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Abstract

Gene duplication serves a critical role in evolutionary adaptation by providing genetic raw material to the genome. The
evolution of duplicated genes may be influenced by epigenetic processes such as DNA methylation, which affects gene
function in some taxa. However, the manner in which DNA methylation affects duplicated genes is not well understood.
We studied duplicated genes in the honeybee Apis mellifera, an insect with a highly sophisticated social structure, to
investigate whether DNA methylation was associated with gene duplication and genic evolution. We found that levels of
gene body methylation were significantly lower in duplicate genes than in single-copy genes, implicating a possible role of
DNA methylation in postduplication gene maintenance. Additionally, we discovered associations of gene body methyl-
ation with the location, length, and time since divergence of paralogous genes. We also found that divergence in DNA
methylation was associated with divergence in gene expression in paralogs, although the relationship was not completely
consistent with a direct link between DNA methylation and gene expression. Overall, our results provide further insight
into genic methylation and how its association with duplicate genes might facilitate evolutionary processes and

adaptation.
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Introduction

Gene duplication is a fundamentally important process that
introduces new genetic material into the genome (Conant
and Wolfe 2008). New genes generated through duplication
events can be expressed in novel ways (Holland et al. 1994; Li
et al. 2018). For example, after duplication, one paralog (du-
plicate gene copy) can be removed from the selective pres-
sure of its ancestral function and be expressed in a divergent
fashion from its sister paralog (Stephens 1951; Nei 1969; Ohno
1970; Otto and Whitton 2000).

Paralogous genes can evolve in several ways following du-
plication events. The majority of duplicate gene copies be-
come nonfunctionalized and are removed through negative
selection (Lynch and Conery 2000). However, in some circum-
stances, both paralogs persist. In such cases, one possible
outcome is the conservation of ancestral function in both
duplicated genes, allowing for amplification of that function
through gene dosage effects. Alternatively, a duplicated gene
can serve a novel function by gaining a new expression profile.
Finally, paralogs may experience subfunctionalization, which
requires expression of both copies to fulfill the original ances-
tral function and level of expression (Ohno 1970; Force et al.
1999). The distinct fates of duplicate genes provide the mech-
anisms for paralogs to display distinct expression profiles,
allowing for the possibility of adaptation and evolution of
organismal function.

One mechanism by which the expression of duplicate
genes could be regulated is through the effects of DNA

methylation (Berger et al. 2009). DNA methylation is an her-
itable epigenetic modification that is found across a wide
array of species including animals, plants, bacteria, and fungi
(Suzuki and Bird 2008; Feng et al. 2010; Niederhuth et al. 2016;
Bewick, Zhang, et al. 2019). Associations between DNA meth-
ylation and gene expression have been uncovered previously.
For example, methylation of certain targeted genomic regu-
latory elements, namely the promoter regions of genes, has
been causatively associated with a repression of gene expres-
sion levels in vertebrate systems (Jones 2012).

The function of methylation of gene bodies, which is the
predominant target of DNA methylation in insects, is less
clear (Zilberman 2017). Gene body methylation has been
proposed to affect gene expression through regulation of
transcription elongation and alternative splicing (Bird 2002;
Lorincz et al. 2004; Zilberman and Henikoff 2007; Luco et al.
2010; Maunakea et al. 2010; Shukla et al. 2011). DNA meth-
ylation in many insect species is found at much lower overall
levels than in vertebrate and plant species and is mainly lo-
calized to cytosine-guanine (CpG) dinucleotides in intragenic
regions, rather than being found across the genome (Wang
et al. 2006; Zemach et al. 2010). Additionally, the sparse DNA
methylation in holometabolous insects typically targets phy-
logenetically conserved “housekeeping” genes (Elango et al.
2009; Foret et al. 2009; Lyko et al. 2010; Sarda et al. 2012).
These methylated genes are associated with constitutive ex-
pression across tissues and phenotypes (Hunt et al. 2010;
Bonasio et al. 2012; Glastad et al. 2013). Thus, gene body
methylation is generally positively associated with levels of
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gene expression and negatively associated with gene expres-
sion bias. However, the causal connection, if any, between
gene expression and gene body methylation remains unclear
(Simmen et al. 1999; Suzuki and Bird 2008; Feng et al. 2010;
Zemach et al. 2010; Bewick, Sanchez, et al. 2019; Bewick,
Zhang, et al. 2019).

The potential effects of DNA methylation on the evolution
of duplicate gene function have been investigated previously
(Rodin and Riggs 2003; Qian et al. 2010; Ramirez-Gonzalez
et al. 2018). These prior studies focused on methylation of
promoter regions, which has been linked to a downregulation
in gene expression in vertebrate systems. Results from these
investigations suggest that it would be possible for epigenetic
modification to maintain paralog expression after a duplica-
tion event, allowing for subsequent functional modification
and differential expression. Additionally, previous work indi-
cates promoter DNA methylation as a causative factor in
tissue-specific expression of duplicate genes (Keller and Yi
2014). This suggests that DNA methylation could play a
role in the evolution of duplicate genes in eukaryotic species.

The study of gene duplication and epigenetics holds par-
ticular interest in social insects (Kucharski et al. 2016). Social
insects are remarkable because they display a caste system,
where members of the same species share a common geno-
type yet express strikingly different phenotypes (Wheeler
1986; Normark 2003; Simpson et al. 2011). Social insects rep-
resent interesting model systems, because gene duplication
may have important effects on the elaboration of castes. For
example, selection should favor each caste member to evolve
a phenotype most beneficial to its own fitness requirements.
However, if castes have different selective requirements for
expression at a single locus, genetic conflicts can emerge
(Bonduriansky and Chenoweth 2009; Connallon and Clark
2011; Pennell et al. 2018). This conflict can be mitigated
through gene duplication (Ellegren and Parsch 2007
Gallach and Betran 2011). The insertion of novel genetic ma-
terial into the genome through duplication allows for the
evolution of different expression profiles for a single gene,
providing the means to reach the fitness maximum for
each class.

