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Abstract

Social insects, particularly honey bees, have exceptionally high genomic frequencies of
genetic recombination. This phenomenon and underlying mechanisms are poorly under-
stood. To characterise the patterns of crossovers and gene conversion in the honey bee
genome, a recombination map of 187 honey bee brothers was generated by whole-
genome resequencing. Recombination events were heterogeneously distributed without
many true hotspots. The tract lengths between phase shifts were bimodally distributed,
indicating distinct crossover and gene conversion events. While crossovers predomi-
nantly occurred in G/C-rich regions and seemed to cause G/C enrichment, the gene con-
versions were found predominantly in A/T-rich regions. The nucleotide composition of
sequences involved in gene conversions that were associated with or distant from cross-
overs corresponded to the differences between crossovers and gene conversions. These
combined results suggest two types of DNA double-strand break repair during honey
bee meiosis: non-canonical homologous recombination, leading to gene conversion and
A/T enrichment of the genome, and the canonical homologous recombination based on
completed double Holliday Junctions, which can result in gene conversion or crossover
and is associated with G/C bias. This G/C bias may be selected for to balance the A/T-
rich base composition of eusocial hymenopteran genomes. The lack of evidence for a
preference of the canonical homologous recombination for double-strand break repair
suggests that the high genomic recombination rate of honey bees is mainly the conse-
quence of a high rate of double-strand breaks, which could in turn result from the life

history of honey bees and their A/T-rich genome.
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INTRODUCTION

Sexual reproduction is widespread in eukaryotes despite its fitness
costs. The main explanation for the ubiquity of sex is its benefits of
increasing genetic variation via independent chromosome segregation
and recombination (Maynard-Smith, 1978; Otto & Lenormand, 2002).
Thus, sexual reproduction facilitates long-term genome evolution,
specifically preventing the accumulation of deleterious mutations
(Muller’'s Ratchet) and combining novel, potentially beneficial muta-
tions at independent loci (Agrawal, 2006; Gandon & Otto, 2007;
Hill & Robertson, 1966; Roze, 2012). Crossover formation is required
in most species to achieve successful meiosis (John, 2005), and a lack
or reduction of crossovers can lead to severe disease (Baker
et al.,, 1976; Shi et al., 2001). However, elevated rates of crossover
formation have also been associated with human disease (Louis &
Borts, 2003; Purandare & Patel, 1997) and increase the risk of disrupt-
ing adaptive allele combinations (Agrawal, 2006). Thus, it is thought
that antagonistic selection pressures should select for an optimal fre-
quency of crossovers (Dumont & Payseur, 2008; Louis & Borts, 2003).
Nevertheless, genome-wide recombination rate fluctuates greatly
among species, individuals and sexes (Stapley et al., 2017), suggesting
that an increase or decrease of genome-wide recombination rates can
result from adaptive evolution. This argument is supported by genes
involved in the recombination pathway demonstrating signatures of
positive selection in mammals (reviewed in (Baudat et al., 2013)), Dro-
sophila (Hunter et al., 2016) and honey bees (Fouks et al., 2021) and
by signatures of adaptive evolution underpinning recombination rate
differences between Drosophila populations (Samuk et al., 2020).
Despite variation in genome-wide recombination rate among species,
recombination events are often restricted to one per chromosome or
per chromosome arm (Dumont & Payseur, 2008).

Social insects in the order Hymenoptera are an important excep-
tion, exhibiting higher levels of recombination than solitary species
(DeLory et al., 2024; Sirvi6 et al., 2006; Waiker et al., 2021; Wilfert
et al., 2007). The recombination rate of the Western Honey Bee (Apis
mellifera) is particularly high, with most estimates close to 20 cM/Mbp
(Beye et al., 2006; Hunt & Page, 1995; Ross et al., 2015; Solignac
et al., 2007). Even before the first empirical evidence, it was suggested
that recombination would benefit the evolution of eusociality
(Sherman, 1979), and multiple other explanations have been put for-
ward to explain the evolution of the exceptionally high level of recom-
bination in the social Hymenoptera. The main arguments can be
summarised into two independent hypotheses: the “genotypic diver-
sity hypothesis” and the “social innovation hypothesis”. The first
hypothesis postulates that high recombination rates have evolved and
are maintained as a means to increase within-colony genotypic diver-
sity (Delory et al., 2024; Sirvi6 et al., 2006), improving division of
labour (Mattila & Seeley, 2007) and disease resistance (Seeley &
Tarpy, 2007). However, the theoretical appeal of these arguments is
diminished by the finding that within-colony genotypic variance is not
quantitatively increased by elevated recombination rates in the paren-
tal generation (Rueppell et al., 2012). The second hypothesis postu-
lates that high recombination rates of social insects have evolved to

