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Abstract

Genomic imprinting is defined as parent-of-origin allele-specific expression. In order for genes
to be expressed in this manner an ‘imprinting’ mark must be present to distinguish the parental
alleles within the genome. In mammals imprinted genes are primarily associated with DNA
methylation. Genes exhibiting parent-of-origin expression have recently been identified in two
species of Hymenoptera with functional DNA methylation systems; Apis mellifera and Bombus
terrestris. We carried out whole genome bisulfite sequencing of parents and offspring from
reciprocal crosses of two B. terrestris subspecies in order to identify parent-of-origin DNA
methylation. We were unable to survey a large enough proportion of the genome to draw
a conclusion on the presence of parent-of-origin DNA methylation however we were able to
characterise the sex- and caste-specific methylomes of B. terrestris for the first time. We find
males differ significantly to the two female castes, with differentially methylated genes involved in
many histone modification related processes. We also analysed previously generated honeybee
whole genome bisulfite data to see if genes previously identified as showing parent-of-origin
DNA methylation in the honeybee show consistent allele-specific methylation in independent
data sets. We have identified a core set of 12 genes in female castes which may be used for future
experimental manipulation to explore the functional role of parent-of-origin DNA methylation in
the honeybee. Finally, we have also identified allele-specific DNA methylation in honeybee male
thorax tissue which suggests a role for DNA methylation in ploidy compensation in this species.
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Introduction

Genomic imprinting is defined as parent-of-origin allele-specific expression (Rodrigues and Zilber-
man, 2015). Deviating from Mendel’s Law of Dominance, the expression of imprinted genes is
determined by the parental origin of each allele irrespective of the underlying genotype. In order for
genes to be expressed in this manner, an epigenetic imprinting mark’ must be present to distinguish
the parental alleles within the genome. In mammals and flowering plants, imprinted genes are
primarily associated with DNA methylation in areas of the genome known as imprinting control
regions (ICRs) (Barlow and Bartolomei, 2014). The presence of DNA methylation, as an imprinting
mark, has been associated with both allelic silencing as well as allelic expression (Drewell et al.,
2012; Barlow, 2011).

DNA methylation can serve to repress expression of a individual allele by preventing a
transcription factor from binding to a promoter region (Drewell et al., 2012). It is also thought DNA
methylation can signal the recruitment of histone modifications which result in heterochromatin
formation, silencing the expression of all alleles within a region (Barlow, 2011; Xu et al., 2021).
DNA methylation can also enable allele-specific expression of imprinted genes by silencing an
‘imprinting control element’, such as a long non-coding RNA, which, when expressed, would cause
transcriptional silencing of nearby genes (Barlow, 2011). It is also worth noting whilst most identified
imprinted genes in mammals have some association with DNA methylation there are cases where
imprinting has been observed independently of DNA methylation and instead associated solely with
a particular histone modification (Inoue et al., 2017).

The function of DNA methylation in insects is largely unknown and thought to be variable
based on the range of overall levels between taxonomic orders (Provataris et al., 2018). However,
multiple insect species have now been show to display parent-of-origin gene expression, including the
mealybug Planococcus citri (de la Filia et al., 2021) and two Hymenopteran species, the bumblebee,

Bombus terrestris (Marshall et al., 2020b) and the honeybee Apis mellifera (Kocher et al., 2015;
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Galbraith et al., 2016; Smith et al., 2020; Galbraith et al., 2021). In Hymenoptera, DNA methylation
has been associated with caste differences in various species (Lyko et al., 2010; Bonasio et al., 2012;
Amarasinghe et al., 2014; Glastad et al., 2016). However, a casual link has yet to be established
(Oldroyd and Yagound, 2021b). The leading theory for the evolution of genomic imprinting, Haig’s
kinship theory (Haig, 2000), predicts social insects should display imprinted genes. It is also thought
genomic imprinting in social insects could contribute to caste differentiation (Matsuura et al., 2018)
and the evolution of sociality (Matsuura, 2019). Although no association between the level of
sociality of a species and the level of DNA methylation has been found (Weiner et al., 2013; Glastad
etal.,2017).

Insect DNA methylation, like mammalian DNA methylation, is generally found in a CpG
context (referring to a cytosine base immediately followed by a guanine base) (Glastad et al., 2014).
It is found at lower levels, with <1% - 14% of CpGs being methylated, compared to mammals where
around 70% of CpG sites are methylated (Bewick et al., 2016; Feng et al., 2010). Additionally DNA
methylation in insects is generally located in gene bodies and associated with more highly expressed
genes, such as housekeeping genes (Provataris et al., 2018; Elango et al., 2009; Foret et al., 2009).
This suggests if DNA methylation does play a role in imprinted genes in insects, it may not function
the same as imprinted DNA methylation marks in mammals.

