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ABSTRACT Meiotic recombination shuffles genetic variation and promotes correct segregation of chromosomes. Rates of
recombination vary on several scales, both within genomes and between individuals, and this variation is affected by both genetic
and environmental factors. Social insects have extremely high rates of recombination, although the evolutionary causes of this are not
known. Here, we estimate rates of crossovers and gene conversions in 22 colonies of the honeybee, Apis mellifera, and 9 colonies of
the bumblebee, Bombus terrestris, using direct sequencing of 299 haploid drone offspring. We confirm that both species have
extremely elevated crossover rates, with higher rates measured in the highly eusocial honeybee than the primitively social bumblebee.
There are also significant differences in recombination rate between subspecies of honeybee. There is substantial variation in genome-
wide recombination rate between individuals of both A. mellifera and B. terrestris and the distribution of these rates overlap between
species. A large proportion of interindividual variation in recombination rate is heritable, which indicates the presence of variation in
trans-acting factors that influence recombination genome-wide. We infer that levels of crossover interference are significantly lower in
honeybees compared to bumblebees, which may be one mechanism that contributes to higher recombination rates in honeybees. We
also find a significant increase in recombination rate with distance from the centromere, mirrored by methylation differences. We
detect a strong transmission bias due to GC-biased gene conversion associated with noncrossover gene conversions. Our results shed
light on the mechanistic causes of extreme rates of recombination in social insects and the genetic architecture of recombination rate
variation.
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MEIOSIS,which results in theproductionofhaploidgerm
cells, is an essential process in sexually reproducing

organisms. Recombination is a key mechanism that ensures
accurate segregation of homologous chromosomes during
meiosis by forming at least one crossover (CO) event per
chromosome arm (or chromosome) in sexual eukaryotes
(Mézard et al. 2015). Although many genes involved in

recombination are highly conserved (Baudat et al. 2013;
Wang and Copenhaver 2018), the genomic distribution of
recombination events is not uniform across the genome,
and this distribution is also highly variable between spe-
cies (Serrentino and Borde 2012; de Boer et al. 2015). A
range of taxa, including most birds and mammals, possess
distinct recombination hotspots in their genomes, where re-
combination rate is several orders of magnitudes higher than
the surrounding regions, while other species, such as fruit
flies and nematodes, do not have such distinct recombination
hotspots (reviewed in Smukowski and Noor 2011; Stapley
et al. 2017). Furthermore, both the number and distribution
of recombination events varies between individuals and be-
tween populations, in addition to between species (Auton
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et al. 2012; Comeron et al. 2012; Hunter et al. 2016;
Kawakami et al. 2017). However, the extent of this variation
and its genetic and environmental determinants are still not
fully understood.

Meiotic recombination entails the repair of double-
stranded breaks (DSBs) by several distinct pathways (Gray
and Cohen 2016; Wang and Copenhaver 2018). Outcomes of
these DSB repair pathways are either COs, which involve a
reciprocal exchange of chromatid arms, or noncrossovers
(NCOs), which do not involve such a reciprocal exchange.
Both of these outcomes can be associated with gene conver-
sion events, by which genetic materials are exchanged unidi-
rectionally between homologous chromosomes (Chen et al.
2007; Duret and Galtier 2009). Recombination can vary in
several quantifiable ways between individuals and between
species, including the total number of COs and NCOs, the
ratio of these two outcomes (CO:NCO), and the genomic
distribution of recombination events (Cole et al. 2014). The
genomic distribution can be quantified by the degree of clus-
tering of COs or their tendency to localize in certain genomic
regions or motifs (Myers et al. 2010; Auton et al. 2012).
These variables can be used to determine the factors that
influence localization of DSBs in the genome, factors that
cause variation in usage of DSB repair pathways and the
mechanisms involved in these processes.

Variation in recombination has a heritable component, and
genes with large effects on recombination rate have been
identified in some species. In mammals, several lines of
evidence led to the identification of a major role of the PR
domain zinc finger protein 9 (PRDM9) in determining the
location of recombination hotspots through binding to spe-
cific sequencemotifs (Myers et al. 2005, 2010; Parvanov et al.
2010). Furthermore, quantitative genetic analyses have iden-
tified several genes associatedwith variation in COnumber in
humans, cattle, and Soay sheep, such as REC8 and RNF212
(Sandor et al. 2012; Ma et al. 2015; Johnston et al. 2016,
2018).

This genetic architecture of recombination rate variation
appears to be fundamentally different between mammalian
and nonmammalian species, given the absence of thesemam-
malian recombination-associated genes and the differences in
distribution or the lack of recombination hotspots in non-
mammalian genomes (Pan et al. 2011; Choi et al. 2013; Lake
et al. 2015; Singhal et al. 2015). For example, a genome-wide
association study using 205 lines of the Drosophila mela-
nogaster Genetic Reference Panel identified five genes asso-
ciated with variation in the recombination rate, but these
genes likely influence local rather than genome-wide varia-
tion, and it is possible that there is little genetic control of the
variation in total CO number (Hunter et al. 2016). In red deer
and mice, the recombination rate is highly variable between
individuals, with an approximately twofold difference be-
tween the highest and lowest rates, but narrow-sense herita-
bility is low to modest (h2 = 0.12–0.46) (Dumont et al.
2009; Johnston et al. 2018). In most species, however, it is
unclear how much variation in recombination exists, and the

degree to which this variation is heritable (Fledel-Alon et al.
2011; Hunter et al. 2016; Ritz et al. 2017).

A number of factors can influence the distribution of COs in
the genome. Some chromosomal regions, such as centro-
meres, are generally devoid of COs (Choo 1998). In a fine
scale, in species with a functioning PRDM9 gene, COs tend to
localize to hotspot sequence motifs in the genome. In species
without PRDM9, COs have been found to bemore common in
open chromatin, which is associated with DNA methylation
and histone modifications (Choi et al. 2013; Yelina et al.
2015). In addition, the presence of a CO event in a given
region reduces the probability that another CO occurs event
in the near vicinity, a phenomenon known as CO interference
(Housworth and Stahl 2003; Hillers 2004). Stronger CO in-
terference increases the spacing between CO events on the
same chromosome. The extent of CO interference appears to
vary between species (Foss et al. 1993; Bishop and Zickler
2004; Campbell et al. 2015), between genomic regions
within species (Hillers 2004; Stahl et al. 2004), and between
sexes (Campbell et al. 2015). In most taxa, the majority of
DSBs are thought to be repaired as NCOs (for example, 90%
in mice; Cole et al. 2012); however, the CO:NCO ratio has
been characterized in only a few species. This ratio may vary
between individuals and between species, which could re-
flect differences in the relative use of the different DSB repair
pathways. Both the strength of CO interference and the
CO:NCO ratio may represent heritable phenotypic traits that
can be modified by selection.

Recombination can introduce new favorable allelic com-
binations into a population, and break unfavorable combina-
tions by shuffling genetic material between homologous
chromosomes (Hartfield and Keightley 2012). Selection
may therefore favor higher recombination rates in popula-
tions experiencing frequent environmental fluctuations that
are forced to rapidly adapt (Sasaki and Iwasa 1987). Conse-
quently, antagonistic coevolution of pathogens and their
hosts may lead to the spread of modifier alleles favoring
higher recombination rates (Peters and Lively 2007). Empir-
ical studies have reported that recombination rates increased
or decreased in response to various types of selective pres-
sures, such as high and low temperature, geotaxis, and pes-
ticide exposure (Flexon and Rodell 1982; Korol and Iliadi
1994; Morgan et al. 2017), implying that strong selection
on a range of traits can cause recombination rate to evolve.
In addition to these genetic effects, recombination rate can
also exhibit a direct plastic response to intrinsic and environ-
mental factors, such as temperature (Smith 1936; Morgan
et al. 2017), maternal age (Coop et al. 2008; Campbell
et al. 2015), nutrition (Neel 1941), and parasite infection
(Singh et al. 2015). The environment can therefore influence
recombination rate of a population indirectly by selection, or
directly due to a plastic response, although it is unclear if
these effects are common in nature.