The purpose of this study is to gain a greater understand-
ing of the consequences of gene duplication by identifying
how evolutionary and epigenetic processes affect duplicate
genes. We study this question in the honeybee Apis mellifera,
which displays a defined caste system where the expression of
genes in multiple copy could hold significance to social evo-
lution. We are specifically interested in understanding if DNA
methylation is associated with gene duplication. To examine
this issue, we investigate the association between levels of
genic methylation and gene duplication status in a variety
of genic contexts. Additionally, we investigate divergence in
paralogs—from each other and from orthologous gene cop-
ies—to provide a framework for understanding the evolution
of duplicated genes. Our research provides further insight into
questions regarding the nature of DNA methylation in inver-
tebrate systems and the role of gene duplication in a social
insect.
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Fic. 1. Percentage of methylated CpG dinucleotides in gene families of
size 1 (singletons), 2 (duplicates), and 3 or more. Box represents first
quartile, median, and third quartile values, whereas whiskers repre-
sent values within 1.5X the interquartile range. Stars represent mean
gene body methylation percentage for each group. All three means
differed significantly (P < 0.0001).

Results

DNA Methylation Is Associated with Caste-Biased
Gene Expression and Gene Copy Number

We compared the methylation levels of 5,235 single-copy
genes, 734 duplicated genes, and 271 genes in families of three
or larger in the honeybee, A. mellifera. We found that the
mean percentage of gene body methylation differed signifi-
cantly among gene family classes. Singletons were significantly
more highly methylated than duplicates, which were signifi-
cantly more highly methylated than genes in larger families
(F(2, 6,190) = 177.29, P < 0.0001, fig. 1 and supplementary
table S1, Supplementary Material online).

We also investigated associations between gene duplica-
tion and DNA methylation using 3 tests of independence.
We found that the methylation status and the duplication
status of paralogs were significantly associated (j*(1,
N=5936) = 396.37, P <0.001, supplementary tables S2
and S3, Supplementary Material online). Specifically, there
were substantially more duplicated genes showing low levels
of methylation, and fewer duplicate genes showing high levels
of methylation, than expected. This result further indicates
that patterns of DNA methylation depend on whether a gene
is a duplicate or a singleton.

We determined whether relative divergence (D,) in meth-
ylation between paralogs differed from D, in methylation
between randomly paired “pseudoparalogs.” We found that
randomly paired duplicated genes displayed a mean D, of
0.568 and a standard deviation of 0.015. Similarly, the mean
methylation D, of randomly paired singletons was 0.549 with
a standard deviation of 0.006. In contrast, the mean methyl-
ation D, between actual duplicated genes was 0.242, which fell
significantly below both other distributions of D,
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Table 1. y” Tests of Independence between DNA Methylation Level
and Caste-Biased Gene Expression for Singletons and Duplicate
Genes in Six Gene Expression Data Sets.

Data Set Singleton Duplicate
P P Value a P Value

Drone-Queen® 309.65 ok 2.611 NS
Drone-Worker® 413.97 ok 15.34 i
Queen-Worker® 399.25 ook 0.5792 NS
Drone—Queenb 304.35 R 0.0084 NS
Drone-Worker® 27.85 e 1.660 NS
Queen-Worker® 347.96 ok 0.078 NS

Note.—NS, not significant.
?Ashby et al. (2016).
bVleurinck et al. (2016).
***P < 0.001.

(supplementary fig. S1, Supplementary Material online,
P < 0.0001). This indicates that true paralogs are significantly
less diverged in methylation than would be expected for two
randomly selected duplicates or singletons.

Finally, we considered associations between gene duplica-
tion status, methylation level, and gene expression bias be-
tween castes in A. mellifera. We found a strong association
between caste-biased expression and gene body methylation
in A. mellifera singletons. Specifically, we found an excess of
genes with low methylation levels showing caste-biased expres-
sion, and an excess of highly methylated genes showing unbi-
ased expression between castes. However, in duplicated genes,
this trend was absent in five of the six analyses (table 1 and
supplementary table S4, Supplementary Material online) indi-
cating that the association of gene body methylation with gene
expression depends on whether the focal gene is a singleton or
a duplicate. Importantly, the observed differences in the signif-
icance of trends for duplicate and singleton genes were still
present even when controlling for sample size differences be-
tween singleton and duplicate genes. We further examined the
differences in expression bias between singleton and duplicate
genes by measuring associations in separately analyzed gene
sets consisting of low- and high-DNA methylation genes. We
found that high-methylation genes generally showed a stron-
ger association between copy number and caste-biased expres-
sion. In contrast, the association was much weaker and usually
nonsignificant in genes classified as low methylation (supple-
mentary table S5 Supplementary Material online). These
results, once again, demonstrate differences in the associations
between gene expression bias and gene duplication status for
genes showing differences in DNA methylation levels.

Divergence in Gene Expression and DNA Methylation
of Paralogs Demonstrates Evolution of Gene Function
We next investigated the patterns of DNA methylation and
gene expression for pairs of paralogous genes in A. mellifera
and their corresponding outgroup orthologs in a related bee
species, Ceratina calcarata. We specifically identified 92 genes
that were in single copy in C. calcarata but which were du-
plicated in A. mellifera. We then compared patterns of meth-
ylation and gene expression between the orthologous
C. calcarata copy (CcalA) and the paralogous A. mellifera
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duplicates (AmelA1 and AmelA2) in order to gain a greater
understanding of how gene methylation and expression
evolved over time.

We found that methylation levels were significantly corre-
lated for all three gene copies (CcalA-AmelA1, Spearman
p=06390, P<00001; CcalA-AmelA2, p=05291,
P < 0.0001; AmelA2-AmelA1, p=04995, P < 0.0001). We
also found that expression levels were significantly correlated
for the C calcarata ortholog and each of the A. mellifera
paralogs and marginally correlated for the two A. mellifera
paralogs themselves (CcalA—-AmelA1, p =0.2624, P =0.0115;
CcalA-AmelA2, p=0.4061, P < 0.0001; AmelA2-AmelAT,
p =0.1750, P=0.0953). These results indicated that both
levels of expression and levels of methylation were relatively
conserved across species.

Additionally, we found that levels of methylation and levels
of gene expression were correlated for each of the individual
A. mellifera gene copies (AmelA1, p=03142, P=0.0023;
AmelA2, p = 0.3687, P = 0.0003) but not for the CcalA ortho-
log (p =0.0564, P=0.595). Notably, however, a significant
correlation between methylation and expression in CcalA
did emerge when the sample size was increased to include
all genes, reinforcing associations found in previous studies
(N=11,535, p=0.1059, P < 0.0001, Rehan et al. 2016).
Consequently, overall, we found evidence for a correlation
between gene expression and DNA methylation among
gene copies.

