online), as previously de-

scribed (Elango et al. 2009). Based upon this observation,

we have previously proposed that honeybee genes can

be divided into two distinctive epigenetic classes. Namely,

we proposed low- and high-CpG genes in honeybee repre-

sent hyper and hypomethylated genes in the germlines.

Newly available experimental data on genomic methylation
patterns provide supports to this hypothesis (Zemach et al.

2010).

Here, we report that in addition to the distinctive CpG

depletion profile, low- and high-CpG genes in the honeybee

differ greatly in their lengths (fig. 1, table 1). On average,

high-CpG genes are over five times longer than low-CpG

genes (P , 2 � 10�16, table 1). The difference is most

pronounced in introns: introns of high-CpG genes are ap-

proximately an order of magnitude longer than those from

low-CpG genes (table 1). The average numbers of introns

in low- and high-CpG groups are similar (6.2 and 6.4 for

low- and high-CpG genes, respectively: supplementary table

1, Supplementary Material online), suggesting that the ob-

served pattern cannot be explained by preferential insertions

of new exons and/or introns into high-CpG genes. Rather,

high-CpG genes exhibit greater variance than low-CpG

genes in terms of lengths (fig. 1 and table 1). In other words,

some particularly long genes exist in the high-CpG class.
This pattern is persistent regardless of whether exons, in-

trons, or gene bodies are used for classifying low- and high-

CpG genes (supplementary table 1, Supplementary Material

online). Note that the difference in gene lengths between

the two groups does not influence the bimodal distribution

of CpG depletion: when we assess the distribution of CpG

O/E while controlling for gene lengths, the bimodality

persists (supplementary fig. S2, Supplementary Material

online).

We investigated if a similar length difference is also pres-

ent in two invertebrate outgroups where similar bimodal

distributions of CpG O/E have been reported, namely the

pea aphid Ac. pisum (Walsh et al. 2010) and the sea squirt

C. intestinalis (Suzuki et al. 2007). The same trend among

these species would suggest that gene length difference

is a common theme of invertebrate gene methylation. Note

that low- and high-CpG classes in the honeybee, the pea

aphid, and the sea squirt are independently assessed based

upon species-specific distributions of CpG depletion.

In Ac. pisum, gene bodies of high-CpG genes are longer

than those of low-CpG genes (table 1). However, when
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divided into exons and introns, a conflicting pattern
emerges: exons of low- and high-CpG genes in Ac. pisum
exhibit the opposite pattern to that in A. mellifera: low-CpG

exons are significantly longer than high-CpG exons. Most

length difference in the gene bodies thus comes from

the difference in the intron lengths. However, the length

difference in the pea aphid is much less pronounced than

in the honeybee. Although the introns of high-CpG genes

in honeybee are on average over an order of magnitude
longer than those of low-CpG genes, in Ac. pisum, the

difference is less than 4-fold (table 1).

Intriguingly, in the sea squirt, lengths of gene bodies

show little difference between the two groups (table 1).

Again, the exons in C. intestinalis exhibit the opposite pat-

tern to that in A. mellifera (low-CpG exons are 24% longer).

High-CpG introns, in contrast, are on average 6% longer

than low-CpG introns (table 1). Thus, lengths of exons
and introns exhibit a complex, potentially lineage-specific

variation in terms of their relation to the epigenetic status.

Length difference Is Not Caused by G 1 C Content,
Recombination Rates, or Preferential Accumula-
tion of Repetitive Sequences

What accounts for this dramatic difference in gene length
in the honeybee genes in general and intron length, in

particular?

The honeybee genome paper reported a positive correla-

tion between G þ C content and the length of genes

(HoneyBee Genome Sequencing Consortium 2006). Inter-

estingly, G þ C contents and CpG O/E tend to be correlated

in a variety of taxa (Duret and Galtier 2000; Fryxell and

Zuckerkandl 2000; Elango et al. 2008), even though CpG
O/E is ‘‘normalized’’ for G þ C content (see Fryxell and

Zuckerkandl [2000] and Elango et al. [2008] for discussions

on the potential causes for this phenomenon). Thus, we in-

vestigated whether the observed covariation of CpG O/E

and gene length in the honeybee genome is caused indi-

rectly due to the underlying relationship between G þ C

content and CpG O/E.