A bias in the transmission of alleles in meiosis can occur in
the vicinity of recombination events due to GC-biased gene
conversion (gBGC). This process causes G or C nucleotides to
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bepreferentially transmittedoverAorTnucleotides in regions
with GC/AT base mismatches that are involved in gene con-
version events (Duret and Galtier 2009; Mugal et al. 2015).
Since gBGC increases the probability of fixation of certain
alleles, both gBGC and natural selection can generate similar
allele frequency changes. It may also interfere with selection,
by promoting the proliferation of weakly deleterious G:C al-
leles (Berglund et al. 2009; Galtier et al. 2009). Although the
evolutionary genetic signal of gBGC is observable in a wide
range of taxa, a direct estimate of the strength of gBGC is
limited to a handful of species, including yeasts, birds, and
humans (Mancera et al. 2008; Lesecque et al. 2013; Williams
et al. 2015; Smeds et al. 2016). Furthermore, it is not clear if
any of the DSB repair pathways are specifically targeted by
gBGC, if it is most commonly associated with CO or NCO
events, and the degree to which these mechanisms vary be-
tween taxa. For instance, gBGC is specifically associated with
COs in yeasts, but both COs and NCOs appear to be affected
by gBGC in humans (Lesecque et al. 2013; Odenthal-Hesse
et al. 2014; Arbeithuber et al. 2015; Williams et al. 2015).

Social insects are unusual due to their extremely high
recombination rates, which are among the highest in meta-
zoans and are not shared by solitary insects. The highest rates
are observed in the highly eusocial honeybee (Apis mellifera)
(22–37 cM/Mb), while more primitively eusocial insects,
such as bumblebees, have high, but less extreme, recombina-
tion rates (4.4–8.7 cM/Mb) (Wilfert et al. 2006; Solignac
et al. 2007; Liu et al. 2015, 2017a). Several theories have
been proposed to explain the link between recombination
rate and eusociality. One set of theories points to a possible
evolutionary advantage of recombination in increasing geno-
typic diversity in a colony, which could facilitate division of
labor by generating a more resilient workforce and/or in-
creasing colony resistance to disease and parasites (Baer
and Schmid-Hempel 1999; Oldroyd and Fewell 2007;
Smith et al. 2008). Another possibility is that increased re-
combination rates facilitated rapid evolution of genes re-
quired for the evolution of different castes seen in social
insects (Kent et al. 2012). Uncovering the evolutionary ex-
planation for high rates in social insects could help to illumi-
nate the evolutionary advantage of recombination more
generally. In order to address these questions, it is important
to understand the genetic control of recombination in social
insects and the molecular changes in recombination that
have occurred with increasing sociality. Further insight could
also be gained by testing whether exposure to factors such as
disease and parasites causes recombination rate to evolve.

A fine-scale analysis of the recombination landscape in the
honeybee genome based on analysis of patterns of linkage
disequilibrium revealed an absence of strong recombination
hotspots and intense levels of gBGC (Wallberg et al. 2015).
Bees are particularly well-suited for studying recombination
due to their haplodiploid system of inheritance, where unfer-
tilized haploid eggs produced by meiosis in a queen develop
into males (drones). It is therefore possible to directly infer
the number and location of recombination events in each

meiosis from drone samples by whole genome sequencing
and comparison to the diploid sequence of the queen. Studies
in honeybees and bumblebees using this linkage analysis
have allowed fine-scale characterization of COs and gene
conversions and demonstrated extremely high recombina-
tion rates (Liu et al. 2015, 2017a). However, thus far, the
variation in recombination rates between queens and be-
tween populations and its causes has not been analyzed.

Herewe investigatefine-scale recombination ratevariation
inmultiple populationsof thehoneybee (A. mellifera) and the
buff-tailed bumblebee (Bombus terrestris) by whole-genome
sequencing a total of 299 haploid drones from 22 honeybee
and 9 bumblebee colonies. In the honeybee, these studies are
facilitated by the availability of a new highly contiguous ref-
erence genome (Wallberg et al. 2018). We investigate the
number and distribution of COs and gene conversions. We
analyze how these measures vary on several levels, such as
between meioses, between queens (mothers), between pop-
ulations, and between species, in order to illuminate the ge-
netic architecture of this variation. We also directly estimate
the strength of CO interference and gBGC and how these
factors vary on different levels. Finally, we test whether two
distinct extrinsic factors affect recombination rates: the pres-
ence of parasitic Varroa mites in honeybee colonies, and the
presence of neonicotinoid pesticides on crops in the vicinity
of bumblebee colonies.

Materials and Methods

Sample collection and sequencing

We collected samples of honeybee (A. mellifera) and buff-
tailed bumblebee (B. terrestris) drone brood from several
different locations (Supplemental Material, Table S1). In to-
tal, we used 215 honeybee drones collected from 22 colonies,
and 84 bumblebee drones collected from nine colonies. Six-
teen honeybee colonies were collected on two islands in
the Baltic Sea, Åland, and Gotland (8 colonies/island, 8–10
drones/colony). The origins of these colonies are typical of
managed honeybees and contain a mixture of European an-
cestry (Wallberg et al. 2014), and we refer to them as Euro-
pean A. mellifera. The remaining six honeybee colonies were
from two subspecies collected in South Africa (A.m. scutellata
and A. m. capensis). Drones of B. terrestris were taken from
commercially-produced colonies that were included in a
study to determine the effects of neonicotinoid and pathogen
exposure on bees (Rundlöf et al. 2015; Wintermantel et al.
2018). Drone brood in both of these species consists of hap-
loid males in the larval or pupal stage individually encased in
wax. The brood was manually removed from wax and stored
at 220� before DNA extraction. Clusters of drone brood,
which have a high probability of being derived from the same
queen, were cut from comb.

For the European A. mellifera samples and the
B. terrestris samples, DNA was extracted from whole larvae
and thorax from pupae using the Qiagen blood and tissue kit
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by following the standard protocol. Whole genomic DNA
was used to prepare sequencing libraries using the Illumina
TruSeq PCR-free kit. DNA from African A. mellifera samples
was extracted using a salt-isopropanol precipitation protocol,
followed by library preparation using the Illumina TruSeq
Nano kit. All samples were sequenced on an Illumina
HiSeq2500 instrument to produce 2 3 125 bp paired-end
reads aiming to obtain mean read coverage .83.

Short-read mapping and SNP identification

To detect single nucleotide polymorphism (SNP) variants
in the honeybee samples, we mapped the reads against
the Amel_HAv1 Apis mellifera genome assembly, which is a
highly contiguous hybrid assembly constructed using PacBio
SMRT sequencing (Pacific Biosciences) and 103 Chromium
linked-reads (103 Genomics), and which was scaffolded us-
ing the honeybee genetic linkage map (Solignac et al. 2007;
Wallberg et al. 2018). For the bumblebee reference sequence,
we used version 1.0 (Bter_1.0) of the Bombus terrestris ge-
nome (Sadd et al. 2015). This assembly was produced us-
ing Roche 454 sequence and has lower contiguity than
Amel_HAv1 (contig-level N50 = 76 kbp; scaffold-level
N50 = 3.5 Mbp).

The Illumina short-reads of the individual honeybee and
the bumblebee drones were mapped to their respective ref-
erence genomes using the BWA-MEM algorithm in BWA
0.7.2 (Li and Durbin 2009) with the default settings (e.g., a
soft-clipping base-quality threshold of 5 to avoid including
low-quality bases in the alignments). On average, 17 6 4.6
million readswere produced per sample and 88.9 6 9.4% of
the reads mapped to the reference genomes. Alignment qual-
ity was enhanced by local realignment with GATK (McKenna
et al. 2010; DePristo et al. 2011). Duplicate reads were
marked using Picard (http://broadinstitute.github.io/
picard/).

SNPs were identified separately in each of the four pop-
ulations (European A. mellifera, A. m. capensis, A. m. scutel-
lata, and B. terrestris) by using FreeBayes v1.0.2 (Garrison
and Marth 2012) and the flags: “-k –u –E 0 –X” to inactivate
population priors and the extension of adjacent linked SNPs
into complex multi-nucleotide polymorphisms. A basic filter
was first applied for each species to remove very low-
confidence SNPs by VCFLIB tool vcffilter (Garrison 2012):
for the A. mellifera data, variants with a quality score of
50 or greater (QUAL . 50) and total depth of coverage of
203 or greater (DP. 20) were retained for further analysis.
For the B. terrestris data, we used QUAL . 20 due to the
lower average coverage in these samples. Although drones
are haploids, their variants (representing the maternal geno-
type) were called as diploids.

Out of 4,220,367, 4,861,550, 4,594,130, and 3,052,460
SNPs initially identified across all the colonies in European
A. mellifera, A. m. capensis, A. m. scutellata, and B. terrestris,
respectively, we selected high quality SNPs in the respective
four populations, by applying the following filters (per colony
basis): (1) multi allelic SNPs (.2 alleles) were removed; (2)

SNPs with mean read coverage of ,123 across all drones
(i.e., double the genome-wide average read coverage) were
removed to avoid regions with potential errors in read map-
ping due to repetitive regions and copy number variations
(CNVs); (3) only SNPs that were genotyped for .90% of
drones were retained; and (4) singleton SNPs were removed;
and (5) SNPs called as “heterozygotes” in at least one drone
were removed because they may represent mapping errors
(similar to filter criterion 2). These filters were applied in
order to select SNPs that were heterozygous in queens (here-
after referred to as hetSNPs). Pairwise nucleotide diversity
within populations and FST between populations were calcu-
lated in 50-kb nonoverlapping windows using VCFTools
v0.1.14 (Danecek et al. 2011).