Here, we set out to explore how robust parent-of-origin DNA methylation is within the species
of bees which display genes showing parent-of-origin expression, to investigate the hypothesis that
DNA methylation can act as an epigenetic mark for genomic imprinting in social insects (Oldroyd and
Yagound, 2021a). Firstly, we attempt to identify parent-of-origin DNA methylation in the eusocial
bumblebee Bombus terrestris. There is some evidence that parent-of-origin DNA methylation exists
in honeybees (Wu et al., 2020), however this was found to not directly correlate with genes previously
identified as showing parent-of-origin expression. Given that genes showing parent-of-origin
expression appear to have evolved rapidly within Hymenoptera (Marshall ez al., 2020b) it is worth

investigating this potential role of DNA methylation in other species. B. terrestris has previously
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been shown to exhibit parent-of-origin gene expression of both maternally derived and paternally
derived alleles (Marshall et al., 2020b), B. terrestris possess a fully functional methylation system
(Amarasinghe et al., 2014; Liu et al., 2018; Marshall et al., 2019) and it displays allele-specific
methylation at multiple loci throughout the genome (Lonsdale et al., 2017; Marshall et al., 2020a).
Some of these allele-specific DNA methylation events may represent parent-of-origin imprinting
marks.

As part of this first component we have generated whole genome bisulfite sequencing (WGBS)
libraries from head tissue of the parents and pooled worker offspring from two reciprocal crosses.
Male B. terrestris are haploid meaning every worker daughter inherits the same copy of the paternal
genome, whilst queens are diploid meaning there are two possible maternal alleles that can be present
in the offspring. Whole genome re-sequencing (WGS) of the parents was used to identify SNPs
unique to the father and homozygous SNPs unique to the queen mother to identify the parental origin
of alleles within the offspring genome, allowing parent-of-origin DNA methylation to be identified.
As the WGBS data generated here are also the first DNA methylation libraries for queens and males
we have also explored the sex- and caste-specific methylome of B. terrestris.

In the second part of this study we explore how robust previously identified parent-of-origin
DNA methylation in the honeybee is (Wu et al., 2020). We have identified allele-specific DNA
methylation in data from multiple recent honeybee studies to see if previously identified genes
showing parent-of-origin DNA methylation appear to be present across independently generated
data sets for both diploid female castes (queens and workers) and across different tissues. Finally, we
also explore the potential presence of allele-specific DNA methylation in honeybee male somatic
tissue, where some cells show varying levels of ploidy (Aron et al., 2005), to see if female imprinted

genes may hold an alternative role in haploid males.
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Methods

Sample collection

Reciprocal crosses of B. terrestris dalmatinus (native to southern Europe) and B. terrestris audax
(native to the UK) were carried out by Biobest, Leuven. Four successful colonies (one of each cross
direction) from two genetically distinct *families’ (Fig. 1a) were housed at the University of Leuven
and kept in 21°C with red light conditions, they were fed ad libitum with pollen and a sugar syrup.
Callow workers were tagged with numbered disks in order to determine age. Worker reproductive
status was confirmed by ovary dissection, ovaries were scored on a 0-4 scale as in Duchateau and
Velthuis (1988), entire bodies were then stored at -80°C along with the original queen mothers and
male fathers. Three reproductive workers, aged 16-17days, were selected from queenless conditions

from each of the four colonies (supplementary 1.0.0, Fig.1a).
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Figure 1: (a) Graphic display of the family-wise reciprocal crosses carried out between Bombus
terrestris audax and Bombus terrestris dalmatinus. Each colour refers to related individuals, i.e.
the queen from colony 08 is the sister of the male used in colony 19. This design reduces genetic
variability between the initial and reciprocal crosses as we do not have inbred lines of B. terrestris.
(b) Overview schematic for identifying allelic methylation differences in the worker offspring. SNPs
unique to either the mother or father are used to create N-masked reference genomes. The worker
daughter sample is then aligned to the genome and reads are filtered to keep only those with an
informative parental SNP. Methylation differences between the alleles can then be assessed and
parent-of-origin DNA methylation can be inferred from comparing reciprocal crosses.

DNA extraction and sequencing

Whole genome bisulfite sequencing was generated for the parents and offspring of each colony.
DNA was extracted from whole heads of the mother and father of each colony as well as from 12
reproductive workers (three per colony) using the Qiagen DNeasy® Blood & Tissue Kit following
the manufacturers protocol. Reproductive workers were chosen to reduce the variation between
samples as sterile and reproductive workers show different DNA methylation profiles (Marshall ez al.,
2019). Each sample was treated with RNAse. DNA from the three reproductive worker samples per
colony was pooled in equal quantities to produce one representative offspring sample per colony.

DNA quantity and quality were determined by Nanodrop and Qubit® fluorometers as well as via
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gel electrophoresis. Samples were sent to BGI Tech Solution Co., Ltd.(Hong Kong) for library
preparation, bisulfite treatment and sequencing. Paired-end libraries (2 x 150bp) were sequenced
across two lanes of an Illumina HiSeq 4000 platform with 40% phiX inclusion. A 1% lambda DNA
spike was included in all libraries in order to assess bisulfite conversion efficiency, as the lambda
genome is known to be unmethylated.