FOUKS ET AL

facilitate evolutionary innovations, such as the evolution of the
worker caste. Although this argument can also be related to division
of labour and disease resistance, it is distinct from the first hypothesis
because it relies on a multi-generational argument and thus relates
conceptually to the general explanation for the evolution of sex and
recombination in terms of long-term benefits (Otto &
Lenormand, 2002). According to this “social innovation hypothesis”,
recombination rates in social insects are elevated because social
insects have longer generation times, smaller population sizes and
stronger selection for evolutionary innovation and decoupling of
genes than solitary species (Kent & Zayed, 2013). The associations
between local recombination rates and worker biased gene expression
support this model (Kent et al., 2012; Liu et al., 2015). However, the
causality of these associations is unclear and cannot account for
the overall increase of genome-wide recombination rates. Moreover,
very little is known about the actual mechanisms that can lead to the
high recombination rates (Wallberg et al., 2015). A deeper mechanistic
understanding of the extraordinarily high recombination rate of honey
bees is needed to evaluate these hypotheses and lead to a better
understanding of the evolution of recombination rates in general.

Recombination ensues from the repair of a DNA double-strand
break during meiosis (Paques & Haber, 1999; Szostak et al., 1983).
Different mechanisms of double-strand break repair have been postu-
lated based on mutational screens and consensus between different
studies and model species has been incorporated into a general model
of recombination (Kohl & Sekelsky, 2013). However, it is unclear how
widely applicable the specific pathways of this model are because
many taxa deviate from the consensus model (e.g., (Voelkel-Meiman
et al., 2015)). The initial choice of double-strand break repair pathway
seems to depend largely on the length of homology between DNA
strands (Piazza & Heyer, 2019). The double-strand break is repaired
through non-homologous end joining when there is no or very short
(0-4 base pair) homology between DNA strands, alternative end
joining with microhomology (2-20 bp), single strand annealing with
>50 bp homology and homologous recombination with >100 bp
homology.

While all DNA repair pathways can lead to some genetic
exchange, only homologous recombination leads to a large-scale swap
of DNA between chromatids. After end resection of each DNA strand,
the initial double-strand break is processed into an extended displace-
ment loop (D-loop) during homologous recombination, resulting from
successful DNA strand-invasion guided by RAD51 helicase and likely
mediated by BRCA1-BARD1 (Zhang et al., 2019). In the presence of
anti-crossover helicase, the D-loop is unwound to produce a non-
crossover. This double-strand break repair is achieved via synthesis-
dependent strand annealing (McMahill et al., 2007), resulting in the
transfer of a relatively short segment of DNA and is a form of gene
conversion (Figure 1a). Gene conversion appears to be more muta-
genic than canonical homologous recombination mechanisms
(Rodgers & McVey, 2016). In addition, the repair can be overtaken by
other mechanisms under different circumstances, such as break-
induced repairs or multi-invasion-induced rearrangements (reviewed
in (Piazza & Heyer, 2019)). In the absence of anti-crossover helicases,
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FIGURE 1 Mechanisms of homologous recombination are represented in a schematic view along with their respective outcomes, based on a
general model (Kohl & Sekelsky, 2013). An initial double-strand break is processed into a displacement loop (D-loop). In the presence of anti-
crossover helicase, the D-loop is processed by strand displacement strand annealing resulting in a gene conversion. When anti-crossover helicase
is absent, the D-loop is processed into a double Holliday junction. The double Holliday junction can be resolved via resolvase, which leads to
either a gene conversion, a crossover or a gene conversion that is linked to a crossover event. Instead of being resolved, it can be dissolved,
which invariably causes a gene conversion. These mechanisms are part of the pathway Il of meiotic recombination, which is similar to mitotic
recombination processes. As part of the pathway | of meiotic recombination that is specific to meiosis, the D-loop is processed into a double
Holliday junction, which will be resolved by specific pro-crossover resolvases, leading invariably to crossovers.