Haploid phasing and identification of
recombination events

The haplotypes of the diploid queens were inferred from the
drone sequences of each colony using the same approach as
Liu et al. (2015). Drones originating from the same colony
were mosaics of the queen chromosomes (an example is
given in Figure S1 in File S1). Adjacent hetSNPs in each
drone sequence should therefore originate from only one of
the two chromosomes in the queen, except in regions where
CO or gene conversion occurred. It is extremely unlikely that
a recombination event would occur with the exact same in-
terval in more than one drone sampled from any particular
colony. On this assumption we reconstructed queen haplo-
types in each colony step-by-step for the most likely allelic
combinations between adjacent hetSNPs starting at one end
of chromosomes.

The searching procedurewas as follows (with hypothetical
allelic combinations shown in square brackets): (1) the most
commonandthesecondmost commoncombinationsofalleles
between adjacent hetSNPs [e.g., 0-0 and 1-1] were identified,
which represent “expected” allelic combinations of the queen
haplotypes; (2) the number of “unexpected” allelic combina-
tions [e.g., 0-1 or 1-0] were identified; (3) a region with more
than two unexpected allelic combinations was considered as
a “haplotype gap,” where queen haplotypes could not be
accurately reconstructed and were not used for detecting re-
combination; (4) if two unexpected allelic combinations
were found, the second hetSNP site was removed, and the
search for the most likely allelic combinations was reiterated
while keeping the first hetSNP; and (5) a region with only
one unexpected allelic combination was considered a genu-
ine recombinant. Reconstructed queen haplotypes were used
for imputing missing alleles in drones by using the allelic
combinations between adjacent hetSNP sites (e.g., the miss-
ing allele M in allelic combination of 0-M-0 in a drone should
be 0, if the reconstructed queen haplotypes are 0-0-0 and
1-1-1). Because reconstruction of queen haplotypes was
somewhat dependent of missing alleles in drones and haplo-
type gaps, the search for the most likely allelic combinations
was conducted separately from both ends of the chromo-
somes (“forward search” and “reverse search,” respectively).
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Since these forward and reverse searches produced very sim-
ilar results with respect to the number of COs (for example,
the mean numbers of COs in the forward and reverse
searches in European A. melliferawere 56.6 and 56.2, respec-
tively; paired t-test, P = 0.34), we only showed the results
of the forward search for the CO analysis. However, the re-
sults of both the forward and reverse searches were used as
one of the filtering criteria in the identification of gene con-
versions (see below).

COs and gene conversions were detected in each drone by
identifying regions along a chromosome where a sequence
switches between two haplotypes of the corresponding
queens. Following the definition used by Liu et al. (2015),
we called haplotype switches as outcomes of COs if the
distance between the adjacent switches was .10 kb.
This is because the length of a gene conversion tract is
generally ,10 kb (Mancera et al. 2008; Lu et al. 2012;
Smeds et al. 2016). The remaining haplotype switches (i.e.,
those ,10 kb) were classified as gene conversions. If gene
conversions were identified within 10 kb from the nearest
CO breakpoints where haplotype switches were observed,
they were classified as CO-associated gene conversions, fol-
lowing Liu et al. (2015). Liu et al. (2015) validated this
“10-kb” assumption by comparing the number of gene con-
version events with the different lengths of conversion tracts.
The remaining gene conversions were classified as NCO-
associated gene conversions.

To removeputatively erroneous gene conversions,weused
additional filters for gene conversions: (1) gene conversions
should be identified in both the forward and reverse searches
when reconstructing haplotypes, (2) gene conversions should
not spanmore than one scaffold, (3) gene conversions should
be $5 kb away from scaffold ends, (4) the mean read depth
at SNPs supporting gene conversions should not exceed 23
genome average read depth, (5) there should be no structural
variants within 10 bp of gene conversion tracts, and (6) the
mean readmapping quality score at putative gene conversion
regions should be higher than the genomewide averagemap-
ping quality score. Annotation of the structural variations was
based on GATK. Despite these stringent filtering sets, we
found a nonlinear negative relationship between the mean
read coverage per drone and the number of gene conversions,
suggesting that the number of gene conversions was likely
overestimated in individuals with lower sequence coverage
(Figure S2 in File S1). Therefore, we limited the downstream
analysis to individuals with read coverage .6 so as to
minimize the negative impact of false-positive of gene conver-
sion events. We also examined each population for a correla-
tion between number of COs and read depth, but did not
observe any significant relationships (Pearson’s correlation co-
efficient, R2 , 0.04, P . 0.05).

Analysis of variation in recombination rate along
chromosomes

We analyzed the variation in CO and NCO rates with respect
to various genomic features. Centromere locations were

predicted based on AvaI repeat density (Beye and Moritz
1995) as reported in Wallberg et al. (2018). Based on this
definition, the 16 chromosomes in the honeybee genome
could be divided into one metacentric chromosome (chro-
mosome 1), two submetacentric chromosomes (chromo-
somes 11 and 12), 10 acrocentric/telocentric chromosomes
(chromosomes 2, 3, 4, 5, 6, 9, 13, 14, 15, and 16), and three
chromosomes with unknown centromere locations (chromo-
somes 7, 8, and 10) due to the lack of distinct AvaI clusters
(Figure S3 in File S1). To estimate the mean CO rate along a
chromosome relative to the centromere location, each of the
10 acrocentric/telocentric chromosomes was divided into
20 windows. CO density was calculated for each window,
and the mean CO density was calculated across the 10 chro-
mosomes. Annotation of honeybee genes on the Amel_HAv1
assembly was done by searching with BLASTn (Altschul et al.
1990) for mRNA sequences derived from the old assembly
Amel_4.5 (Elsik et al. 2014). These alignments were used to
define the location of introns and exons. The CpG observed/
expected ratio was calculated with respect to these se-
quence features. The B. terrestris scaffolds were placed
onto its 18 chromosomes but centromere locations are
not identified.

Analysis of recombination rate variation between
samples

Weused an ANOVA framework with a linear model in R 3.5.2
(R Development Core Team 2018) to investigate the propor-
tion of recombination rate variation between samples that
could be attributed to different types of categorization. These
include differences between individual drones from the same
mother, differences between colonies and differences be-
tween species and populations. We also used an ANOVA
framework to test whether there was a difference between
two subgroups of European A. mellifera populations
(i.e., Åland and Gotland) and between subgroups of bumble-
bees from neonicotinoid-treated and neonicotinoid-free
fields.

Following Hunter et al. (2016), we estimated the broad-
sense heritability (H2) of the recombination rate, also using
an ANOVA framework. We performed this analysis on the
genome-wide CO rate for the European A. mellifera popula-
tion because it had the largest number of samples. The
ANOVA model, Y = m + L + e, was used, where Y was CO
rate, m was the overall mean across all drones, L was the
random effect of colony and ewas the residual. Subsequently,
the heritability [H2 = s2

L/(s2
L + s2e)] was calculated, where

s2
L was the variance component among colonies, while s2e

was the residual variance. The variance components were fit
to the linear mixed model with a kinship matrix using the R
package lme4qtl (Ziyatdinov et al. 2018).

Correlation in recombination rate between chromosomes

We estimated the correlation in recombination rate between
chromosomes within the European A. mellifera colonies, and
compared it with correlation between chromosome pairs
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drawn from different colonies. We first calculated the mean
CO rate for each chromosome, in each colony, by averaging
the recombination rates of all drones in the colony. Next,
Pearson’s correlation coefficient was calculated for a pair of
randomly selected chromosomes out of the 16 chromosomes
in the honeybee genome. Chromosomes were drawn from
the same colony 1000 times. Similarly, random pairs of chro-
mosomes were drawn 1000 times from different colonies to
simulate the null distribution of correlation coefficients be-
tween chromosomes under the assumption where there
was no correlation between chromosomes. The European
A. mellifera population was used in this analysis.

CO interference

To understand how recombination events were distributed
along the chromosomes of the honeybee and bumblebee
genomes, we fitted a gamma model to the observed CO
breakpointdata. In thismodel, the locationsofCObreakpoints
follow the gamma distribution with shape parameter (n) and
rate parameter (2n), where n = 1 indicates no CO interfer-
ence, while n. 1 indicates positive CO interference (Broman
and Weber 2000). The maximum-likelihood estimate of n
was obtained for three populations of honeybees and one
population of bumblebees using the R package xoi (Broman
et al. 2002).