Whole genome re-sequencing of the parents was also carried out. DNA was extracted from half
of the thorax of each mother and father per colony following a custom protocol (https://github.
com/agdelafilia/wet_lab/blob/master/gDNA_extraction_protocol.md). DNA quan-
tity and quality were determined by Nanodrop and Qubit® fluorometers as well as via gel elec-
trophoresis. Samples were sent to Novogene Co., Ltd. for library preparation and sequencing.

Paired-end libraries (2 x 150bp) were sequenced on an Illumina HiSeq 4000 platform.

Differential DNA methylation between castes and sexes

Whole genome bisulfite sequencing (WGBS) data of the parents and pooled worker offspring were
checked using fastqc v.0.11.5 (Andrews, 2010) and poor quality bases were trimmed using cutadapt
v.1.11 (Martin, 2011). Libraries were then aligned to the reference genome (Bter_1.0, Refseq
accession no. GCF_000214255.1, (Sadd et al., 2015)) using Bismark v.0.16.1 (Krueger and Andrews,
2011) and bowtie2 v.2.2.6 (Langmead and Salzberg, 2013) with standard parameters (supplementary
1.0.1). Bismark was also used to extract methylation calls and carry out deduplication. Coverage
outliers (above the 99.9th percentile) were removed along with bases covered by less than 10 reads.
The methylation status of each CpG was then determined via a binomial model, where the success
probability is the non-conversion rate determined from the lambda spike. CpG sites were then
filtered to remove any site that did not return as methylated in at least one sample.

Differential methylation was assessed at the CpG level in pair-wise comparisons (queen-male,
queen-worker, male-worker) using the R package methylKit v.1.16.1 (Akalin ef al., 2012). A logistic

regression model was applied to each comparison with Benjamini-Hochberg correction for multiple
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testing (Benjamini and Hochberg, 1995). For a CpG to be differentially methylated a minimum
difference of at least 10% methylation and a g-value of <0.01 were required. Genes were determined
as differentially methylated genes if they contained an exon with at least two differentially methylated
CpGs and an overall weighted methylation (Schultz et al., 2012) difference across the exon of >15%.
Two CpGs were chosen based on Xu er al. (2021), they find the methylation of two CpGs is enough

to promote gene transcription in Bombyx mori via the recruitment of histone modifications.

Identification of parent-of-origin DNA methylation

Whole genome re-sequencing data of the parents were checked using fastqc v.0.11.5 (Andrews,
2010) and aligned to the reference genome (Bter_1.0, Refseq accession no. GCF_000214255.1,
(Sadd et al., 2015)) using bowtie2 v.2.2.6 (Langmead and Salzberg, 2013) in —sensitive mode
(supplementary 1.0.2). Aligned reads were deduplicated and realigned around indels using GATK
v.3.6 (McKenna et al., 2010). SNPs were called using Freebayes v.0.9.21.7 (Garrison and Marth,
2012) which accounts for ploidy differences between males and females. SNPs were then filtered
using VCFtools v.0.1.16 (Danecek et al., 2011) with the following options: —max-alleles 2 —minQ 20
—min-meanDP 10 —recode —recode-INFO-all. A custom script was then used to filter SNPs to keep
only homozygous alternative SNPs which are unique to either the mother or father of each colony.
We also removed C-T and T-C SNPs as these are indistinguishable from bisulfite converted bases in
WGBS. This left a mean of 365,372 SNPs per colony, allowing the parental alleles of the offspring
to be identified (supplementary 1.0.3, Fig. 1b). The parental SNPs identified above were then used
to create an N-masked genome for each colony (four total) using the BEDtools v.2.28.0 maskfasta
command (Quinlan and Hall, 2010). WGBS libraries from the workers were then aligned to their
respective colony’s N-masked genome, using Bismark v.0.16.1 (Krueger and Andrews, 2011) as
above. BEDtools v.2.28.0 (Quinlan and Hall, 2010) was then used to select reads from the WGBS
alignments of the worker offspring which contained either a unique maternal or paternal SNP, i.e.

reads from either the maternal allele or the paternal allele (supplementary 1.0.4). All other reads
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which did not contain an informative SNP were discarded. Differential methylation between the
maternal and paternal reads of all workers was then carried out using the R package methylKit
v.1.16.1 (Akalin et al., 2012) as above, with the exception of a minimum coverage of eight reads, as

previously described in (Wang et al., 2016).

Gene ontology enrichment

Gene ontology (GO) terms for B. ferrestris were taken from a custom database made in Bebane
et al. (2019). GO enrichment analysis was carried out using the hypergeometric test with Benjamini-
Hochberg (Benjamini and Hochberg, 1995) multiple-testing correction, q <0.05. GO terms from
differentially methylated genes between sexes and castes were tested against a GO term database
made from the GO terms associated with all methylated genes. Genes were determined as methylated
if they had a mean weighted methylation level greater than the bisulfite conversion error rate of
0.05 in either queens, males or workers. REVIGO (Supek et al., 2011) was used to generate GO

descriptions from the GO ids.