We next investigated D, for methylation and expression in
paralog and ortholog comparisons. We found that there was
no significant correlation between D, in methylation and ex-
pression between either the paralog or the ortholog
(AmelA1-CcalA, p=0.0201, P=0.8498; AmelA2-CcalA,
p =0.0490, P=0.6448). This indicates that divergence in
methylation between the ortholog and paralog was not pre-
dictive of divergence in expression between the ortholog and
the paralog.

We next considered if D, in methylation for the A. mellifera
paralogs was correlated with D, in expression of the
A. mellifera paralogs. We found that these measures were
significantly correlated (p = 0.3638, P=0.0004) indicating
that methylation differences in A. mellifera paralogs were
positively related to expression differences. We then com-
pared divergence in methylation and expression between
species by examining the relationship between D, in methyl-
ation and D, in expression of the C. calcarata ortholog and the
mean of the A. mellifera paralogs (CcalA -
[AmelAT1 4+ AmelA2]/2)/(CcalA + [AmelAT+ AmelA2]/2).
We found that D, of methylation between the ortholog
and the mean of the two paralogs was marginally negatively
correlated with D, of expression between the ortholog and
the mean of the two paralogs (p = —0.2245, P=0.0324).
Interestingly, however, we found that there was no correla-
tion between the species level D, estimates and the D, of the
paralogs themselves for either methylation (o =0.1846,
P=0.0781) or gene expression (p = —0.1486, P =0.1575),
indicating that the intraparalog divergence in gene expression
or DNA methylation was not associated with the
A. mellifera—-C. calcarata divergence.
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Fic. 2. Distribution of relative divergence (D,) values for (A) gene methylation and (B) gene expression between Apis mellifera duplicates and their
Ceratina calcarata singleton orthologs. Overlaid curves estimate normal distribution, and error bars represent standard error of each bin of D,
values. Both distributions of D, values deviated significantly from Gaussian (methylation, P = 0.0006; expression, P = 0.0137).
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Fic. 3. (A) Relative divergence in DNA methylation levels for duplicated genes displaying different synonymous substitution rate ratios, indicating
that younger duplicate gene pairs have more dissimilar levels of methylation than older pairs. (B) Mean percent gene body methylation for
duplicate genes displaying different synonymous substitution rate ratios, indicating that pairs of genes that duplicated more recently tend to have
higher overall methylation levels than pairs of genes that duplicated longer ago. Bars represent mean value for each bin, and error bars represent
95% confidence interval. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.

Finally, we examined the distribution of D, values for the
C. calcarata ortholog and the A. mellifera paralogs. We found
that the distribution of D, estimates for both DNA methyla-
tion and gene expression differed significantly from Gaussian
(DNA methylation, 4 = —0.0177, ¢ = 0.3896, W = 0.9704,
P =0.0006, fig. 2A; Gene expression, it = 0.0085, ¢ = 0.4088,
W =0.9811, P=0.0137, fig. 2B). This result suggested a non-
random distribution of relative divergence estimates for the
paralogous and orthologous gene copies.

DNA Methylation Varies with Location, Length, and
Age of Duplicate Genes

We next investigated DNA sequence evolution in the context
of gene duplication. Analysis of variance (ANOVA) was used
to determine the strength of association between sequence
divergence, as measured by dS, and the methylation

divergence of all paralogs. We found that paralogs with fewer
synonymous substitutions per synonymous site, which were
putatively younger duplicate pairs, tended to be more diver-
gent in their methylation than older duplicate pairs (F(2, 250)
= 19.1613, P < 0.0001, fig. 3A). We also found a negative
correlation between dS and the overall mean percent meth-
ylation of paralogs (F(2, 280) = 5.1602, P = 0.0063, fig. 3B).
Together, these results indicated that older pairs of duplicate
genes tended to have lower and more similar levels of DNA
methylation than younger pairs.

We next tested if the methylation level of genes differed
across the 16 chromosomes of the A. mellifera genome. We
found that genes on 14 of the 16 chromosomes did not differ
significantly in their mean methylation. Of the remaining two
chromosomes, genes from one chromosome (chromosome
3) did not differ significantly from the means of genes on the
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the same and different chromosomes. Interior-bar numbers represent
number of genes in that category, and error bars represent standard
error of the mean (mean of ten trials for singletons). ***P < 0.0001; NS,
not significant.

13 other chromosomes. Only genes on chromosome 13 were
found to differ significantly from the means of the majority of
other chromosomes (supplementary fig. S2, Supplementary
Material online).

We examined whether paralogous genes located on the
same chromosomes (syntenic) tended to show lower levels of
methylation divergence than paralogous genes located on
different chromosomes (nonsyntenic). We found that non-
syntenic paralogs showed a much higher D, in their methyl-
ation level than syntenic paralogs (F(1, 332) = 85.9705,
P < 0.0001, supplementary fig. S3, Supplementary Material
online). To further examine whether this association was
unique to duplicated genes, we compared the divergence
of randomly paired singleton “pseudoparalogs” that were
syntenic or nonsyntenic. We found that D, of methylation
of these pseudoparalogous singletons did not significantly
depend on whether they were found on the same or different
chromosomes (F(1, 365) = 0.6990, P = 0.5480, fig. 4). Thus,
the relatively low divergence in methylation of syntenic du-
plicate genes was not due solely to their residing on the same
chromosome.