We first examined whether the correlation between CpG
O/E and gene length is confounded by the effect of G þ C

content.We used the partial correlation method (Kim and Yi

2007). The correlation between CpG O/E and gene length is

highly significant (Spearman’s r5 0.47, P, 2� 10�16). The

partial correlation between CpG O/E and gene length, after

controlling for G þ C content, is only slightly decreased

(Spearman’s r for CpG O/E ; gene lengthjG þ C

content 5 0.45, P , 2 � 10�16). Thus, G þ C content ap-
pears to have little influence on the relationship between

CpG O/E and gene length. Second, we divided genes into

four equal-sized bins according to their G þ C content

and examined whether we observe significant length differ-

ence between low- and high-CpG groups in each bin. If theTa
b
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observed length difference between G þ C content and
CpG O/E is due to the confounding effect of Gþ C content,

then there should be little difference between the two CpG

O/E groups within each bin. In contrast, we observe highly

significant differences between low- and high-CpG genes in

all bins examined (supplementary fig. 3, Supplementary Ma-

terial online). Finally, it should be noted that unlike CpG O/E,

gene G þ C content does not exhibit bimodal distribution

(supplementary fig. 4, Supplementary Material online, also
see Elango et al. [2009]). Therefore, the observed length dif-

ference between low- and high-CpG groups of genes is not

caused by the correlation between Gþ C content and gene

length.

Another possibility is that recombination plays a role in

modulating gene length. Regions of low recombination

are known to harbor longer introns in some taxa because

natural selection may act against long introns in highly re-
combining regions (Carvalho and Clark 1999). Alternatively,

long introns may be favored by natural selection in regions

of low recombination: low recombining regions suffer from

decreased efficiency of natural selection due to the interfer-

ence between linked loci (Yi and Charlesworth 2000;

Betancourt et al. 2009). It is proposed that long introns

may help dilute effects of interference by increasing chances

of recombination (Comeron and Kreitman 2000). Thus, it is
possible that high-CpG genes of honeybee reside in low-

recombination environment and accumulate longer introns

than low-CpG genes.

Totest thishypothesis,weanalyzedempiricallydetermined

recombinationdata fromthehoneybee (Beyeetal.2006).We

found a weak and significant negative correlation between

recombination rates and intron lengths (Spearman’s r 5

�0.09, P 5 5 � 10�5, see supplementary material, Supple-
mentary Material online for other relations between recom-

bination rates and genomic traits). However, the mean

recombination rates of low-CpG and high-CpG genes are

not significantly different from each other (26.0 cM/Mb

and 26.5 cM/Mb, respectively; Mann–Whitney test, P 5

0.7449). Furthermore, recombination rates are not signifi-

cantly correlated with CpG O/E (P . 0.05). Thus, difference

in recombination rates cannot account for the observed
length difference between high- and low-CpG genes.

We also investigated whether preferential accumulation

of repetitive sequences in high-CpG genes may account for

the dramatic length difference between the two classes. Be-

cause there is extremely limited number of annotated trans-

posable elements in the honeybee genome (only 11mapped

onto the assembly, according to the HoneyBee Genome Se-

quencing Consortium [2006]), we focused on simple re-
peats and interspersed repeats. We found that less than

1% of genes harbor these repetitive sequences. Moreover,

the proportions of coding sequence lengths accounted by

repetitive sequences are negligible in both classes: less than

1% of sequences in each class are occupied by repetitive

sequences (0.61% and 0.48% of sequences in low- and
high-CpG classes, respectively). However, we note that this

aspect of honeybee genome needs to be revisited with im-

proved annotation, as it is possible that there are honeybee

transposable elements currently unbeknownst to us. Never-

theless, our analyses indicate that we can rule out simple

and interspersed repeats as the main cause of length differ-

ence between low- and high-CpG genes in A. mellifera.

Comparative Analyses of Gene Lengths Indicate
That Historically Long Genes Are Now Preferen-
tially Found in High-CpG Genes

Length difference between low- and high-CpG genes in the

honeybee appears to have a deep evolutionary origin. Gene

lengths of A. mellifera are highly correlated with those from

other invertebrate outgroups. The strength of correlation
follows nicely with the proposed phylogenetic relationship

among the four species: the correlation between gene

lengths of the two closest species, the honeybee and the

fruitfly, is the strongest (Spearman’s r 5 0.69, P , 2 �
10�16), followed by that between the honeybee and the

pea aphid (Spearman’s r 5 0.58, P , 2 � 10�16) and be-

tween the honeybee and the sea squirt (Spearman’s r 5

0.49, P, 2� 10�16). These observations indicate that gene
lengths in A. mellifera are determined largely by ancestral

gene lengths.