Honeybee comparative analysis

To confirm the consistency of parent-of-origin DNA methylation in independently generated honeybee
WGBS data we used the R package DAMEfinder v.1.2.0 (Orjuela et al., 2020) to identify allele-
specific DNA methylation in samples from the following recent studies: Yagound et al. (2019,
2020); Cardoso-Junior et al. (2021); Yi et al. (2021), totalling 58 unique samples after discarding
poor quality libraries. We quality checked the raw data with fastqc v.0.11.5 (Andrews, 2010)
and trimmed poor quality bases using cutadapt v.1.11 (Martin, 2011). Data were then aligned
to the honeybee reference genome (Amel_HAv3.1, Refseq accession no. GCA_003254395.2,
(Wallberg et al., 2019)) using Bismark v.0.16.1 (Krueger and Andrews, 2011) and bowtie2 v.2.2.6
(Langmead and Salzberg, 2013) with standard parameters. We then used methtuple v.1.5.4

(https://github.com/PeteHaitch/methtuple) to extract the methylation calls of pairs of

9
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CpGs. These data were then used in DAMEfinder v.1.2.0 (Orjuela et al., 2020) to identify
occurrences of allele-specific DNA methylation. For a region to be classed as showing allele-specific
DNA methylation a minimum coverage of 10 was required and a minimum score of 0.8, which is
considered representative of true allele-specific DNA methylation according to Orjuela et al. (2020).
We then identified genes which contained allelically methylated regions using R and compared these
gene lists to those which show parent-of-origin DNA methylation, as identified in Wu et al. (2020).
Gene ontology enrichment was carried out as above using GO terms from the Hymenoptera Genome

Database (Elsik et al., 2016; Walsh et al., 2021).

Results

Genome-wide sex- and caste-specific DNA methylation

It is currently unknown to what extent DNA methylation varies between sexes and castes of B.
terrestris. We have therefore taken this opportunity to also generally characterise the sex- and
caste-specific methylomes of this species. We find low genome-wide levels similar to those previously
reported in Bebane et al. (2019) and Marshall et al. (2019), on average 0.25% + 0.05% across all
samples, with little variation between sexes and castes (supplementary 1.0.1). Reproductive workers,
queens and males do, however, show different CpG methylation profiles, with males clustering away
from the two female castes (Fig.2a). We also see no clustering by sub-species for the males or
queens, for example male 08 in Figure 2a represents Bombus terrestris audax and male 19 represents
Bombus terrestris dalmatinus.

Genome-wide, we see overall similar levels of DNA methylation across various genomic
features for both sexes and castes (Fig.2b). It has recently been shown that promoter DNA methylation
exists in some insect species (Lewis et al., 2020; Bain et al., 2021). We have, therefore, annotated
putative promoter regions in B. ferrestris, defined at S00bp upstream of a gene with no overlap

with other genomic features, we also added UTR regions and intergenic regions to further explore

10
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the genome-wide methylation profile. We find the highest levels of DNA methylation for all sexes
and castes are within exon regions, whilst promoter, and 5> UTR regions show a depletion in DNA
methylation compared to intergenic regions (Fig.2b).

We also segregated genes into categories of differing levels of DNA methylation to explore
the potential function of highly methylated genes across sexes and castes. There are a small number
of genes classed as highly methylated (weighted methylation level >0.7) across each sex/caste
(supplementary Fig.S2, supplementary 1.0.5). Most highly methylated genes in queens and workers
are also found in another caste/sex. Whereas males show a larger number of unique genes which are
highly methylated (supplementary Fig.S2, n = 62). We then carried out an gene ontology enrichment
test for each list of highly methylated genes per sex/caste and compared these to lists of genes
classed as methylated (i.e. a weighted methylation level across the gene greater than the lambda
conversion rate) for each sex/caste. We find a variety of GO terms enriched across sexes and castes
mostly involved in core cellular processes (supplementary 1.0.6). Male highly methylated genes did,
however, have a few GO terms enriched for RNA splicing (GO:0008380, GO:0000377, GO:0000387)

which were not present in the queen and worker enriched GO terms.

11
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Figure 2: (a) PCA plot based on the methylation level per CpG for all CpGs which had greater than
10X in all samples and were classed as methylated in at least one sample (n = 5,304). (b) Bar plot of
the mean methylation level of each genomic feature for sexes and castes. Error bars represent 95%
confidence intervals of the mean. Promoters are putative and represented by 500bp upstream of a
gene without any other genomic feature overlap. (c) Upset plot showing common genes containing
a hypermethylated exon per hypermethylated sex/caste per comparison. The set size indicates the
total number of hypermethylated genes, the intersection size shows how many of those are common
between sets, as indicated by the connections in the bottom panel. E.g. 31 genes are uniquely
hypermethylated in queens compared to males and 30 genes are hypermethylated in both queen and

workers compared to males.
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Differential DNA methylation between sexes and castes

A differential DNA methylation analysis between sexes and castes found a total of 1,011 differentially
methylated CpGs between males and reproductive workers, 824 differentially methylated CpGs
between males and queens and 156 differentially methylated CpGs between queens and reproductive
workers. Roughly equal numbers were hypermethylated in each sex/caste per comparison, except for
males and queens where queens show slightly more hypermethylated sites (Chi-squared Goodness
of Fit: y? = 8.97, df = 1, p-value < 0.01, male n = 369, queen n = 455). The majority of all
differentially methylated CpGs are located within genes and specifically within exons, we also find a
slight depletion of differentially methylated CpGs in the first exon compared to the following exons
(supplementary Fig.S1), this is in line with DNA methylation being slightly lower in the first exon in
B. terrestris (Lewis et al., 2020).