Strength of gBGC

Transmission distortion (c) was calculated at NCO-associated
gene conversions by counting the number of conversions
from “weak allele” (“W”; A or T) to “strong allele” (“S”; G
or C) and vice versa. If the transmission of alleles at gene
conversion tracts is unbiased, then the number of “weak-to-
strong (W . S)” conversions and the number of “strong-
to-weak (S . W)” conversions should be equal (i.e., the
proportion of W . S out of the total number of W . S and
S . W is 50%). We then estimated the deviation from this
expectation by calculating the transmission distortion (c):

c ¼ 2 3

 
The number of W. S

Total number of W. S and S.W
2 0:5

!

Transmission distortion (c) ranges from 21 (complete bias
toward W alleles) to 1 (complete bias toward S alleles), and,
thus, significant positive value of c indicates overtransmission
of GC alleles. To compare the strength of c between taxa, we
downsized the sample size (the number of drones) of A. mel-
lifera and B. terrestris to 29 by choosing drones with the high-
est mean read coverage (i.e., equal to the two African A.
mellifera population sample sizes), and then calculated c
per population. The significance of the differences in trans-
mission distortion c between populations was estimated us-
ing a bootstrap test with 1000 replicates. Because it is not
possible to distinguish converted and nonconverted alleles in
conversion tracts near CO breakpoints (Liu et al. 2015), cwas
not calculated for CO-associated gene conversions.

The coefficient of gBGC (b) depends on the strength of
transmission bias (c), the length of conversion tracts (n),
and the local rate of CO rate and NCO rate (r), and, thus, b
is expressed as b = cnr (Glémin et al. 2015; Mugal et al.
2015). Similar to an allele frequency shift through positive
selection, the effect of gBGC is a function of effective popu-
lation size, and, hence, the net effect of gBGC is expressed as
the population-scaled gBGC parameter B = 3Neb (Glémin
et al. 2015). To estimate B and b in honeybees, we made
the following assumptions: First, we assumed that the tract
length of CO gene conversion (nCO) was �10 times longer
than that of NCO gene conversions (nNCO) (e.g., nCO = 6266
319 bp and nNCO = 86 6 49 bp, respectively) (Cole et al.
2014). Second, we assumed that the net NCO rate (rNCO)
was �10 times higher than CO rate (rCO) (Jeffreys and May
2004). Thus, by assuming the same transmission bias (c) in
COs and NCOs, bCO and bNCO would be of the same order
because the difference in rCO and rNCOwould be compensated
by the difference in nCO and nNCO (i.e., bTotal = bCO + bNCO =
2 3 bCO). Third, we assumed that the effective sex-average
CO and NCO rate was two-thirds of the female rates because
two out of the total three chromosomes per breeding pair had
an opportunity to recombine in diploid female (Lohmueller
et al. 2010). Finally, we assumed an effective population size
Ne for honeybee populations based on the estimate in
Wallberg et al. (2014).

Data availability

Supplemental files are available at FigShare. File S1 con-
tains all supplemental figures and legends. File S2 contains
Table S1 and a full description of its contents. Scripts for
reconstructing queen haplotypes and detecting CO and gene
conversion events are available at https://github.com/
takikawakami/Bee_recombination. All sequence data are
available at NCBI under BioProject PRJNA516678. Supple-
mental material available at FigShare: https://doi.org/
10.25386/genetics.8107877.

Results

Haplotype reconstruction and genetic variation

We sequenced whole-genomes of 215 honeybee drones col-
lected from 22 colonies in Europe and Africa (Table S1 and
Table 1). The average sequence coverage per SNP ranged
from 1.8 to 14.2 per drone (mean 6.8). Of 9.1million biallelic
SNPs initially identified, we selected 7,128,872 high-quality
SNPs after applying stringent filtering criteria (see Materials
and Methods). By comparing the linkage of these SNPs across
all drones within a colony, we reconstructed their haplotypes
as well as two haplotypes of their mothers along chromo-
somes. Based on our filter criterion 3 (see Materials and
Methods), we identified on average 18 regions across the
genome per colony where haplotypes could not be recon-
structedwith high confidence (a total of 409 regions in 22 col-
onies). We also removed a total of 11,989 SNPs (mean

1106 T. Kawakami et al.

https://github.com/takikawakami/Bee_recombination
https://github.com/takikawakami/Bee_recombination
https://doi.org/10.25386/genetics.8107877
https://doi.org/10.25386/genetics.8107877


545 SNPs/colony) due to the presence of two adjacent SNPs
with unexpected allelic combinations (filter criterion 4).

A total of 2,016,088 high-quality SNPs after applying
filtering criteria (out of 3.1 million SNPs) were used to re-
construct the queen haplotypes of B. terrestris by using
84 drones collected from nine colonies (Table S1 and Table
1). The average sequence coverage per SNP ranged from 4.1
to 9.6 per drone (mean 6.1). Because the reference genome
of B. terrestris was less contiguous than the honeybee refer-
ence genome, there were more regions where queen haplo-
type reconstruction was difficult, ending up with a total of
23 haplotype gaps identified in this data set per colony (a
total of 273 gaps). On average, 333 SNPs were removed per
colony based on the filter criterion 4 (total 3997 SNPs).

The pairwise nucleotide diversity (p) in honeybees was
similar to what has been previously reported (Wallberg
et al. 2014) with higher diversity in the African populations
[p = 4.8 3 1023 (SD = 2.3 3 1023) and 4.6 3 1023

(SD = 2.3 3 1023) in A. m. scutellata and A. m. capensis,
respectively] than in European A. mellifera (p = 1.0 3
1023, SD = 0.9 3 1023), indicating the larger effective
population sizes of the African honeybees. Pairwise nucleotide
diversity in bumblebeeswas 0.7 3 1023 (SD = 0.4 3 1023),
which indicates that the effective population size of these
commercially produced populations of B. terrestris was
smaller than both the African and European honeybee pop-
ulations, assuming that the mutation rates of honeybees and
bumblebees were similar (Liu et al. 2017a).

Detection of CO and gene conversion events

Average number of CO events per drone genome ranged from
37 to 94 (mean 57 COs/drone) in European A. mellifera, from
28 to 70 (mean 46 COs/drone) in A. m. scutellata, from 26 to
50 (mean 39 COs/drone) in A. m. capensis, and from 7 to
35 (19 COs/drone) in B. terrestris (Table 1). By using the
assembled genome sizes of A. mellifera (220 Mb) and B. ter-
restris (217 Mb), these figures translate to an average CO
rate of 25.9 cM/Mb for European A. mellifera, 20.9 cM/Mb
for A. m. scutellata, 17.6 cM/Mb for A. m. capensis, and
8.9 cM/Mb for B. terrestris (Figure 1A, Figure S4 in File S1,
and Table 1). CO rate was significantly different between
groups, where European A. mellifera showed the highest rate,
followed by A. m. scutellata, A. m. capensis, and B. terrestris
(one-way ANOVA and Tukey post hoc tests, all P , 0.01).

However, while there were significant differences between
groups, there was overlap between average rates between
individual queens between these groups (Figure 1B and Fig-
ure S4 in File S1).

After removing droneswith low coverage from the analysis
to improve accuracy (see Materials and Methods), we identi-
fied 1585 gene conversions in 74 European A. mellifera
drones (mean 20 gene conversions/drone), 332 gene conver-
sions in 29 A. m. scutellata drones (mean 10 gene conver-
sions/drone), 274 gene conversions in 28 A. m. capensis
drones (mean 9 gene conversions/drone), and 141 gene con-
versions in 41 B terrestris drones (mean 3 gene conversions/
drone) (Table 2). About 5–9% of these gene conversion
events were observed close to CO breakpoints (,10 kb),
and these were considered as CO-associated gene conver-
sions. We considered that the remaining gene conversion
events were associated with NCOs. The average rate of
NCO-associated gene conversions showed the same general
trends between species as CO rate (Figure 1C and Figure S4
in File S1). Nonetheless, the ratio of CO to NCO-gene con-
version events (CO:NCO ratio) was significantly different be-
tween populations. In particular, B. terrestris, which has the
lowest CO rate, has the highest CO:NCO ratio (8.6, compared
to 3.3 for European A. mellifera, 5.4 for A. m. scutellata, and
5.5 for A. m. capensis; ANOVA, P , 10211). This indicated
that more recombination junctions were resolved as COs in
B. terrestris, whereas more were resolved as NCOs in honey-
bees. However, it should be noted that only a fraction
of the total number of NCO events were detected as NCO-
associated gene conversions, and that there may be more
NCO events without detectable gene conversions.