Indeed, in all three outgroup species, orthologs of genes

belonging to high-CpG class in A. mellifera are longer than

those belonging to low-CpG class in A. mellifera (table 2).

The pattern is consistent in exons, introns, and gene bodies,

although the effect is weaker in exons than in introns. We

asked how likely it is that we observe such pronounced
length difference in randomly separated groups of genes,

by simulation. We randomly grouped honeybee genes into

two groups, of the same sample sizes as those observed

(1,503 and 526 for low-CpG and high-CpG genes, respec-

tively), and then assessed length difference between the

two groups of genes. We repeated this procedure by

100,000 times. Similar experiments were performed for

D. melanogaster, Ac. pisum, and C. intestinalis genes. We
found that the actual length differences between these

two classes are far greater than those from random simula-

tion in all three species. In fact, we never observe length dif-

ference identical or greater than the observed difference,

leading to empirically determined P values of ,10�5 in

all cases (supplementary fig. 5, Supplementary Material

online).

The fact that we can observe length difference in
C. intestinalis orthologs indicates that some of the observed

gene length difference traces back to the split of chordates

and arthropods. Thus, genes that were historically short

and long are clustered to low- and high-CpG classes in

the honeybee.
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Honeybee Epigenetic Status Explains Additional
Variation in Gene Lengths

We now focus on the gene length difference between the

two epigenetic classes in A. mellifera that cannot be ex-
plained by the shared evolutionary histories between flies

and bees. In figure 2A, we depict a linear regression model

where gene lengths of A. mellifera are dependent variables

and thoseofD.melanogaster are independent variables (log-
transformed to improve normality). As expected from the

highly significant correlation between these two variables,

this regression model can explain substantial amount of

the observed length variation (the R2 of this model is 0.41).
The residuals from this regression model (fig. 2B) repre-

sent the amount of variation in A. mellifera gene lengths

that cannot be explained by the evolutionary relationship

alone. Note that the residuals are not uniformly distributed.

Rather, residuals in low- and high-CpG genes tend to be

negative and positive, respectively: the mean residuals are

�0.107 and 0.188 from low- and high-CpG genes, which

are highly significantly different from each other (P , 2 �
10�16, Mann–Whitney test). In other words, on average,

low-CpG genes tend to be shorter and high-CpG genes tend

to be longer than expected, based solely upon phylogenetic

relationships. This trend is stronger for high-CpG genes,

where a subset of genes appear clearly longer than expected

under evolutionary relationships alone (upper left corner in

fig. 2A).
We then asked whether we could explain some variation

remaining in the residual by the current epigenetic profile of

A. mellifera genes (in other words, if there exists additional

gene length variation in the honeybee lineage, related to

their DNA methylation status). We investigated this by as-

sessing the relationship between the residuals in

figure 2B and the CpG O/E measures, which is the proxy

of methylation status in A. mellifera. We performed this

analysis separately for low- and high-CpG genes. CpG O/
E is highly significantly positively correlated with the resid-

uals for both low- and high-CpG genes (Spearman’s r 5
0.19 and 0.42, for low- and high-CpG classes. P , 2.2 �
10�16 in both cases). Therefore, CpG O/E explains substan-

tial amount of gene lengths evolution in the honeybee lin-

eage, and this effect is stronger for high-CpG genes. In

particular, a subset of high-CpG genes is markedly longer

than predicted by the phylogenetic relationship alone (dark
green circles, fig. 2B).

Discussion

Causes of Length Difference between Hyper and
Hypomethylated Honeybee Genes: Expression
Provides a Partial Answer

We have established that hyper and hypomethylated

genes in A. mellifera also differ greatly in their lengths.Ta
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We have excluded G þ C content, recombination, and re-

petitive sequences as main causes of length differences, al-

though the importance of the latter two factors needs to be

revisited with improved annotations of the honeybee ge-

nome. What can we say about the causes of length differ-

ence between the two epigenetic groups with the data in
hand?

We hypothesize that length difference between hypo

and hypermethylated genes in the honeybee is at least par-

tially mediated by selection related to regulation of gene

expression. In mammals, genes that are constitutively ex-

pressed in many tissues or ‘‘housekeeping genes’’ are short-

er than tissue-specific genes (Eisenberg and Levanon 2003).

Natural selection may prefer compact housekeeping genes
because it is beneficial for efficient transcription and trans-

lation (Eisenberg and Levanon 2003; Urrutia and Hurst

2003).