We next classed a gene as differentially methylated if a given exon contained at least two
differentially methylated CpGs and had an overall weighted methylation difference of at least 15%.
We find 155 genes are differentially methylated between males and workers, 165 between males
and queens and 37 between queens and workers (supplementary 1.0.7). We carried out a GO
enrichment analysis on all differentially methylated genes and on hypermethylated genes for each
sex/caste per comparison (supplementary 1.0.8). Whilst most terms are involved in core cellular
processes, we specifically find differentially methylated genes between queens and workers are
enriched for chromatin remodelling-related terms (e.g. "histone H3-K27 acetylation" (GO:0043974)
and "chromatin organization involved in negative regulation of transcription" (GO:0097549)) and
reproductive terms (e.g. "oogenesis" (GO:0048477)). Differentially methylated genes between
males and workers were also enriched for a large number of histone modification related terms
(e.g. "histone H3-K27 acetylation" (GO:0043974), "histone H3-K9 methylation" (GO:0051567),
"regulation of histone H3-K9 trimethylation" (GO:1900112)) as well as "dosage compensation"

(GO:0007549) and some reproductive related terms (e.g. "gamete generation" (GO:0007276)).

13


https://doi.org/10.1101/2021.12.17.473163
http://creativecommons.org/licenses/by/4.0/

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.17.473163; this version posted December 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Multiple histone related terms were also found for differentially methylated genes between males and
queens, as well as the above we also found "histone H4-K20 demethylation" (GO:0035574), "histone
H4-K8 acetylation" (GO:0043982), "histone H4-K16 acetylation" (GO:0043984) and "histone H4-K5
acetylation" (GO:0043981).

When looking specifically at hypermethylated genes per sex/caste compared to all differentially
methylated genes per comparison we find only two enriched GO terms for hypermethylated genes
in queens compared to workers: "developmental process involved in reproduction" (GO:0003006)
and "gamete generation" (GO:0007276). In genes hypermethylated in males compared to queens
and workers separately we find a large number of enriched GO terms related to neuron development
amongst other cellular processes.

Most of the differentially methylated genes are common between males, queens and work-
ers, with only 178 total unique genes changing methylation levels between sexes/castes (Fig.2c).
Specifically, we find 31 genes are hypermethylated in queens and workers when compared to
males and 18 genes are hypermethylated in males when compared to queens and workers. We
carried out a GO enrichment on these genes using all differentially methylated genes from all
comparisons as a background set. We find general cellular processes enriched in both gene lists with
hypermethylated genes in the female castes also enriched for some telomere-related functions, e.g.

"telomere organization" (GO:0032200) and "regulation of telomere maintenance" (GO:0032204).

Parent-of-origin and lineage-of-origin DNA methylation in B. ferrestris

Using SNPs called from the parental genomes of each colony we were able to identify reads within
the WGBS of the offspring which belong to each parental allele. We analysed each reciprocal cross
separately to maximise the number of common CpG sites covered in the samples. This allowed us
to identify the parental origin of 6,091 and 4,883 CpGs with at least eight times coverage in all
worker samples per cross respectively. Given that in our sex- and caste-specific differential DNA

methylation comparisons we have >2 million CpGs identified, we calculate that we have only been
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able to survey around 0.25% of the bumblebee methylome for parent-of-origin and lineage-of-origin
DNA methylation. We therefore present this component of the paper as a learning experience in the
hope to improve future research in this field (see discussion).

Of the 6,091 and 4,883 CpG identified, three and two respectively were classed as being
methylated in at least one sample by a binomial test and were tested for parent-of-origin and lineage-
of-origin effects. None of these positions show evidence of parent-of-origin or lineage-of-origin

DNA methylation.

Consistency of parent-of-origin DNA methylation in the honeybee

In order to explore the consistency of parent-of-origin DNA methylation in independently generated
honeybee data sets we selected genes from Wu et al. (2020) which contained a minimum of two
CpGs showing parent-of-origin DNA methylation. Using a list of unique genes from either sterile or
reproductive samples from either of the two genetic blocks tested in Wu et al. (2020) we selected a final
list of 166 unique genes which show parent-of-origin DNA methylation, 91 with paternal-of-origin
DNA methylation and 75 with maternal-of-origin DNA methylation (supplementary 1.0.9).