Recombination rate variation between individuals on
different scales

Variation in the CO rate can be observed (a) between indi-
vidual drones from the same queen, which represent different
meioses, (b) between different queens (colonies), and (c)
between different populations or species (Figure 1 and Figure
S4 in File S1). We partitioned this variation in individual CO
rate through ANOVA. In the entire dataset, the greatest
amount of variation in the CO rate (74%) was observed be-
tween the four populations (three populations of A. mellifera
and one population of B. terrestris), while 12% of the total
variation was found between individual queens within
each population (two-way ANOVA, P , 10216) and 14%
between individual drones from each queen. At this level,
variation between populations dominates the comparisons,
which may reflect divergence at genetic loci governing re-
combination. When the analysis was limited to the three pop-
ulations of A. mellifera, 28% of the total variation in CO rate
was observed between populations, 34% between queens,
and the remaining 38% between drones (two-way ANOVA,
P , 10216). Within the European A. mellifera population,
45% of the total variation in CO rate was observed bet-
ween queens, while the rest was due to differences between
drones (one-way ANOVA, P , 10216). Using the data

Table 1 The number of COs and estimated recombination rate

Colonya Dronesb COc cM/Mbd

European A. melliferae 16 158 8942 25.9
A. m. scutellata 3 29 1335 20.9
A. m. capensis 3 28 1088 17.6
B. terrestris 9 84 1620 8.9
a Number of colonies.
b Number of drones in all colonies.
c Total number of crossover events in all colonies.
d Recombination rate.
e Honeybee with mixed European descent.
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from 158 drones and 16 colonies of the European A. mellifera
population, we estimated broad-sense heritability (H2) of the
genome-wide CO rate as 0.44.

Similar to theCOrate, theNCO-associatedgeneconversion
rate was also significantly different among populations
and among colonies (two-way ANOVA, P , 10216). In the
entire dataset, the largest amount of variation in the NCO-
associated gene conversion rate was observed between
populations/species (52%), while the remaining 12 and
36% of the total variation was found between queens and
between drones, respectively. When the analysis was limited
for the three populations of A. mellifera, 32 and 16% of the
total variation in NCO gene conversion rate were observed
between populations and between queens, respectively,
while the remaining 51% of variation was due to differences
between drones (two-way ANOVA, P , 10216). Within Eu-
ropean A. mellifera population, 45% of the total variation in
NCO gene conversion rate was observed between colonies,
while the rest was identified between drones (one-way
ANOVA, P , 10216).

We found a significant positive correlation between CO
rate and NCO-associated gene conversion rate across popu-
lations. (Pearson’s correlation coefficient r = 0.57,
P , 10216) (Figure 2), indicating that populations with
higher CO rate also had higher NCO rate (and vice versa).
However, we did not see such positive correlations when we
restricted the analysis to individual populations (Pearson’s
correlation coefficient r = 20.13 – 0.17, P . 0.05). This
indicates that COs and NCO-associated gene conver-
sions were not tightly coupled between colonies within
populations.

We next examined evidence for deterministic genome-
wide variation in CO rate between colonies of European A.
mellifera by examining correlations within genomes. We
found that there was a significant positive correlation in CO
rate between different chromosomes in drones derived from
the same queen (Pearson’s correlation coefficient, r = 0.37,
P , 10216) but not between drones derived from different

queens, which showed a weak but significantly negative cor-
relation (r = 20.041, P = 1029; Figure 3). The correlation
coefficient for within-colony comparison was significantly
higher than between-colony comparison (permutation test,
P , 0.0001). This indicates that the between-colony varia-
tion in CO rate is not due to a localized increase in CO rate
on particular chromosomes but due to a genome wide phe-
nomenon. There was no correlation between CO rate and
chromosome length (Pearson’s correlation coefficient,
r = 0.018, P = 0.36).

Analysis of variation due to environmental factors

The presence of parasites could favor sex and recombination
either due to selection for higher rates or due to a direct
environmental effect. The parasitic mite Varroa destructor is a
relatively recent pest of honeybees, which is a vector for
transmission of viruses such as deformed wing virus. The
Gotland samples in our study were part of an ongoing selec-
tion program to select for Varroa tolerance and were all
infested with Varroa (Fries et al. 2006). The Åland samples
were all Varroa-free as this island has been maintained free
from Varroa (Simon et al. 2017). To test if recombination rate
was associated with presence or absence of this parasite, we
compared CO rate between samples collected from these two
Baltic islands. Although honeybees collected from Gotland
(i.e., Varroa present) tend to show slightly higher CO rate,
there was no significant difference in CO rate between Åland
and Gotland subpopulations of European A. mellifera
(25.3 cM/Mb and 26.5 cM/Mb, respectively; two-way
ANOVA with colonies and Varroa as independent variables,
P = 0.07) (Figure S5A in File S1).

We also analyzed whether exposure to the neonicotinoid
pesticide clothianidin had an effect on CO rate. The bumble-
bee colonies thatwe analyzedwere part of a trial of the effects
of neonicotinoid pesticide exposure: one subpopulation
placed on fields containing pesticide-treated crops and the
otherpesticide free.Thegroupexposed topesticidesdisplayed
significant deterioration of colony health (Rundlöf et al.

Figure 1 (A) Mean CO density in three populations of A. mellifera (European A. mellifera [Am_Euro, blue], African A. m. scutellata [Am_scu, magenta],
and African A. m. capensis [Am_cap, red]), and one population of B. terrestris [Bter, green]. CO density/100 Mb is the average density of crossovers in
the genome inferred across drones, and is directly comparable to centimorgan per megabase. (B) Mean CO density per colony of honey bees and
bumblebees. Color coding for populations is the same as in (A). (C) Mean density of NCO-associated gene conversions. Error bars represent SEM.
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2015). However, we did not find a difference in CO rate bet-
ween the subpopulations, the average CO ratewas 8.8 cM/Mb
in the three pesticide-exposed colonies and 9.0 cM/Mb in
the six control colonies (two-way ANOVA with colonies and
pesticides as independent variables, P = 0.66) (Figure S5B
in File S1).

Variation in recombination within the genome

We next examined evidence for deterministic variation in CO
rate within the honeybee genome. We divided the genome
into1-Mbwindows, andestimated theaverage recombination
rate per window in each population. As found in previous
studies (Liu et al. 2015; Wallberg et al. 2015), the CO rate
was highly variable along the genome, ranging from
0 to .50 cM/Mb in the three populations of A. mellifera
(Figure S3 in File S1). In particular, regions close to centro-
meres showed reduced CO and NCO rate in all three popu-
lations of A. mellifera (Figure 4). We found a significant
correlation in average CO rates in 1-Mb windows in pairwise
comparisons between populations (Pearson’s correlation
r = 0.46–0.68, P , 10216), indicative of a large determin-
istic component to the CO rate variation within the genome
that is consistent between populations (Figure S6 in File S1).
The CO rate was also variable along the genome of B. terrest-
ris, with 1-Mbwindows ranging from 0 to 34 cM/Mb (Figure
S7 in File S1).

A major factor that influences variation in CO rate within
the genome is CO interference, which prevents COs occurring
in close proximity to each other. We estimated the CO in-
terference parameter (n) using a maximum likelihood ap-
proach. In all populations, the n was significantly larger
than 1 (Figure S8 in File S1), indicating the presence of pos-
itive crossover interference. In addition, the nonoverlapping
supporting intervals indicated that the strength of crossover
interference was weaker for the European A. mellifera than
the African honeybee populations and strongest in bumble-
bees. It therefore appears that a decrease in CO interference
has occurred concurrent with the elevated overall CO rates in
honeybees.

An issue of contention is the rate of recombination close to
Sex Determining Locus (SDL) which contains fem (feminizer)
and csd (complementary sex determiner) genes in honeybees
(Beye et al. 2003; Hasselmann et al. 2008; Liu et al. 2015).

Earlier studies using a few genetic markers adjacent to SDL
indicated an absence of recombination at SDL but high re-
combination rate in the surrounding 10-kb region (50–
77 cM/Mb) (Hasselmann and Beye 2006). A more recent
study based on direct sequencing even suggested an absence
of recombination in a more extended 400-kb region sur-
rounding SDL (Liu et al. 2015). We did not observe any CO
events between fem and csd, spanning 28-kb, norwithin these
genes. We performed a randomization test to determine the
significance of this observation by randomly sampling 28-kb
blocks of the genome. This analysis indicated that the lack of
CO events in fem-csd genes in our dataset was not evidence
for suppression of recombination in this region, as this is
commonly observed by chance (Figure S9 in File S1). In three
populations of A. mellifera, we detected 26 CO events in a
400-kb region surrounding these sex determination genes,
but the CO density in 10-kb upstream, and downstream re-
gions of SDL was close to the genome average (Figure S10 in
File S1).