In the honeybee, low-CpG genes are broadly expressed,

whereas high-CpG genes tend to exhibit tissue-specific ex-

pression (Foret et al. 2009). Computational studies also re-

veal that low-CpG genes in honeybee are enriched in

housekeeping functions (Elango et al. 2009; Wang and
Leung 2009). Therefore, natural selection toward compact-

ness of broadly expressed housekeeping genes may underlie

the observed length difference. Furthermore, the fact that

high-CpG genes tend to be narrowly expressed (Foret et al.

2009) raises the possibility that high-CpG genes may have

the propensity to accumulate weakly deleterious insertion

mutations because they are under reduced selective con-

straints (Duret and Mouchiroud 2000).

We investigated the relationship between expression

breadth and gene lengths using data from six different tis-

sues (Foret et al. 2009). In accord to the idea that gene ex-

pression plays a significant role in determining gene lengths,

we observe that honeybee gene length decreases as

the number of tissues where it is expressed increases
(fig. 3A); the most broadly expressed genes are the shortest.

Thus, the observed gene length difference in the honeybee

follows well the general trend between gene lengths and

gene expression.

However, some questions still remain before we can con-

clude that gene expression is the sole determinant underling

the relationship between CpG O/E and gene lengths in hon-

eybee genes. First, if the length difference between the two
epigenetic groups of honeybee genes represents a general

trend between gene expression and length, why do the pat-

terns exhibit lineage-specific variation? For example, in Ac.
pisum, exons of low-CpG genes were significantly longer

than those of high-CpG genes. In C. intestinalis, gene bodies
of low- and high-CpG genes are of similar lengths (table 1).

Second, we assessed the influence of gene expression

breadths on the correlation between CpG O/E and gene
lengths, using partial correlation (Kim and Yi 2006,

2007). As discussed, CpG O/E and gene lengths are strongly

positively correlated (Spearman’s r 5 0.52, P , 2 � 10�16).

Partial correlation between these two variables after remov-

ing the effect of gene expression breadths is still highly sig-

nificant (Spearman’s r5 0.44, P, 2� 10�16), although the

amount of variation explained by this relationship is substan-

tially reduced (i.e., r2 decreased by 27%).

FIG. 2—(A) Gene lengths between Apis mellifera and Drosophila melanogaster are highly correlated. Ortholog length in D. melanogaster can

explain 41% of observed variation in A. mellifera gene lengths in a linear regression model (see text). Note that the lengths are log-transformed to

improve normality. (B) Residuals remaining from the regression model in figure 2A. Residuals from low-CpG genes (red triangles) tend to be negative,

whereas those from the high-CpG genes (green circles) tend to be positive, demonstrating that low-CpG genes are shorter and high-CpG genes are

longer than expected from the linear regression model alone. Note that there exists a subset of high-CpG genes with particularly large residuals

(denoted as darker green circles). These genes include those related to specific developmental functions (see text).
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Note, however, that the data on gene expression in hon-

eybee are still quite limited: the data on gene expression

breadths we used are from only six different tissues, and
a comprehensive data set on gene expression levels of hon-

eybee genes, normalized for different castes, is currently

lacking. Furthermore, recent studies reveal that the relation-

ship between gene length and expression is rather complex

rather than a linear pattern (i.e., highly expressed genes are

not necessarily shorter than lowly expressed genes:

Vinogradov 2006a; Carmel and Koonin 2009).

Regulatory Complexity and Specific Functional
Enrichment of Long Honeybee Genes

It has been proposed that gene lengths indicate regulatory
complexity (Vinogradov 2004, 2006a, 2006b): according to

this theory, longer introns represent greater amount of reg-

ulatory sequences within them, required for more complex

regulation and chromatin-mediated suppression of these

genes. Likewise, longer exons may be related to more com-

plex protein functional architectures (Vinogradov 2004).

High-CpG genes in A. mellifera include those that are dif-

ferentially expressed between different castes (Elango
et al. 2009), as well as expressed in specific sets of tissues

(Foret et al. 2009). Accumulation of regulatory sequences to

facilitate tissue-specific expressions of some high-CpG

genes could then cause the observed length difference.

Furthermore, length increases of high-CpG genes appear

to be related to specific functions. High-CpG genes are en-

riched with GO terms belonging to development and regu-

lation in A. mellifera (Elango et al. 2009). For example, the
top five GO categories overrepresented in high-CpG genes

of A. mellifera included organ development, cell communi-

cation, and system development (Elango et al. 2009). In di-

verse taxa, genes belonging to developmental processes
tend to be longer than the rest of genes in the genome

(Yi S, unpublished data). Therefore, enrichment of long de-

velopmental genes in high-CpG class of A. mellifera may

partially account for the observed length difference

between the two classes.