We then called allele-specific DNA methylation in independently generated honeybee female
data sets (n = 33) spanning various tissues of both workers and queens from Cardoso-Junior et al.
(2021); Yi et al. (2021) and Yagound et al. (2020). We find around 1,500 genes per sample show
allele-specific DNA methylation with slightly lower numbers in worker thorax tissue (Fig.S3). Of
the 166 identified genes which show parent-of-origin DNA methylation, 132 are found in at least one
independent data set showing allele-specific DNA methylation. Specifically, each data set shows
allele-specific DNA methylation for between 45-53% of the 166 genes with parent-of-origin DNA
methylation (Fig.S3). From these we have identified a core set of 12 genes which are present in all
33 data sets, six of which show maternal-of-origin DNA methylation and six show paternal-of-origin
DNA methylation as determined in Wu et al. (2020) (Table 1).

In order to further explore the function of these core 12 genes we carried out a gene ontology
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enrichment analysis using all unique genes with allele-specific DNA methylation as a background
set (n = 3,448). We find a variety of terms enriched, including many involved in nervous system

development and the term "social behaviour" (GO:0035176) (supplementary 1.1.1).
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We also examined genes which show both parent-of-origin DNA methylation from Wu
et al. (2020) and allele-specific DNA methylation in at least half of all data sets (n >= 16), which
gave a total of 91 genes, 46 of which show maternal-of-origin DNA methylation and 45 show
paternal-of-origin DNA methylation (supplementary 1.1.2). A GO enrichment analysis of these
genes using all genes which show allele-specific DNA methylation as a background set revealed a
variety of processes including multiple nervous system development terms, histone modification
related terms (e.g. "histone H4-K20 demethylation" G0O:0035574) and some terms involved in
reproduction (e.g. "oocyte nucleus migration involved in oocyte dorsal/ventral axis specification"
GO:0007312).

In addition to identifying this core set of genes which show potentially consistent parent-
of-origin DNA methylation across multiple independent data sets, we also ran this pipeline for
some male samples as previous research has shown a diploid genome exists in some tissues of A.
mellifera males as a potential mechanism of dosage compensation (Mittwoch et al., 1966; Aron
et al., 2005). As expected we find little to no allele-specific DNA methylation in sperm samples
(supplementary Fig.S4). As there is only one allele present any arising allele-specific methylation
events are likely false positives. However, we do find between 332-538 genes showing allele-specific
DNA methylation in male thorax tissue, across 10 replicate samples from Yagound et al. (2020).

We checked these genes which show allele-specific DNA methylation to see if they were
also called as showing parent-of-origin DNA methylation in Wu et al. (2020). Of the 166 genes
which show parent-of-origin DNA methylation, 79 are found in at least one male sample showing
allele-specific DNA methylation. Each data set shows allele-specific DNA methylation for between
18-24 (i.e. 10-14%) of the genes which show parent-of-origin DNA methylation identified in Wu
et al. (2020) (Fig.S4). There is one gene which is present in all 10 data sets showing allele-specific
DNA methylation and parent-of-origin DNA methylation, this is protein crumbs (LOC725591,
GB46140), which is maternally methylated in females. GO terms associated with this gene are

involved in multiple body plan developmental processes.
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There are also 12 genes which show allele-specific DNA methylation in at least 50% of the
male thorax data sets (n >=5, supplementary 1.1.2), seven of which show maternal methylation in
females and five of which show paternal methylation in females. Gene ontology terms enriched for
these 12 genes compared to all genes showing allele-specific DNA methylation in males (n = 2,010)
included many histone demethylation terms (e.g. "histone H3-K9 demethylation" GO:0033169 and
"histone H3-K27 demethylation" GO:0071557), "social behaviour" (GO:0035176) and various other
developmental processes (supplementary 1.1.1). Of these 12 genes, three also show allele-specific
DNA methylation in all female data sets (Table 1). Upon inspection of the GO terms related to these
genes we find GB48854 is driving the enriched term involved in social behaviour and GB51276
and GB51956 are driving nervous system development enriched GO terms. Interestingly, whilst not

enriched the GO term spermatid development is associated with GB51956.

Discussion

In this study we have explored the potential of DNA methylation as an imprinting mark in social bees.
We conducted reciprocal crosses to explore parent-of-origin DNA methylation in the bumblebee
Bombus terrestris. Whilst our crosses and data generation were successful, we were unable to
confidently identify genome-wide parent-of-origin DNA methylation. We were, however, able to
use these data to characterise the sex- and caste-specific DNA methylation profiles of B. ferrestris
for the first time. We find genome-wide that sexes and castes show similar DNA methylation
profiles, however there are a number of genes which are differentially methylated between sexes
and castes. Males specifically show a large number of differentially methylated genes involved in
other epigenetic processes, such as histone modifications and chromatin dynamics. We also mined
previously generated honeybee whole genome bisulfite sequencing data to explore the consistency of
parent-of-origin DNA methylation, as identified in Wu et al. (2020), across independent data sets.

We find a core set of 12 genes which exhibit parent-of-origin DNA methylation show allele-specific
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DNA methylation in all 33 independently generated female data sets. We have also identified a

potential role for allele-specific DNA methylation in some diploid tissues of male honeybees.