In A. mellifera, we find that CO events occurred at a
greater density in intergenic and intronic regions than in
exonic regions (Figure 5A), which was also observed previ-
ously using an LD-based recombination rate estimate
(Wallberg et al. 2015). We find the same trend in B. terrestris,
suggesting that a similar mechanism may be operating
to localize CO events away from coding sequence. NCO-
associated gene conversion events showed a similar distribu-
tion along the genome in both A. mellifera and B. terrestris
with higher concentrations of NCOs in intergenic and intronic
regions than in exonic regions (Figure 5B).

We found a correlation between CpG observed/expected
ratio, CpG (o/e), and CO density in genic regions, consistent
with the results of Wallberg et al. (2015) (Pearson’s correla-
tion r = 0.253, P , 10216) (Figure S11 in File S1). Al-
though weak, a similar positive correlation was also
observed in bumblebee (Pearson’s correlation r = 0.092,
P , 10216). This data are consistent with the hypothesis
that methylation in the germline modulates variation in re-
combination rate across the genome bees. This is also sup-
ported by observations in other species showing that
recombination events tend to be localized in unmethylated
regions, such as CpG islands (Han et al. 2008).

Table 2 Numbers of gene conversions and NCOs

Colonya Dronesb Gene conversionc CO-associatedd NCO-associatede NCO densityf

European A. melliferag 16 74 1585 76 1509 9.3
A. m. scutellata 3 29 332 30 302 4.7
A. m. capensis 3 28 274 25 249 4.0
B. terrestris 9 41 141 7 134 1.5
a Number of colonies.
b Number of drones in all colonies. Drones with mean read coverage .6 were included in the analysis.
c Total number of gene conversion events in all colonies.
d Total number of gene conversions that are associated with COs.
e Total number of gene conversions that are associated with NCOs.
f Mean density of NCO-associate gene conversion (number of NCOs/100 Mb).
g Honeybee with mixed European descent.
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There was also a correlation between the CpG (o/e) of
genic regions and their distance from the centromere (Pear-
son’s correlation r = 0.086, P , 10213) (Figure S12 in File
S1). Although DNA is methylated more than 10 times more
often in genic regions than in intergenic regions in honeybees
(Lyko et al. 2010), intergenic regions also showed a similar
positive correlation between CpG (o/e) and the distance
from the centromere (Pearson’s correlation r = 0.180,
P , 10216). This highlights a previously undiscovered level
of organization in the honeybee genome allowing increasing
recombination rate and decreasing levels of methylation with
distance from the centromere.

Wealso founda significant correlationbetweenCOrate and
genetic diversity, measured as the number of heterozygous
SNPs in queens (hetSNPs) in both honeybees and bumblebees
(Pearson’s correlation coefficient r = 0.52 in honeybees and
r = 0.27, P , 1025 in both species) (Figure S13 in File S1).
Similarly, a strong correlation was found when the three pop-
ulations of honeybees were analyzed separately (r = 0.42
in European A. mellifera, r = 0.41 in African A. m. scutellata,
and r = 0.37 in African A. m. capensis, P , 1029 in all pop-
ulations). As suggested by LD-based recombination analysis
(Wallberg et al. 2015), this correlation highlights the effect
of linked selection where both positive and negative selection
reduces genetic variation at neutral sites linked to those under
direct selection (Cutter and Payseur 2013).

Strength of gBGC

Previous studies have shown that variation in recombination
rate covaried with GC-content in European A. mellifera and

B. terrestris (Liu et al. 2015, 2017a; Wallberg et al. 2015). We
confirmed these correlations in both species (Figure S14 in
File S1). One of the causal processes of this positive correla-
tion has been thought to be gBGC. To quantify the strength of
gBGC, we calculated transmission bias (c) in NCO-associated
gene conversions (Figure 6).We found that therewas a trans-
mission bias of 0.1–0.15 in honeybees and 0.2 in bumble-
bees (both significantly greater than zero, bootstrap test,
P , 0.001). The estimated transmission bias in CO-
associated gene conversions ranged from 20.09 (B. terrest-
ris) to 0.15 (A. m. scutellata), but these estimates were not
significantly different from zero except for A. m. scutellata
where the transmission bias was 0.15 (95% CI 0.004–
0.303). Because of the large confidence intervals associate
with estimates of the CO-associated gene conversions, we
could not conclude that there is a difference in the strength
of transmission bias between COs and NCOs. The parameter
of gBGC, B (see Materials and Methods) was estimated as
2.38–7.34 in European A. mellifera, whereas the estimate of
B was larger in African A. m. scutellata (4.79–14.75) and A.
m. capensis (4.54–13.96), likely due to stronger transmission
bias and larger effective population sizes in these popula-
tions. These values are comparable to the estimate based
on the site frequency spectrum (5.71) (Wallberg et al. 2015).

Discussion

Here, we have generated fine-scale recombination maps of
the honeybee genome, using whole-genome sequencing of
215 haploid drones from 22 colonies, and the bumblebee
genome, using whole-genome sequencing of 84 haploid
drones from nine colonies. Since all of the drones utilized
from each colonywere products ofmeiosis in the same queen,
analyzing dozens of colonies allows the detection of variation
in recombination rate between individual meioses and local-
ization of recombination breakpoints at unprecedented reso-
lution. We showed a large proportion of recombination rate
variation in both species and populations attributable to
heritable variation between queens. We also identified sig-
nificant differences in average CO rates between African and
European populations of honeybee.

Comparison with previous estimates of CO and gene
conversion rates

Contiguity of a reference genome in LD-based recombination
analysis is important because large sequence gaps and/or
misassembly can result in an incorrect order of linkage be-
tween SNPs and inaccurate estimates of the CO rate. We
mapped reads to an A. mellifera genome assembly consisting
of only 330 contigs with far fewer assembly gaps between
them compared to the previous reference assembly (16,501
contigs in Amel_4.5), which reduces the potential impact of
assembly errors. In addition, although the honeybee genome
used in this study (Amel_HAv1) was largely concordant with
the previous Amel_4.5 genome, �5% of the Amel_4.5 ge-
nome was not mapped onto the Amel_HAv1 honeybee

Figure 2 Relationship between CO density and NCO-associated gene
conversion density. Each symbol represents drones of European A. melli-
fera (Am_Euro, blue circle), African A. m. scutellata (Am_scu, magenta
square), African A. m. capensis (Am_cap, red diamond), and B. terrestris
(Bter, green cross). A significant correlation is observed overall, and
among all A. mellifera populations (black line, r = 0.57, P , 10216),
whereas this correlation was not observed within populations (blue line,
r = 20.13; magenta line, r = 0.04; red line, r = 0.17; green line,
r = 20.03, P . 0.10 in all four tests).
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genome, and 0.56% of the genome were misassembled onto
different chromosomes in the Amel_4.5 genome (Wallberg
et al. 2018). Therefore, this highly contiguous reference ge-
nome of honeybee likely offers an improved representation of
linkage pattern between SNPs, and, hence, more accurate
estimate of CO rate. The mean CO rate per colony in our
samples (17.6–25.9 cM/Mb) was lower than an analysis us-
ing similar methods based on the previous genome assembly
(37 cM/Mb) (Liu et al. 2015), but consistent with estimates
based on constructing linkage maps using microsatellite
markers (19–22 cM/Mb) (Beye et al. 2006; Solignac et al.
2007).Our estimate of theCO rate inB. terrestris (8.9 cM/Mb)
is extremely similar to that estimated previously using similar
methods and the same genome assembly (8.7 cM/Mb)
(Liu et al. 2017a). It is possible that this estimate could be
improved with a more highly contiguous B. terrestris
assembly.

Higher assembly contiguity is unlikely to improve the
accuracy of estimating gene conversion rates (both CO- and
NCO-associated) in the honeybee, because short conversion
tracts would not necessarily coincide with discordant regions
between the two versions of the genome. A previous study
usingBAC library sequencingofhaploiddrones suggested that
gene conversion rate is �30 times higher than CO rate in
honeybees (Bessoltane et al. 2012). Liu et al. (2015) argued
that potential nonallelic sequence alignments due to CNVs
can inflate the estimate of the gene conversion frequency.
Similar to Liu et al. (2015), our estimate of NCO rate is much
lower than CO rate in honeybees (CO:NCO rate = 3.3–5.5;
8–20 NCOs/genome), but higher than the NCO rate reported
in Liu et al. (2015) (CO:NCO rate = 15.9; five NCOs/ge-
nome). The NCO rate of bumblebee in the present study is
also higher than previously reported (Liu et al. 2017a). This
highlights the inherent challenges in estimating the NCO rate
by the drone sequencing approach because conversion tracts

are often supported by only a few SNPs, which must be dis-
tinguished from other sequencing and mapping artifacts.