We also investigated the frequency with which duplicates
resided on the same chromosome. We found that randomly
paired singletons tended to fall on the same chromosome
with a probability of ~1in 16, as expected considering the 16
linkage groups to which they could belong. True duplicates,
however, tended to be collocated on the same chromosome
almost 50% of the time (fig. 4). A more granular inspection of
the influence of chromosomal location on methylation
showed that syntenic and nonsyntenic singleton pseudopar-
alogs had roughly the same D,. True duplicate pairs, on the
other hand, showed drastically lower mean D, levels for pairs
on the same chromosome (fig. 4).
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Finally, we examined whether gene body methylation var-
ied as a factor of gene length in both singletons and dupli-
cated genes. We found no significant difference in the lengths
of singletons and duplicated genes (F(1, 5967) = 0.5092,
P =0.4755). When examining genes up to 40kb, applicable
to over 95% of A. mellifera genes examined in this study, we
confirmed previously uncovered negative correlations be-
tween gene body methylation and gene length in both single-
tons (F(3, 5037) = 227.3255, P < 0.0001) and duplicate genes
(F(3, 662) = 5.6724, P=0.0008). Interestingly, however,
ANOVA of all genes binned by length in bins of 40 kb showed
that the mean gene body methylation of shorter singleton
genes was significantly higher than that of longer singletons
(F(7, 5,225) = 27.1343, P < 0.0001), but this relationship was
not significant in duplicate binned genes (F(7, 694) = 1.1707,
P=10.3173, supplementary fig. S4, Supplementary Material
online).

Discussion

DNA Methylation Is Associated with Gene Copy
Number in A. mellifera

We analyzed the levels of gene body methylation in singleton
and duplicate genes of the honeybee in order to understand
whether epigenetic factors may be associated with the fate of
paralogs. We found a significant difference between the mean
CpG methylation levels of singleton and duplicate genes
(fig. 1). Singletons consistently had higher levels of gene
body methylation than duplicates, which were themselves
more highly methylated than genes in larger gene families.
This striking result suggests that gene body methylation may
be relevant to gene duplication in insects.

Prior studies in methylation of duplicate genes have mainly
been limited to vertebrate and plant species. For example,
duplicated genes showed higher levels of DNA methylation of
promoters than singletons (Chang and Liao 2012; Xu et al.
2018). These differences in promoter methylation were
viewed as potentially indicating that DNA methylation was
involved in gene dosage rebalancing after a duplication event.
In vertebrate and plant systems, DNA methylation of the
promoter region has been causatively linked to decreased
gene expression via gene silencing (Weber et al. 2007; Baylin
and Jones 2011; Lee and Chen 2001). The findings of differ-
ences in promoter methylation of duplicate and singleton
genes in vertebrates and plants demonstrate a possible epi-
genetic role in the regulation of paralogs postduplication in
these taxa.

Chang and Liao (2012) also investigated patterns of gene
body methylation in a vertebrate system and found higher
gene body methylation in duplicates than singletons. This
previous study focused on DNA methylation in vertebrate
genomes, which show very different methylation patterns
than insects. Thus, the contrasting results could arise from
the distinct epigenetic systems in vertebrate and insect taxa.
Nevertheless, the presence of differential gene body methyl-
ation in singleton and duplicate genes of A. mellifera, akin to
the differential promoter methylation in plant and
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vertebrates, supports the idea of gene body methylation being
associated with duplicate gene evolution.

We investigated the relative divergence in gene body
methylation between paralogs in order to determine whether
they were more- or less-similarly methylated than other pairs
of genes. Our results indicated that duplicate genes tended to
show relatively similar patterns of DNA methylation. This
similarity has been shown to exist previously for other epige-
netic marks such as histone modifications in yeast, where
duplicate genes share more common promoter and open-
reading-frame histone code patterns than random singleton
pairs (Zou et al. 2012). Because paralogous genes are—by
nature of gene duplication—likely to be more similar in se-
quence than random pairs of genes, the encoded heritable
gene body methylation profile of duplicate genes is also likely
to be similar.

Changes to the methylation profile, however, could have
consequences on divergence of paralog function. DNA meth-
ylation of promoters in vertebrate systems has been sug-
gested to be an important factor in the initial divergence in
paralogs through repressive effects on gene expression (Rodin
and Riggs 2003; Fang et al. 2018). Specifically, promoter meth-
ylation could mask one paralog from selection by, in essence,
turning the gene off. Under this model, the masked paralog
could then accumulate mutations advantageous to its func-
tional divergence. However, methylation of gene bodies in
insects is associated with increased and constitutive expres-
sion rather than the silencing of expression associated with
promoter methylation. Thus, the previously developed mod-
els may not directly apply to insect systems, and a new in-
terpretation is necessary to understand the methylation of
duplicates in other biological systems.

Caste-Biased Expression of Genes Depends on Gene
Copy Number

Previous studies have shown that singleton genes in
A. mellifera have lower levels of caste- and tissue-biased ex-
pression than duplicate genes (Chau and Goodisman 2017).
Moreover, singletons consistently have higher levels of gene
body methylation, indicating that genes with higher DNA
methylation levels are more likely to serve as the highly con-
served housekeeping genes (Elango et al. 2009; Hunt et al.
2010; Bonasio et al. 2012; Glastad et al. 2013). Our data rein-
force these results by demonstrating strong associations be-
tween gene duplication status and biased gene expression. In
particular, duplicates tended to display biased gene expres-
sion between castes.

Additionally, we found a strong association between caste-
biased gene expression and DNA methylation for singleton
and duplicate genes in A. mellifera. This general correlation
between gene body methylation and gene expression bias has
been uncovered many times previously in insects (Kucharski
et al. 2008; Foret et al. 2009; Lyko et al. 2010; Herb et al. 2012;
Li-Byarlay et al. 2013; Glastad et al. 2016; but see Bewick,
Sanchez, et al. 2019; Bewick, Zhang, et al. 2019). However,
our work investigated the interactions between these previ-
ously identified associations within gene body methylation,
caste-biased expression, and duplication status. We found

that the established associations between caste-biased ex-
pression and gene body methylation levels were much stron-
ger in single-copy genes than in duplicated genes (table 1). In
other words, duplicate genes and singletons showed different
relationships between gene body methylation and expression
bias between castes. This suggests that DNA methylation,
although differentially applied to single- and multiple-copy
genes, does not play a clear causative role in the caste-biased
expression of a gene that has been duplicated.

To further probe the importance of gene body methyla-
tion to caste-biased patterns of expression, we removed
methylation as an explanatory variable. We determined
that the association between duplication status and caste-
biased expression was much weaker in genes showing low
methylation than in genes with high-methylation levels.
Duplicated genes tended to show much lower levels of genic
methylation on average (fig. 1) and, accordingly, also lacked
associations between genic methylation and caste-biased ex-
pression (table 1). These analyses demonstrate an association
between gene body methylation and biased expression of
duplicate genes.