Recommendations for B. terrestris reciprocal cross design for parent-of-origin

DNA methylation

We used whole genome re-sequencing data of the mother and father from two sets of reciprocal
crosses in order to call SNPs to identify the parent-of-origin of the alleles in the offspring. We find a
similar number of unique informative SNPs between our crosses compared to previous studies which
have identified parent-of-origin expression in bumblebees (Marshall ez al., 2020b) and honeybees
(Galbraith et al., 2016) and parent-of-origin DNA methylation in honeybees (Wu et al., 2020). This
indicates the sub-species used in this study were genetically different enough to be able to identify
the parent-of-origin of the alleles in the offspring. It should be noted for future study design, however,
that the number of SNPs identified has a direct effect on the percentage of the genome that can be
surveyed for parent-of-origin effects. For example, Smith er al. (2020) were only able to call around
7000 informative SNPs from honeybee reciprocal crosses which meant they could only survey 17%
of all genes for parent-of-origin expression. Whilst we have obtained enough resolution through
SNPs, we were still unable to identify parent-of-origin DNA methylation across the entire genome
of B. terrestris. We explore the reasons for this and make the following recommendations for a
replication of this work.

Firstly, we sequenced the worker offspring samples to a depth of 30X, this coverage yields
enough data for standard differential DNA methylation analysis even after data loss due to low
mapping rates of bisulfite converted data (generally less than 60% mapping efficiency (Tran et al.,
2014)) and removal of PCR duplicates. An additional step required to identify parent-of-origin DNA
methylation involves allocating reads to the maternal or paternal chromosomes, this means only half
of all remaining data is usable for each maternal/paternal-of-origin gene. Given that statistically a

minimum coverage of 10 reads are required per CpG to avoid excess false positive calls (Ziller et al.,
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2015), we would recommend sequencing to a depth of at least S0X in future work to maximise the
final number of CpG sites which meet this minimum coverage requirement.

Secondly, we chose to pool DNA from worker head tissue per colony, resulting in only one
sequencing library for each colony of each cross. It has recently been shown that variation in
DNA methylation within Hymenopteran species can be largely driven by the underlying genotype,
1.e. the genomic sequence (Yagound et al., 2019; Marshall er al., 2019; Yagound et al., 2020).
Pooling samples therefore adds additional variation per sequencing library which may confound
any lineage-of-origin DNA methylation profiles. Avoiding pooling samples would therefore reduce
variation per library.

Finally, whilst we were selective in the tissue we sequenced we would recommend sequencing
even more specific tissue types as DNA methylation profiles are known to differ between tissues (Pai
etal.,2011). A relatively new technique called Enzymatic Methyl-Seq (Vaisvila et al., 2021) may
be used in place of traditional bisulfite sequencing which allows a much lower initial input DNA
quantity and yields the same unmethylated-cytosine to thymine conversion as bisulfite sequencing.
This may be used, for example, to examine parent-of-origin methylation profiles in individual brain

samples.

Sex- and caste-specific methylomes of B. terrestris

We were able to use the data generated in this study to explore the sex- and caste-specific methylome
of B. terrestris. Whilst genome-wide, males show similar DNA methylation profiles to the two
female castes, in terms of DNA methylation localisation to exons and depletion in promoter regions,
we also found a number of differentially methylated genes between males and females. Specifically,
differentially methylated genes are enriched for many histone modification related processes. It
has recently been found in the silk moth that the presence of DNA methylation promotes histone
H3-K27 acetylation which changes the chromatin formation of a region allowing gene expression

(Xu et al., 2021). The relationship between DNA methylation and histone modifications in social

21


https://doi.org/10.1101/2021.12.17.473163
http://creativecommons.org/licenses/by/4.0/

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.17.473163; this version posted December 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

insects remains unknown. However, recent work by Choppin et al. (2021) shows a role for histone
acetylation in the regulation of worker reproduction and gene expression in the ant Temnothorax
rugatulus. An exploration of the functional relationship between DNA methylation and histone
modifications is needed across a greater diversity of insect species in order to understand how these
processes may interact to produce downstream gene expression and thus phenotype differences.

In addition to histone related genes we also find both female castes show hypermethylated
genes which are involved in telomere functions. Telomere length is thought to correlate with
lifespan (Cawthon et al., 2003) and it has been found in the ant Lasius niger that the shorter lived
males do indeed posses shorter telomeres than females (Jemielity et al., 2007). The lifespan of B.
terrestris queens is significantly longer than workers and males (Greeff and Schmid-Hempel, 2008;
Smeets and Duchateau, 2003; Duchateau and Marin, 1995). One role for DNA methylation in B.
terrestris may therefore be the regulation of caste differences through core cellular processes, such
as telomere maintenance. Finally, we also find differentially methylated genes between queens and
reproductive workers are involved in reproductive related processes. Previous work has suggested
a role for DNA methylation in reproduction in B. terrestris (Amarasinghe et al., 2014), as well
as other social insects (Wang et al., 2020; Bonasio et al., 2012), although this does not appear
to be consistent across Hymenoptera (Libbrecht et al., 2016; Patalano et al., 2015). Whilst the
differentially methylated genes identified here suggest a role for DNA methylation in maintaining or
generating caste differences, a direct causal link between DNA methylation and gene expression

changes mediating phenotypes has yet to be found.