We found a nonlinear negative relationship between ge-
nome-wide sequence read depth per drone and the number of
putative gene conversions (Figure S2 in File S1), suggesting
the importance of sufficiently high read coverage to detect
gene conversion events. Although we selected drones with
average read depth higher than six, the genome-wide distri-
bution of NCOs remained very similar if we used higher read
depth cut-off values (Figure S15 in File S1). Regardless, the
numberofNCOevents is likely tohavebeenunderestimated in
Liu et al. (2015), Liu et al. (2017a) and in this study because
NCOs without base mismatches and “simple” gene conver-
sions cannot be detected (see discussion in Liu et al. 2015).
The number and distribution of recombination events can
also be mapped using cytogenetic approaches such as immu-
nodetection of MLH1 foci (Anderson et al. 1999) or ChIP-Seq
of proteins associated with DSBs (Smagulova et al. 2011).
Future studies using these approaches could shed light on
events that are difficult to detect by their effects on the pat-
tern of inheritance of genetic markers.

Heritable variation in recombination rate between
bee colonies

Byusingmultiple colonies per population,we foundabundant
variation in the rate of COs and NCO-associated gene conver-
sions, bothwithin species and between species. This contrasts
with relative similarity in karyotypes (A.melliferahas 16 chro-
mosomes and B. terrestris has 18). Extensive synteny has
been observed in comparisons of social Apidae despite their
high CO rates, suggesting that the rate of chromosomal re-
arrangements is relatively low (Sadd et al. 2015). The mag-
nitude of the differences in genome-wide CO rate is about
twofold between colonies of A. mellifera, which is similar to
D. melanogaster (Brooks andMarks 1986; Hunter et al. 2016)
and mice (Dumont et al. 2009). Below, we discuss possible
factors influencing the variation in recombination rate.

We identified abundant variation in CO rate between A.
mellifera colonies collected from three populations in both
Africa and Europe (Figure 1), with a number of distinctive
features. First, there was relatively little variation in CO rate
between drones from the same colony compared to differ-
ences between queens from each population. Second, there
was a significant correlation in CO rate between chromo-
somes of the same drones within each population (Figure
3). Third, despite the differences in genome-wide CO rate
between populations, the variation in CO rate along the ge-
nomewas highly conserved among the honeybee populations
(Figure 5, Figure S3 in File S1, and Figure S6 in File S1).
Fourth, we infer a high heritability of variation in CO rate
(H2= 0.44). The presence of this abundant variation, and
the correlation in CO rate between chromosomes argues for
the existence of heritable trans-acting factors that modulate
genome-wide differences in CO rate between colonies. It is
therefore possible that variation at major loci may control
differences in genome-wide CO rate, such as those identified

Figure 3 Correlation of CO density between chromosomes in European
A. mellifera. Blue dots represent randomly selected pairs of chromosomes
within colonies, and gray dots represent those between colonies.
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in mammals, although the number of loci involved is un-
known (Reynolds et al. 2013; Johnston et al. 2016, 2018;
Kadri et al. 2016).

We inferred significantly lower CO rates in African pop-
ulations of A. mellifera (from the capensis and scutellata
subspecies) compared to the European population. These dif-
ferences could be associated with differences in life history,
although the causes are unclear. African and European bees
differ in many aspects of their biology. For example, African
bees swarmmore often, leading to amore rapid production of
new queens. Furthermore, although all honeybee queens
commonly mate with multiple males (polyandry), the extent
of polyandry is much more extensive in African than in Eu-
ropean populations: African and European queensmate with,
on average, 20 and 10males, respectively (Tarpy et al. 2010).
Both polyandry and recombination increase genetic diversity
of honeybee colonies, and it is therefore possible that selec-
tive constraints on their levels are associated, so that higher
levels of polyandry could lead to relaxed selection for higher
recombination rates.

An additional characteristic found in A. m. capensis is the
ability of worker bees to reproduce asexually by thelytoky,
where two of the four meiotic haploid nuclei fuse to form
diploid eggs, which then develop into either worker bees or
queen bees (Verma and Ruttner 1983). One of the notable
characteristics of this thelytokous reproduction is a low re-
combination rate, which is �10 times lower than the rate for
sexually reproducing queen bees (Baudry et al. 2004). The
A. m. capensis colonies measured here have the lowest re-
combination rates of any honeybee subspecies. Therefore,
although the genetic mechanisms of meiosis are different be-
tween asexually reproducing worker bees and sexually
reproducing queen bees, it is conceivable that the low re-
combination rates in A. m. capensis are connected to its un-
usual biology.

Both COs and NCOs vary between populations

The density of NCOs showed the same trends between
A. mellifera and B. terrestris, and between populations of
A. mellifera as those observed for COs (Figure 1). A correla-
tion between CO and NCO density was observed when com-

paring samples from all species and populations, but this was
not observable within populations (Figure 2). COs and NCOs
also exhibited similar distribution along the genomes (Figure
5). It is therefore likely that similar evolutionary constraints
govern the number and genomic distribution of COs and
NCOs, although their rates are not tightly coupled. It should
be noted that we were able to detect only a subset of the total
NCO events, since NCOs without gene conversions were not
detectable. Both CO and NCO events are initiated by pro-
grammed DNA DSBs (Baudat et al. 2013), and are therefore
both likely to be governed by factors that determine the num-
ber and distribution of DSBs. Sperm typing and SNP genotyp-
ing analysis of three-generation pedigree samples in humans
indicated that both CO and NCO events were colocalized at
DSB hotspots (Berg et al. 2011; Williams et al. 2015). It is
therefore likely that covariation of the number of CO and
NCO events reflects a common mechanism of initiation via
DSBs, although additional factors may affect the CO andNCO
rates independently.

The CO:NCO ratio is significantly higher in bumblebees
(5.3) than in honeybees (2.8–4.4). This trend was also re-
ported by Liu et al. (2015; 2017a). This suggests that there is
not an inverse relationship between the number of COs and
NCOs between these species. Such a relationship might be
predicted if the higher CO rate in honeybees was partially due
to differential usage of DSB repair mechanisms, whereby
more DSBs are repaired as COs in honeybees than in bum-
blebees. However, the opposite trend is observed, indicating
that more DSBs are formed during meiosis in the honeybee
genome, but fewer are repaired as COs, despite an overall
higher CO rate.

CO interference is weaker in honeybees compared
to bumblebees

The difference in the strength of CO interference (Figure S8 in
File S1) can be one of the possible factors contributing to the
variation in genome-wide CO and NCO rates between hon-
eybee populations and between honeybees and bumblebees.
Lower CO interference in honeybees can allow more CO
breakpoints to be placed along a chromosome relative to
bumblebees. In yeast and mice, the DNA-damage-response

Figure 4 Mean density of COs and NCO-associated
gene conversions on 10 acrocentric/telocentric chro-
mosomes in three populations of honeybees. (A)
CO density and (B) NCO-associated gene conversions
(100 Mb) plotted against relative distance to centro-
meres. European A. mellifera: blue circles, African
A. m. scutellata: magenta crosses, and African A. m.
capensis: red triangles.
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kinase Tel1/ATM is known to affect the total number of
DSBs, CO:NCO ratios, and the strength of CO interference
by modulating the relative use of different DSB repair path-
ways (Stahl et al. 2004; Barchi et al. 2008; Anderson et al.
2015). Thus, it is tempting to speculate that the difference in
CO rate, NCO rate, and CO interference in honeybees and
bumblebees could be modulated by similar mechanisms.
Variation in the strength of CO interference has been also
documented between, and within, individuals in Arabidopsis
thaliana, cattle, and humans (Drouaud et al. 2007; Campbell
et al. 2015; Wang et al. 2016).