Divergence of Paralogs Reveals Evolution of DNA
Methylation and Gene Expression

We compared DNA methylation and gene expression in
A. mellifera paralogs with single-copy outgroup orthologs
from a related bee species, C. calcarata. We found that levels
of gene expression were correlated to levels of DNA methyl-
ation in A. mellifera, a result which has been noted previously
(e.g, Kucharski et al. 2008; Foret et al. 2009; Lyko et al. 2010).
We also found that levels of DNA methylation for the
C. calcarata ortholog and A. mellifera paralogs were highly
correlated. This demonstrates the general stability of gene
body DNA methylation patterns across insects (Hunt et al.
2010; Zemach et al. 2010; Sarda et al. 2012; Glastad et al. 2013).
Patterns of gene expression were also highly correlated be-
tween the outgroup ortholog and each paralogous gene copy,
again indicating general conservation of gene expression pat-
terns over time. Interestingly, however, the gene expression
levels were not significantly correlated between the two
A. mellifera paralogous gene copies. This result suggests
that the paralogous gene copies have diverged in levels of
expression, presumably as some duplicated genes gain novel
expression profiles and functions (Holland et al. 1994; Li et al.
2018).

Next, we examined the relative divergence in methylation
and expression between paralogs and outgroup orthologs to
understand if methylation and expression evolution were as-
sociated. We found that relative divergence of gene body
methylation was correlated with relative divergence of gene
expression for the A. mellifera paralogs. These results suggest a
connection between gene body methylation evolution and
gene expression evolution.

To further investigate this connection between DNA
methylation and gene expression, we next compared relative
divergence of methylation between the A. mellifera paralogs
and the outgroup ortholog against relative divergence of gene
expression between A. mellifera paralogs and the ortholog,
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We predicted a positive association between these divergence
estimates, which would indicate that as methylation diver-
gence increased between orthologous copies so did expres-
sion divergence. Surprisingly, however, we uncovered a
marginally negative association between these methylation
and divergence estimates, suggesting that gene body meth-
ylation and gene expression were not necessarily always di-
rectly linked (Roudier et al. 2009; Bewick et al. 2016; Bewick,
Sanchez, et al. 2019; Bewick, Zhang, et al. 2019).

Finally, we investigated the distribution of relative diver-
gence estimates between C. calcarata orthologs and
A. mellifera paralogs. We reasoned that the distribution of
these estimates should be more or less Gaussian if evolution
of gene expression and DNA methylation occurred predom-
inantly through random processes. However, we found that
the distributions of relative divergence estimates for both
gene expression and DNA methylation differed significantly
from a normal distribution. Interestingly, these differences
came in the form of an excess of values around the mean,
rather than an excess of values in the tails (fig. 2). We suggest
that the lack of genes at intermediate values could indicate
selective effects removing duplicated genes that diverge at
marginal levels of methylation or expression. Instead, selec-
tion may act to preserve genes showing conserved or extreme
patterns of genic methylation or gene expression.

Patterns of DNA Methylation between Duplicate
Genes Change over Time

We investigated whether gene body methylation divergence
between paralogs changed over time. We found that puta-
tively younger pairs of duplicate genes generally had higher
levels of DNA methylation divergence than older pairs (fig. 3).
This suggests that the DNA methylation level of a duplicated
gene becomes more similar to its sister paralog as the pair
ages. This result is surprising, since one might expect patterns
of methylation to diverge as a pair of duplicate genes ages.

A previous study of human duplicate genes found no sig-
nificant correlation between gene body methylation diver-
gence and evolutionary time but did uncover a positive
association between promoter methylation divergence and
evolutionary time (Keller and Yi 2014). Moreover, studies of
DNA methylation in Arabidopsis demonstrated a positive
correlation between gene body methylation divergence and
sequence divergence of paralogs (Wang et al. 2014), possibly
indicating the evolution of differential expression between
paralogs in Arabidopsis. The observed differences in patterns
of paralog methylation divergence in different species could
reflect the distinct methylation contexts in which they are
seen; insect, vertebrate, and plant systems all show differences
in levels and targets of DNA methylation, which may affect
patterns of DNA methylation divergence.

We also investigated how overall DNA methylation level of
paralogs changed over time. We found that older pairs of
duplicate genes displayed lower overall levels of gene body
methylation. That is, it appears that duplicates lost methyla-
tion as they aged. Zhong et al. (2016) demonstrated that
promotor methylation decreased with evolutionary time
(dS) in zebrafish; in contrast, gene body methylation was
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significantly higher in older duplicates than in younger dupli-
cates. These differences in methylation patterns between the
honeybee and zebrafish could be a result of the different
methylation systems in the two taxa. The decrease in overall
methylation of duplicates over time could also be a factor in
the observed differences in methylation between singleton
and duplicate genes. Singleton genes, as defined and mea-
sured in this study, are likely to be older than duplicated
genes. The interplay between divergence time and DNA
methylation adds a layer of complexity to the system, making
it likely that the observed differences result from multiple
factors.

Methylation Divergence and the Genomic Location of
Paralogs

We investigated the methylation levels of genes on the 16
A. mellifera chromosomes. We found that most chromo-
somes showed similar levels of DNA methylation, with only
1 out of 16 chromosomes showing a significant difference in
genic methylation level from the majority of the others (sup-
plementary fig. S2, Supplementary Material online). This sug-
gests that any epigenetic “chromosomal effect” on DNA
methylation of genes, which could differentially affect the
function of genes residing on different chromosomes, is lim-
ited and does not account for potential divergences in gene
body methylation between nonsyntenic paralogs (fig. 4).

In contrast, we found that duplicated genes did show sig-
nificantly higher methylation divergence when located on
different chromosomes rather than when located on the
same chromosome. This result reinforces previous work in
Arabidopsis and Oryza that showed that retrotransposed and
dispersed paralogs, which are often found on different chro-
mosomes, had a higher divergence in gene body methylation
than tandem duplications, which are typically located on the
same chromosome (Wang et al. 2014, 2017). In vertebrates, it
has been demonstrated that putatively younger duplicate
gene pairs (by measure of synonymous substitution rate ra-
tio) are more likely to be syntenic than older duplicate pairs
(Rodin et al. 2005). If younger duplicates in insects also tend
to be syntenic, then higher divergence in gene body methyl-
ation of nonsyntenic paralogs could be indicative of their
evolutionary divergence as the pair ages.