Consistency of parent-of-origin DNA methylation in the honeybee

Genes which show parent-of-origin expression have been identified in two social insect species to
date, B. terrestris (Marshall et al., 2020b) and A. mellifera (Wu et al., 2020). Whilst a direct link
between parent-of-origin DNA methylation and parent-of-origin expression has not been found in the

honeybee (Wu et al., 2020; Smith et al., 2020), it is possible parent-of-origin DNA methylation may
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mediate imprinted genes in a trans- or temporal-acting fashion (Xu et al., 2021; Li-Byarlay et al.,
2020). For example, in mammals DNA methylation can act to silence an imprinting control element,
which when normally expressed would silence nearby genes (Barlow, 2011). This highlights the
complex nature of interactions between epigenetic mechanisms and gene expression and shows why
direct correlation of expression and methylation levels of a given gene may not be indicative of the
function of those specific epigenetic marks.

As part of this study set out to identify genes which may show consistent parent-of-origin
DNA methylation across independently generated honeybee whole genome bisulfite sequencing data
in order to provide a strong list of candidate genes which may be involved in genomic imprinting in A.
mellifera. We find a core set of 12 genes which show allele-specific DNA methylation in 33 female
data sets from both queens and workers across various tissues. One of these genes is specifically
involved in regulating social behaviour. It is predicted by the kinship theory that imprinted genes in
social insects should play a role in mediating worker reproductive behaviour (Haig, 2000; Queller,
2003). The identification of a specific gene which may regulate this process provides an ideal
candidate for experimental epigenetic manipulation, through techniques such as CRISPR-Cas9 (Vojta
et al., 2016), enabling a functional assessment of the parent-of-origin specific DNA methylation
marks present.

It is also worth noting that if parent-of-origin DNA methylation does act as an imprinting
mark, in some capacity in A. mellifera, that we might expect there to be more than 12 genes involved
in genomic imprinting. Firstly, some imprinted genes in mammals are known to be tissue specific
(Prickett and Oakey, 2012) and here we only examined genes with allele-specific DNA methylation
when it occurred across all tissues tested. Additionally, it may be expected that workers and queens
display different imprinted genes, as genomic imprinting has been suggested to play a role in caste
determination in some social insects (Matsuura, 2019). Again, this suggests the 12 genes identified
may only represent a subset of all imprinted genes in A. mellifera. It has also been suggested that

imprinted genes may respond in a plastic manner to environmental conditions, for example a silenced
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allele may become activated in order to increase gene dosage in response to external stimuli (Radford
etal.,2011). Imprinted genes in A. mellifera workers are predicted to be involved in reproduction
(Haig, 2000), and so a plastic response to queen presence of some imprinted genes may account for
the small number in common across independent samples. Finally, we cannot rule out that more of
the genes with parent-of-origin DNA methylation identified in Wu et al. (2020) are not consistent
across A. mellifera females. As discussed in the 'Recommendations for B. terrestris reciprocal
cross design for parent-of-origin DNA methylation’ section above, it may be that we did not have
sufficient coverage in some genome regions / samples from the data tested for these areas to show
significant allele-specific DNA methylation. Although, it’s worth noting the advantage of identifying
allele-specific methylation through probabilistic models as opposed to using SNPs is that we can
survey homozygous regions which would usually be discounted when differences in the underlying
genotype are needed for allele identification (Orjuela et al., 2020).

Finally, of the core 12 genes identified above we find three of those genes also show allele-
specific DNA methylation in some male thorax tissue, including the gene involved in social behaviour.
Different tissues are known to vary in levels of ploidy in some social insects (Aron et al., 2005). DNA
methylation has also previously been suggested as a possible mechanism of ploidy compensation
in haplodiploid insects, with Glastad et al. (2014) finding diploid males of the fire ant, Solenopsis
invicta, show more similar methylation patterns to diploid females compared to haploid males. The
discovery of genes showing allele-specific DNA methylation in male thorax tissue is suggestive of a

role for DNA methylation in tissue-specific ploidy compensation in A. mellifera.

Conclusion

This study provides the groundwork for future research exploring parent-of-origin DNA methylation
as a potential imprinting mechanism in the bumblebee Bombus terrestris. We specifically highlight
technical recommendations for adequate data generation from reciprocal crosses needed to identify

parent-of-origin DNA methylation at a genome-wide scale. We have also characterised the sex-
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and caste-specific methylome of B. ferrestris identifying a potential role for DNA methylation
in downstream epigenetic regulatory processes which may influence sex and caste phenotypic
differences. Additionally, using genes previously identified as showing parent-of-origin DNA
methylation in the honeybee we have identified a core set of these genes which appear to show
conserved allele-specific DNA methylation across female castes and tissues. These genes can serve
as candidates for experimental manipulation to explore the functional role of parent-of-origin DNA
methylation in A. mellifera. Finally, we have identified allele-specific DNA methylation in honeybee

male thorax tissue which suggests a role for DNA methylation in ploidy compensation in this species.
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