To further investigate this hypothesis, we determined

whether high-CpG genes that show particular length in-

crease in the honeybee compared with flies (fig. 2B) are en-
riched in specific functional categories. Table 3 shows

enrichment of specific GO terms for genes within top

FIG. 3—(A) Gene lengths decrease as expression breadths increase in honeybee genes. (B) Experimentally determined levels of CG methylation

increase with expression breadths in honeybee genes. Data on expression breadths are obtained from Foret et al. (2009), who combined microarray

profiling of six tissues: antennae, brain, larvae, ovary, thorax, and hypopharyngeal gland. Data on experimental verified CpG methylation are from

Zemach et al. (2010). Gene lengths are shown in kilobases.

Table 3

Genes with the Greatest Deviations in Length from Associations

Predicted by Phylogenetic Analysis (Top 100 Residuals Genes in fig. 2B)

Are Enriched in Specific GO Terms

GO Biological Process Term Accession

Fold

Enrichment Significancea

Postembryonic development GO:0009791 4.23 1.00 � 10�04

Imaginal disc development GO:0007444 4.15 3.27 � 10�04

Appendage morphogenesis GO:0035107 5.44 4.92 � 10�04

Imaginal disc-derived

appendage morphogenesis

GO:0035114 5.44 4.92 � 10�04

Appendage development GO:0048736 5.37 5.73 � 10�04

Imaginal disc-derived

appendage development

GO:0048737 5.37 5.73 � 10�04

Postembryonic organ

development

GO:0048569 4.84 7.04 � 10�04

a
Significance is denoted by a Benjamini correction for multiple testing.

Length and Epigenetic Regulation of Honeybee Genes GBE

Genome Biol. Evol. 2:770–780. doi:10.1093/gbe/evq060 Advance Access publication October 5, 2010 777



100 of residuals from the regression in figure 2. These genes
exhibit a striking overrepresentation of GO terms for devel-

opment, particularly functions related to imaginal disc and

appendage, and postembryonic development.

Insights into the Conserved and Derived Roles of
DNA methylation in Animal Genomes

One of the prevailing ideas posits that DNA methylation

evolved mainly to suppress deleterious transpositions of re-

petitive elements (Yoder et al. 1997). This is not likely to be
universal (Simmen et al. 1999) and certainly not supported

by our observation. If genes harboring transposable ele-

ments are primary targets of DNA methylation, we should

observe longer hypermethylated genes than hypomethy-

lated genes, exactly the opposite pattern to what we have

demonstrated in this paper.

Our results, together with recent comparative analyses of

DNA methylation, emphasize the importance of evolution-
ary perspective on understanding functional aspects of DNA

methylation. In mammals, genes harboring hypermethy-

lated promoters are silenced in most tissues, whereas those

with hypomethylated promoters exhibit broad expression

(Antequera 2003; Saxonov et al. 2006; Weber et al.

2007; Elango and Yi 2008). It is well accepted that promoter

methylation silences gene expression. In contrast, in the

honeybee and the silkworm, where DNA methylation is
mainly targeted to gene bodies rather than promoters,

the levels of DNA methylation are positively correlated

with the breadths and levels of gene expression (fig. 3B,
also Foret et al. 2009; Xiang et al. 2010). Likewise, in

C. intestinalis, hypermethylated genes represent broadly

expressed housekeeping genes (Suzuki et al. 2007).

Although these observations at first appear at odds with

the well-established principle from the mammalian studies,
newly available data on DNA methylation from diverse ani-

mals indicate that promoter methylation and subsequent

silencing of gene expression actually represent a derived

pattern and function of genomic DNA methylation. Com-

parative analyses show that promoter methylation is a verte-

brate-specific feature (Elango and Yi 2008). In several

invertebrate and vertebrate taxa, high levels of gene body

methylation consistently manifests in moderate levels of
gene expression (Feng et al. 2010; Zemach et al. 2010).

Taken together, it appears that gene body methylation,

which does not suppress but rather promote gene expres-

sion, likely to represent a conserved, ancestral function of

DNA methylation.