Gene Length and Gene Body Methylation Are
Associated with Gene Copy Number

We found that genes with a lower genic methylation level
were significantly longer than those with higher methylation.
Previous studies also demonstrated a negative correlation
between gene length and gene body methylation in
A. mellifera (Zeng and Yi 2010). The novel result in our study,
however, is the degree to which this correlation seemingly
differed between singletons and duplicated genes (supple-
mentary fig. S4, Supplementary Material online). Duplicated
genes did not show a significant correlation between length
and level of DNA methylation when long genes were included
in the analysis. The correlation was quite strong, however, in
singletons.
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Previous studies have shown that genes with lower levels
of promoter methylation, and subsequently increased tran-
scription, tend to be shorter than genes with higher levels of
promoter methylation (Takuno and Gaut 2012; Zhong et al.
2016). It has been proposed that constitutively expressed and
biologically essential housekeeping genes could evolve to be
shorter than tissue-biased genes in order to maximize the
efficiency of transcription and increase expression
(Eisenberg and Levanon 2003; Urrutia and Hurst 2003). Apis
mellifera housekeeping genes are associated with high levels
of gene body methylation and moderate to high levels of
expression (Elango et al. 2009; Hunt et al. 2010; Bonasio
et al. 2012; Glastad et al. 2013). We found that shorter genes
are associated with higher levels of gene body methylation
and could therefore be representative of these conserved
housekeeping genes. Duplicated genes, conversely, would be
associated with divergent function and biased expression, as
has been shown in A. mellifera previously (Chau and
Goodisman 2017).

Conclusions

This study revealed that patterns of gene body methylation
differed between single-copy genes and duplicated genes. We
also discovered associations in duplicate gene methylation in
other contexts including gene pair divergence time, location,
and length. Our work demonstrates the potential of gene
body methylation to affect the regulation and evolution of
paralogs. Future studies could investigate whether patterns of
DNA methylation differ between duplicates and singletons in
other taxa that possess different systems of DNA methylation.
Similarly, controlled experimental systems allowing more tar-
geted probing into associations between duplicate gene
methylation and gene function will be important. Overall,
further research on the effects of epigenetic marks in diverse
biological systems will be crucial to understanding the evolu-
tion of duplicate genes and the mechanisms of gene
regulation.

Materials and Methods

Full details of materials and methods are provided in
Supplementary Material online. Gene family information
from OrthoDB v9.1 (Zdobnov et al. 2017) was used to identify
genes that were found in single and multiple copy in
A. mellifera. Following identification of gene families, genes
with the lowest pairwise dS value in the family were identified
as duplicate pairs within those larger family contexts. Whole-
genome bisulfite sequencing data from three studies of DNA
methylation in the honeybee (Lyko et al. 2010; Herb et al.
2012; Li-Byarlay et al. 2013) were downloaded from the
European Nucleotide Archive and processed (Andrews
2010; Leinonen et al. 2011; Martin 2011, Munoz-Torres
et al. 2011). Trimmed FastQ files were aligned to the indexed
reference using Bismark (Krueger and Andrews 2011), and
Bowtie2 (Langmead and Salzberg 2012; supplementary table
S6, Supplementary Material online). Methylation calls from
Bismark were imported into SeqMonk (Andrews 2020), and
reading frames (probes) were created at the level of individual

genes (Elsik et al. 2014). Sequenced RNA data were obtained
from previous studies that examined gene expression differ-
ences in A. mellifera between drone, worker, and queen larvae
(Ashby et al. 2016) and drone, worker, and queen pupae
(Vleurinck et al. 2016).

ANOVA was used to determine if the mean methylation
level of genes belonging to families of different sizes differed
significantly. > tests of independence were used to test the
association between “duplication status” and “methylation
status” of duplicated genes. We then tested if the relative
methylation divergence between duplicate gene pairs
(Keller and Yi 2014) differed from null expectations using a
pooled randomization test. For sequence divergence analyses,
multiple protein alignments between duplicate genes were
generated using MUSCLE aligner (Edgar 2004). Codon align-
ments were then created using PAL2NAL (Suyama et al. 2006)
and used to calculate synonymous substitution rate ratios
between paralogs using the PAML yn00 package (Yang 2007).

OrthoDB v9.1 (Zdobnov et al. 2017) was used to identify
A. mellifera duplicate genes that had single-copy orthologs in
the bee C. calcarata. Ceratina calcarata de novo genome,
methylome, and transcriptome files were obtained from pre-
vious studies (Rehan et al. 2014, 2016). Spearman’s rank cor-
relations were used to determine whether relationships
existed between the methylation/expression levels of the
three orthologous genes and to find correlations between
relative divergence of percent genic methylation and levels
of expression. The distributions in the relative divergence of
methylation and expression between C. calcarata and each
A. mellifera paralog were tested against a normal distribution.

Metadata regarding chromosomal location were extracted
from OrthoDB gene annotations for downstream analysis
using custom perl scripts. ANOVA was used to determine
whether the 16 A. mellifera chromosomes differed in their
mean cytosine methylation percentage. ANOVA was used to
determine if the divergence of syntenic duplicates differed
significantly from the divergence of nonsyntenic duplicates.
A randomization trial of pooled singletons was used as a
control for this analysis. ANOVA was used to test the differ-
ence in the mean gene body methylation level of each length
bin.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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Fig. S1. Null distributions of relative divergence in methylation for 10,000 randomly paired (1)
singletons and (2) duplicates. Arrow indicates actual value of relative divergence (Dr) in
methylation between duplicate genes in Apis mellifera. The true mean value differed

significantly from the distributions of randomly generated mean values (p < 0.0001).
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Fig. S2. Percentage of CpG methylation for genes on the 16 chromosomes, ordered from highest
to lowest mean percent methylation. The genes on chromosomes denoted with different letters
differed significantly in mean percent methylation. Box represents first quartile, median, and
third quartile values, while whiskers represent values within 1.5 x the interquartile range, and

points represent outliers.
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Fig. S3. Duplicated genes on the same chromosome show significantly lower levels of
methylation divergence than those on different chromosomes (p < 0.0001). Boxes provide first
quartile, median, and third quartile values, while whiskers represent values within 1.5 x the

interquartile range, and points represent outliers.
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Fig. S4. (A) Relationship between gene body methylation and gene body length in singleton (o,
dashed line) and duplicate (O, solid line) genes. Longer singletons and duplicate genes tended to
have significantly lower levels of DNA methylation. Points represent mean gene body
methylation level for genes in each bin. Lines represent cubic spline fit with lambda (smoothing
parameter) of 0.05. ANOVA of means shows that singletons vary significantly in mean
methylation across bins (p < 0.0001), while duplicates do not (p =0.3173). (B) Relationship
between gene length and percent genic methylation of shorter genes (0-40kb) shows a significant

negative association in both singletons (p < 0.0001) and duplicates (p = 0.0008).