canonical homologous recombination occurs with the D-loop being
proceed to a double Holliday junction (Paques & Haber, 1999) via
reciprocal strand exchange. In the presence of dissolvases, the double
Holliday junction is dissolved, which leads to a simple gene conversion
event (Figure 1b). In the presence of resolvases, the double Holliday
junction can be resolved in three different ways: a simple gene con-
version (Figure 1c), a crossover associated with a gene conversion
(Figure 1d; (Allers & Lichten, 2001)) or a simple crossover, leading to
recombination of the flanking markers (Figure 1e). In contrast
to synthesis-dependent strand annealing, such double Holliday junc-
tion repair is biased towards incorporating G/C nucleotides (Lesecque
et al., 2013; Marais, 2003). This G/C-biased gene conversion is thus
typically associated with Crossovers (Lesecque et al., 2013). These
mechanisms bear similarities to double-strand break repair in mitosis
and presumably result in non-interfering crossovers (Figure 1; (Kohl &
Sekelsky, 2013)). In the presence of an anti-anti-crossover (=pro-
crossover) resolvase, a meiosis-specific repair pathway of double-
strand break (which is likely induced during meiosis by Spol1l
(reviewed in (Lam & Keeney, 2015)) or homologues (McKim &
Hayashi-Hagihara, 1998) may occur that exclusively proceeds from

the double Holliday junction to crossovers (Figure 1le), leading to
interfering crossovers (Figure 1; (Kohl & Sekelsky, 2013)).

Despite a broad functional conservation of double-strand break
repair pathways (van de Bosch et al., 2002), the regulation of this
repair is variable among species (Kohl & Sekelsky, 2013). Preference
of crossover-inducing pathways over alternative repair pathways may
provide mechanistic explanations for the strong up-regulation of
genomic recombination in honey bees. However, it is not understood
which of the alternative mechanistic pathways are employed or even
how gene conversions and crossovers relate to each other
(Bessoltane et al., 2012; Liu et al., 2015; Wallberg et al., 2015). Muta-
tional studies of recombination pathways are problematic in honey
bees (Schulte et al., 2014). Instead, analyses of the variety and fre-
quencies of different meiotic products have been performed, which is
particularly powerful in honey bees due to their high rates of meiotic
recombination and haplo-diploidy. Such analyses (Bessoltane
et al,, 2012; Liu et al., 2015; Mougel et al., 2014; Ross, DeFelice, Hunt,
Ihle, & Amdam, 2015) have yielded some insights into DNA sequence
features that are associated with recombination rate in honey bees.

Two classes of DNA motifs have been associated with recombination:
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A/T-rich and G/C-rich motifs: While G/C-rich motifs are positively
associated with recombination rate, A/T-rich motifs show negative
correlations (Bessoltane et al., 2012). Two specific G/C-rich motifs
(CGCA and GCCGC) have been found in high recombination regions
of the honey bee genome (Bessoltane et al., 2012; Mougel
et al., 2014). However, the correlations between G/C-rich motifs and
recombination rates may be due to a positive effect of G/C content
on recombination or the enrichment of G/C bases in regions of high
recombination via G/C-biased gene conversion (Ross, DeFelice, Hunt,
lhle, & Amdam, 2015).

Here, a large data set is presented and analysed to characterise
patterns of gene conversions and crossovers throughout the entire
honey bee genome and identify which genomic features are associated
with different outcomes of double-strand break repair during honey
bee meiosis. The data support a synthesis-dependent strand annealing
(non-canonical homologous recombination) repair mechanism during
meiosis that seems to locally enrich the A/T content of the DNA. The
data further show that double Holliday junction repair (canonical
homologous recombination) leads to enrichment of G/C bases, consis-
tent with the G/C-biased gene conversion hypothesis. Together these
findings may help explain the paradox of the A/T-rich honey bee
genome that exhibits an exceptionally high rate of recombination,

which in turn is associated with G/C-biased gene conversion.