Suppression of recombination in centromeres and
methylated regions

Consistent with other studies in yeasts, flies, dogs, rats, mice,
and humans (Jensen-Seaman et al. 2004; Rockmill et al.
2006; Comeron et al. 2012; Campbell et al. 2016), we found
that centromeric regions were devoid of COs in all three
honeybee populations (Figure 4A). Because excess CO events
in the proximity of centromeres can lead to chromosome
mis-segregation and aneuploidy (Rockmill et al. 2006), sup-
pression of COs in these regions is generally thought to be
favored. Several genes have been reported as a repressor of
centromeric meiotic recombination in yeast by reducing the
formation of DSBs (Ellermeier et al. 2010; Vincenten et al.
2015), but virtually nothing is known about genetic basis of
recombination suppression in and near centromeric regions
in bees. In addition, NCO-associated gene conversion was
also less frequent close to centromeres in honeybees (Figure
4B). A similar pattern was also found in yeasts (Chen et al.
2008;Mancera et al. 2008), indicating general suppression of
DSB formation in centromere-proximal regions. However,
such a centromere effect on the formation of NCOs is amatter
of contention because other species, such as maize and D.
melanogaster, showed uniform distribution of NCO events
along a chromosomewithout apparent reduction in NCO rate
near the centromeres (Shi et al. 2010; Comeron et al. 2012;
Miller et al. 2016).

One possible mechanism for the centromere effect on re-
combination is global patterning of germline DNA methyl-
ation. CpG (o/e) ratio is often used as an indicator of the level
of CpG methylation because of the hypermutability of meth-
ylated CpG that leads to a negative relationship between CpG

(o/e) ratio and the extent of CpG methylation (Brown and
Jiricny 1987). AlthoughDNAmethylation takes place primar-
ily in genic regions in honeybees (Lyko et al. 2010), a lower
CpG (o/e) ratio (i.e., higher DNA methylation level) near
centromeric regions was found in both genic and intergenic
regions (Figure S12 in File S1). Because the level of DNA
methylation is negatively correlated with recombination rate
in several organisms (Yelina et al. 2015; Liu et al. 2017b),
possible high methylation levels near centromeric regions
might suppress both COs and NCOs in honeybees. It should
be noted, however, that the relationship between CO rate and
centromere distance is nonlinear, with drastic changes in CO
rate within a few megabases from the centromeres (Figure
4), suggesting the existence of additional mechanisms for
determining global recombination rate along a chromosome.

No evidence for increased recombination rate in the
sex-determining locus

Another genomic region with potentially unique recombina-
tion rate inbees is theSexDeterminationLocus (SDL). The sex
of honeybees is determined by heterozygosity at SDL, con-
taining csd and fem genes (Beye et al. 2003; Hasselmann and
Beye 2004). Heterozygous individuals at SDL develop into
females, while homozygotes develop into diploid males,
which are killed by worker bees in the same colony (Beye
et al. 2003). Since individuals developed from unfertilized
eggs become haploid males and are not attacked by workers,
diploid males are very rare in nature. Therefore, strong
selection against homozygotes at SDL favors high allelic
diversity at SDL, likely maintained by balancing selection
(Hasselmann and Beye 2006). Furthermore, a higher recom-
bination rate in this region has been implied through linkage
analysis, indicating the adaptive significance of elevated re-
combination rates by minimizing the effect of selection on
neighboring sites (Beye et al. 1999). In addition, higher re-
combination may be favored within the SDL if novel alleles
are created by recombination (Beye et al. 2003). However, we
do not observe elevated CO rate in the vicinity of SDL in our
analysis and conclude that recombination does not seem to
be the major genomic parameter for the maintenance of ge-
netic diversity at this locus. We also note that the apparent
discrepancy between this and previous studies study might

Figure 5 (A) Mean CO density in
exonic, intronic, and intergenic
regions in three populations
of A. mellifera (European A. mel-
lifera, African A. m. scutellata, and
African A. m. capensis) and one
population of B. terrestris. (B)
Mean density of NCO-associated
gene conversions in the same
populations. Error bars represent
SEM.
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be due to the different orientations of SDL between the
Amel_4.5 and Amel_HAv1 genome assemblies.

Extrinsic factors affecting recombination rate

Several extrinsic factors, such as temperature and parasite
infections, have been suggested to generate a plastic response
in genome-wide recombination rate (Bomblies et al. 2015;
Jackson et al. 2015), although some studies find no effect
(Dumont et al. 2015). In addition, there is both theoretical
and empirical evidence that strong selection (for example
due to parasite pressure) can lead to elevated recombination
rates (Sasaki and Iwasa 1987; Peters and Lively 2007; Singh
et al. 2015).

We compared a population of honeybees that had been
subjected to many generations of selection by Varroa parasite
infestation, with one that had never experienced the parasite
(Fries et al. 2006; Simon et al. 2017) Hence, the infested
population could potentially exhibit either a plastic or an
evolutionary response to infestation (or both). However, we
did not detect a significant difference in CO rate between the
infested and noninfested subpopulations of honeybees. Nev-
ertheless, the direction of change in CO rate (higher in the
infested population) agrees with the predictions of the FAR
model. This warrants future studies, for example by experi-
mentally directly manipulating parasite infestation.

We also examined the effect of neonicotinoid exposure on
the pattern of CO rate in bumblebees. Here, the exposure did
not last multiple generations, so only a plastic response was
possible. However, no significant differences between the
exposed group compared to the control groupwere observed.
More studies are required to determine the effects of extrinsic
factors on CO rate and the mechanisms by which this may
occur.

Extreme levels of gBGC in honeybees and bumblebees

It has been suggested that gBGC is a primary driver in the
formation of positive correlation between GC content and

recombination rate inmany species (Eyre-Walker 1993;Duret
and Galtier 2009; Mugal et al. 2015). Direct evidence for
gBGC is limited to only a handful of species (yeasts, bird, bees,
and humans), and the patterns are discordant (e.g., CO-limited
gBGC in yeast, while NCO-biased gBGC in humans) (Mancera
et al. 2008; Lesecque et al. 2013; Williams et al. 2015; Smeds
et al. 2016). Previous studies detected weak, but nonsignifi-
cant, transmission bias toward G:C bases in honeybees (trans-
mission bias c = 0.03) (Liu et al. 2015), but stronger bias was
reported in bumblebees (c = 0.28) (Liu et al. 2017a). We
showed significant bias in both species by using a larger num-
ber of samples (Figure 6). Importantly, the bias was signifi-
cantly stronger in bumblebees than honeybee, a trend
consistent with the previous studies (Liu et al. 2015, 2017a).
Interspecies variation in the strength of transmission bias has
been implied for vertebrates (e.g., c = 0.36 in humans and
c = 0.18 in birds) (Williams et al. 2015; Smeds et al. 2016),
although their largely overlapping confidence intervals did not
allow the explicit demonstration of such variation.

The net effect of biased transmission on nucleotide compo-
sition is not only dependent on transmission bias but is also a
function of local recombination rate, tract length of gene
conversions, nucleotide polymorphisms, and effective popula-
tion size (i.e., B � Neb = Necnr). The larger B in African hon-
eybees (A. m. scutellata and A. m. capensis) due to stronger
transmission bias and larger effective population sizes implies
a stronger impact of gBGC on the molecular evolution in Afri-
can populations. Since the effect of gBGC dominates over ran-
domgenetic drift whenB is large (B..1) (Glémin et al. 2015),
the fixation probability of slightly deleterious G:C variants
would potentially be different between honeybee populations.

Evolutionary impact of high rates of crossing over in
social insects

Our results are consistent with previous studies that find high
rates of recombination in social insects (Wilfert et al. 2006).
Several hypotheses have been proposed to explain these
higher rates, including the immune-function hypothesis
(Fischer and Schmid-Hempel 2005) and the worker diversi-
fication hypothesis (Kent et al. 2012; Kent and Zayed 2013),
which both highlight the importance of recombination for
increasing the haplotypic diversity within colonies. African
honeybees have levels of nucleotide diversity four times
higher than European populations (Wallberg et al. 2014),
and higher rates of polyandry—an important process for in-
creasing genetic diversity within colonies. It is therefore pos-
sible that these factors lead to a relaxation of selection for
high recombination rates, which could help explain the lower
recombination rates in African populations. However, al-
though recombination rates are likely to be elevated as a re-
sult of natural selection in honeybees and bumblebees, there
is still a large amount of heritable variation in populations of
these species. Uncovering the genetic basis of this variation
could shed light on the molecular control of recombination in
invertebrates, and on the evolutionary causes for the extreme
rates in social insects.

Figure 6 Transmission bias (c) of NCO-associated gene conversions in
three populations of A. mellifera (European A. mellifera, African A. m.
scutellata, and African A. m. capensis) and one population of B. terrestris.
Error bars represent 95% confidence intervals.
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Conclusion

We find that recombination rate is variable between individu-
als, between colonies, between populations, and between
species inbees, and that this variationhas agenetic component.
Although the distribution of CO breakpoints along a genome is
similarbetweenpopulations, thereare significantdifferences in
COrate,CO:NCOratio, and the strengthofCOinterferenceand
gBGC. We argue that the particularly extreme rate of recom-
bination in honeybees is, in part, due to weak CO interference.
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