Supplemental Materials and Methods

Gene family and DNA methylation datasets

Gene family information from OrthoDB v9.1 (Zdobnov, et al. 2017) was used to identify
genes that were found in single- and multiple-copy in A. mellifera based off orthologous genes in
related taxa (Chau and Goodisman 2017). The set of duplicated genes obtained consisted of all
multiple-copy, functional genes in 4. mellifera, including genes that underwent a duplication
event following divergence from other insect species within Apoidea. Following identification of
gene families, genes with the lowest pairwise dS value in the family were identified as duplicate
pairs within those larger family contexts.

Whole-genome bisulfite sequencing data from three studies of DNA methylation in the
honeybee were downloaded from the European Nucleotide Archive (Leinonen, et al. 2010). The
three studies focused on (1) DNA methylation differences between queen and worker brains
(Lyko F. 2010), (2) the effects of RNA-1 knockdown of DNMT3 in workers (Li-Byarlay, et al.
2013), and (3) epigenetic state reversal between worker subclasses (Herb, et al. 2012). In total,
16 datasets from these studies were used for further analyses.

All bisulfite samples were analyzed with FastQC (Andrews 2010) to determine the need
for custom trimming parameters. Sequences were trimmed using Trim Galore! (Krueger 2015)
and primers and extraneous sequence repeats were removed using Cutadapt (Martin 2011).
Trimming was completed with parameters -q 20 -e 0.1 -1 20 (representing a Phred quality score
cutoff of 20, a maximum error rate of 0.1, and a minimum post-trim read length of 20bp). The
reference genome used for read alignment was 4. mellifera genome assembly Amel 4.5,
downloaded from the Beebase Hymenoptera Genome Database (Munoz-Torres, et al. 2010) and
converted to an indexed reference using Bismark Genome Preparation (Krueger and Andrews
2011) with default parameters.

Trimmed FastQ files were aligned to the indexed reference using Bismark and Bowtie2
(Langmead and Salzberg 2012). The alignment was performed using the most stringent
parameters for allowed mismatches and seed length. In addition, the --ambiguous tag was
applied in order to discard any reads with more than one unique alignment. This alignment
setting was included to eliminate multimapping of reads which mapped to multiple areas of the

reference genome with the same quality of alignment, which may be an issue when mapping



duplicated genes with high sequence similarity. Due to the stringency of alignment parameters,
this led to less than 5% of reads needing removal due to non-unique alignments. The analyses
were also tested with these reads included, as a control against the data being skewed from this
step. CpG methylation calls from the alignment were then extracted using Bismark Methylation
Extractor (see supplemental table S6 for data file and alignment information).

Methylation calls from Bismark were imported into SeqMonk (Andrews) for
visualization and quantification. Reading frames (probes) were created at the level of individual
genes, as defined by the 4. mellifera Official Gene Set Version 3.2 (Elsik, et al. 2014). Read
coverage outliers were removed using SeqMonk following developer recommendations to avoid
skewing of the results by data of questionable quality. The Seqmonk Bisulphite Methylation
Pipeline was used to calculate the mean percentage of bisulfite-converted CpG sites out of all
CpG dinucleotides for each gene.

The correlations between DNA methylation calls between each of the 16 WGBS datasets
were calculated using JMP in order to measure the consistency of the data across the different
studies, tissues, and individuals (supplemental table S7). A new dataset was created by finding
the mean CpG methylation level for each A. mellifera gene across the 16 datasets. This new

mean set was used as representative data for all other analyses.

Analyses of DNA methylation in duplicated genes and singletons

ANOVA was used to determine if the mean methylation level of genes belonging to
families of different sizes differed significantly. CpG methylation for this analysis was defined as
the percentage of CpG dinucleotides that were methylated within each gene. Methylation status
of genes (“high” vs “low”) was determined by estimating the midpoint of the bimodally
distributed level of gene methylation in the honeybee. This midpoint was identified as 5% CpG
methylation across all datasets, and this value was thus used as the threshold for determining if a
gene showed high or low levels of methylation. ¥ tests of independence were used to test the
association between “duplication status” (singletons vs. duplicates) and “methylation status”
(high vs. low) of duplicated genes, and to determine whether either of these variables could be
predictive of the other. ¥ analysis was completed using the “Chi-Square Test Calculator” (Social

Science Statistics, 2018).



We next investigated a relative measure of divergence between paralogs. Relative
divergence (Dr) was calculated as (V1 — V2)/(V1 + V2) where V1 and V2 were the values for the
focal gene copies (Keller and Yi2014). We tested if the relative methylation divergence between
duplicate gene pairs differed from null expectations using a randomization test. Specifically, all
duplicated genes were pooled together into a single gene set and two of these genes were then
randomly selected to produce new pairs of “pseudoparalogs”. This procedure was repeated until
all genes in the set had been randomly paired. The divergence in methylation level between the
pseudoparalogs was calculated, and a mean was found for all the pseudoparalog pairs in the set.
This entire trial was repeated 10,000 times to produce a null distribution of mean methylation
divergence for pairs of randomly selected duplicate genes. The actual observed mean
methylation Dr between paralogs was then compared to the null distribution of mean Dr of
randomly paired genes. The observed value of mean methylation Dr was deemed significant if it
fell outside of 95% of the randomly generated mean methylation Dr values. This randomization
trial was then replicated using singleton genes randomly paired into pseudoparalogs, with a
normal distribution again being created from 10,000 trials.