DNA Methylation and Recombination on Nucleo-
tide Content Heterogeneity of the Honeybee
Genome

The honeybee genome exhibits unique characteristics that

are distinct from other insect genomes. First is the presence

of relatively homogeneous nucleotide ‘‘domains,’’ reminis-
cent of the classical ‘‘isochores’’ in genomes of mammals

and birds (HoneyBee Genome Sequencing Consortium

2006). Similar to the observations in isochores, gene G þ
C contents are strongly correlated with domain G þ C con-

tents (HoneyBee Genome Sequencing Consortium 2006;

Jørgensen et al. 2006). For example, in our data, gene

G þ C contents are strongly correlated with the G þ C con-

tents of surrounding genomic regions (when defined as 20
kb adjacent each gene, the Spearman’s correlation coeffi-

cient r is 0.57, P , 2 � 10�16). Jørgensen et al. (2006) per-

formed an extensive analysis of codon and amino acid usage

as well as nucleotide substitutions of honeybee genes from

heterogeneous GþC domains and concluded that the pres-

ence of low G þ C content domains in the honeybee ge-

nome could be explained by a distinctive AT-biased

mutational process.
The nature of suchmutational bias remained unknown to

Jørgensen et al. (2006). With the knowledge on functional

DNA methylation in the honeybee and its mutational prop-

erty toward AT nucleotides, it is tempting to hypothesize

that DNA methylation may lie at the origin of the heteroge-

neous G þ C domains in the honeybee genome. It is worth-

while to note that a parallel argument exists regarding the

origin of mammalian isochores: Fryxell and Zuckerkandl
(2000) hypothesized that the mutagenetic property of

DNA methylation and its relationship to DNA melting can

explain the evolution of isochores in warm-blooded verte-

brates. However, the fact that DNA methylation is only tar-

geted toward gene bodies in the honeybee genome

suggests that there may exist additional mechanisms that

can explain the extension of nucleotide heterogeneity out-

side of genic regions.
The honeybee genome is also outstanding in its excess

of CpG dinucleotides (HoneyBee Genome Sequencing

Consortium 2006). This is reflected in the high CpG O/E

value throughout the honeybee genome, as well as in

the majority of the honeybee genes (Elango et al. 2009).

We have previously proposed that biased gene conversion

may partially explain this phenomenon (Elango et al.

2009). Because G þ C contents and CpG O/E are signifi-
cantly positively correlated in many taxa (Fryxell and

Zuckerkandl 2000; Elango et al. 2008), we posited that

high-CpG genes of honeybee might undergo increased bi-

ased gene conversion events and hence increase CpG O/E

indirectly (Elango et al. 2009).

According to the hypothesis that biased gene conversion

increases the CpG contents of high-CpG genes specifically,

recombination rates of high-CpG genes should be higher
than those of low-CpG genes. However, the average recom-

bination rates of low-CpG and high-CpG genes are, not dif-

ferent from each other (26.0 cM/Mb and 26.5 cM/Mb,

respectively, Mann–Whitney test, P 5 0.7449), and there

was no correlation between recombination rates and

Zeng and Yi GBE
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CpG O/E (P . 0.05). Thus, there is no support for a major
role of biased gene conversion responsible for the excess of

CpG dinucleotides of high-CpG genes. The causes of the

excess CpG dinucleotides in the honeybee genome remains

to be resolved.

Conclusions

The honeybee A. mellifera is an emerging model system to

study molecular and evolutionary aspects of invertebrate
DNA methylation. Here, we report an intriguing covariation

between several genomic traits and the evolutionary signa-

ture of DNA methylation of the honeybee genes. We dem-

onstrate that long genes are found preferentially in

hypomethylated class, whereas hypermethylated genes

are short. Comparative analyses indicate that the length dis-

tinction between the two classes of genes has a deep evo-

lutionary origin, tracing back well beyond to the split of
Diptera and Hymenoptera. We demonstrate that several

factors, including selection for transcription efficiency, func-

tional loads, regulatory complexity as potential mechanisms

underlying the covariation between genomic traits and DNA

methylation. Thus, DNA methylation may play critical regu-

latory roles and influence genome evolution in distinctive

ways. With the anticipated additional data on genomic

and transcriptomic profiles from several Hymenopteran out-
groups (e.g., Smith et al. 2008), we can elucidate the dy-

namics of genome evolution in relation to epigenetic

regulation of gene expression more deeply in a near future.

In particular, it is of great interest to determine whether the

observed covariation of gene length and epigenetic status

are the ancestral pattern in arthropods.

Supplementary Material

Supplementary material, figures 1–5, and table 1 are avail-

able at Genome Biology and Evolution online (http://

www.gbe.oxfordjournals.org/).
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