We next examined the relationship between relative methylation divergence of paralogs
and their sequence divergence since duplication. We used custom Bioperl scripts to extract
nucleotide sequence information from genome sequencing files. Multiple protein alignments
between duplicate genes were generated using MUSCLE aligner (Edgar 2004) for each gene.
Codon alignments were then created from aligned protein files and multifasta nucleotide
sequences using PAL2NAL (Suyama, et al. 2006). Codon alignments were used to calculate
synonymous substitution rate ratios between paralogs using the PAML yn00 package (Yang
2007). Duplicate pairs with a dS value greater than 3 were discarded from analyses to avoid
genes saturated with substitutions. Genes were placed into one of three bins dependent on dS
value from 0-1, 1-2, or 2-3. ANOVA was used to test the difference in the means of each bin and
determine whether there was an association between relative methylation divergence and

synonymous substitution rate ratio (dS).

Analyses of DNA methylation and gene expression
Sequenced RNA data was obtained from previous studies that examined gene expression

differences in 4. mellifera between drone, worker, and queen larvae (Ashby, et al. 2016) and



drone, worker, and queen pupae (Vleurinck, et al. 2016). The reads from these datasets were
quantified in SeqMonk (Andrews) using the RNA-seq pipeline to generate a read count per gene
value. Genes were identified as differentially expressed genes (DEGs) using a statistical cutoff of
FDR >=0.05 between their differential raw expression. These genes were further subdivided into
singletons and duplicates, as well as “high methylation” and “low methylation” as described
previously. %’ tests of independence were used to determine whether there were associations
between gene methylation status and gene expression bias between castes for singletons and for
duplicates. We also conducted sample-size corrected analyses of these statistical tests to control
for differences in sample sizes for singleton and duplicate genes. These re-analyses showed the

same general associations as those in the full datasets.

Divergence of paralogs from outgroup orthologs

OrthoDB v9.1 (Zdobnov, et al. 2017) was used to identify 4. mellifera duplicate genes
that had single copy orthologs in the bee C. calcarata. C. calcarata was chosen for this analysis
due to its relative close relation to 4. mellifera and the availability of sequences for its DNA
methylation and gene expression. Genes lacking methylation or expression data were excluded
from the dataset. C. calcarata de novo genome, methylome, and transcriptome files were
obtained from previous studies on the carpenter bee species (Rehan, et al. 2014; Rehan, et al.
2016).

C. calcarata BS-seq reads were trimmed for quality and adapters with default parameters
using cutadapt (Martin 2011), and aligned to the C. calcarata reference genome using Bismark
and Bowtie2 (Langmead and Salzberg 2012) as previously described. SeqMonk (Andrews) BS-
seq quantification pipeline was used to quantify the percentage of methylated CpG dinucleotides
per gene location, as annotated in Rehan et al. (2016). Values were parsed to find methylation
data of gene locations in C. calcarata that corresponded to 4. mellifera genes, creating a subset
of 92 genes. Spearman’s rank correlations were used to determine whether relationships existed
between the methylation levels of the three orthologous genes. Nonparametric tests were used to
mitigate the effects of the differences in the overall levels of genome methylation that are found
across insects.

C. calcarata transcriptome reads were trimmed for quality and adapters with default

parameters using cutadapt (Martin 2011) and aligned to the C. calcarata reference genome using



Bismark and Bowtie2 (Langmead and Salzberg 2012). SeqMonk (Andrews) RNA-seq
quantification pipeline was used to count the raw reads per gene location, as annotated in Rehan,
et al. 2016. These values were parsed to find expression raw counts for C. calcarata singleton
gene locations that are orthologous to 4. mellifera duplicates from the gene subset previously
created using methylation data. This resulted in a subset of 90 genes that had expression data
available. Spearman’s rank correlations were used to determine whether relationships existed
between the expression levels of the orthologous and paralogous genes.

Spearman’s rank correlations were used to find correlations between relative divergence
of percent genic methylation and levels of expression. The distributions in the relative
divergence of methylation and expression between C. calcarata and each A. mellifera paralog
was tested against a normal distribution using a Shapiro — Wilcoxon Goodness of Fit test to
determine whether divergence values significantly differed from a normal distribution centered

around a mean of 0.

Analyses of DNA methylation and location of paralogs

Metadata regarding chromosomal location and gene start and end sites was extracted
from OrthoDB gene annotations for downstream analysis using custom perl scripts. ANOVA
was used to determine whether the 16 A. mellifera chromosomes differed in their mean cytosine
methylation percentage. Duplicated genes were assigned as being syntenic (located on the same
chromosome) or non-syntenic (on different chromosomes) depending on whether the paralogs
were located within the same linkage group. The chromosomal location of each gene was taken
from OrthoDB v9.1 orthologous groups and combined into seventeen bins: sixteen 4. mellifera
linkage groups (chromosomes) and one unassociated group for genes that were not annotated
with a chromosome location (unassociated genes were not used in further analyses).

Mean methylation divergence levels were calculated for syntenic and non-syntenic
duplicate pairs. We used ANOVA to determine if the divergence of syntenic duplicates differed
significantly from the divergence of non-syntenic duplicates. To establish a control group as a
reference for the duplicate gene analyses, 734 singletons were paired at random to mirror the
sample size of duplicates. These singletons were then assigned as being on the syntenic or non-
syntenic based on their linkage group designation from OrthoDB v9.1 orthology. Mean

methylation divergence was calculated for these pseudoparalogs. ANOVA was then used to
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determine whether methylation divergence differed significantly between pseudoparalogs on the
same or different chromosomes. This randomization trial was repeated ten times and the mean of
the ANOVA results was obtained to produce a control value for comparison with the ANOVA

results of the true duplicate pairs.

Analyses of DNA methylation and gene length

Gene length was defined as the nucleotide sequence difference between the start and end
sites of a gene, with start and end sites of genes extracted from orthoDB metadata. CpG
methylation percentage for each gene was defined as the percentage of CpG dinucleotides within
each gene that were methylated. Genes were placed into one of eight bins based on length, with a
width of 40kb per bin. ANOVA was used to test the difference in the mean gene body
methylation level of each length bin. This test was performed separately using duplicate and
singleton genes. Additionally, ANOVA was used to determine if singleton genes and duplicated

genes differed in length overall.
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