RESULTS
Genome-wide recombination patterns

The location of meiotic recombination events was estimated from
complete genome resequencing data of 187 male offspring of a single
queen. Since the haploid sons represent meiotic products of their
mother, phase shifts in the 931,350 segregating single nucleotide
polymorphisms (SNPs) indicated directly the location of genetic
recombination between homologous chromosomes. The frequency
distribution of tract lengths between phase shifts (Figure 2) was
bimodally distributed (Hartigan’s dip test for unimodality: D = 0.036,
n = 166,849, p < 10715

When initially separating gene conversions and crossovers at a
10 kbp tract length threshold (following (Liu et al., 2015)), 56,268
gene conversions (300.9 gene conversions per drone) with a median
tract length of 77 bp and 9041 crossovers (48.3 crossovers per drone)
with a median of tract length of 215,381 bp were identified. To sepa-
rate gene conversions and crossovers more conservatively for subse-
guent analyses, only a part of the left distribution was defined as gene
conversion events (indicated by yellow in Figure 2), ambiguous tracts
of intermediate length were excluded from further analyses (coloured
green) and the tracts belonging to the right tail of the distribution
(blue colour) were defined as crossover events. With these stringent
criteria, 7384 crossovers and 8285 gene conversions were identified,
resulting in respective averages of 39.5 crossovers and 44.3 gene con-
versions per drone. These records included 32 cases of “crossover-
associated gene conversion” events and 910 “non-crossover gene

conversion” events. Crossover number ranged in individual drones
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FIGURE 2 Distribution of phase tract lengths. The distribution of
the frequency of log-transformed tract lengths showed a bimodal
distribution (Hartigan’s dip test: p < 10~%), revealing a distinction
between shorter tracts generated by gene conversion and longer
tracts that indicate crossovers. The arrow indicates the 10-kbp
threshold that has been used previously to distinguish between gene
conversion and crossover events (Liu et al., 2015). However, both
underlying distributions had a wide range and were partially
overlapping, which complicates unambiguous categorization of a
particular phase change as gene conversion or crossover.
Consequently, intermediate data points (green) were omitted and only
tracts of >25,000 bps were considered as indicating crossovers (blue)
and tracts between 100 and 2500 bps were analysed as gene
conversion (yellow).

from 21 to 56 (coefficient of variation = 0.17) and gene conversion
number from O to 358 (CV = 1.16).

The weighted average of the crossover rates of all 16 chromo-
somes resulted in genome-wide recombination rate estimates of
18.0 cM/Mbp (Table 1), while the initial, more liberal crossover count
would increase this estimate to 21.9 cM/Mbp. Regression of the
recombination rate on the length of each chromosome indicated a
negative but not significant relationship (r? = 0.24, Fi,14) = 4.5,
p = 0.053). Crossover events were heterogeneously distributed
across the genome (Exact Poisson test: p < 10~1°). The distributions
of crossover and gene conversion counts per individual reveal that
crossover counts follow a normal distribution indicating they results
from controlled process, while gene conversion counts follow a Pois-
son distribution (Figure 3).

A gamma distribution fit to our inter-crossover distances
(Figure 4) indicated an overall crossover interference parameter of
2.16 (Broman & Weber, 2000). Some of the chromosomes were
experiencing a non-negligible proportion of non-interfering crossovers
(Table 1 and Figure S1; (Housworth & Stahl, 2003)). In the entire
genome only 18 hotspots were detected according to our definition
(see Methods). In contrast, 531 windows of 100 kbp length were
found without crossover and considered crossover deserts and
422 windows were considered gene conversion deserts because they
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TABLE 1 Summary of overall chromosomal recombination statistics and evidence for crossover interference following (Housworth &

Stahl, 2003).
Crossover Number of gene Genetic Physical Interference Proportion of non-interfering
Chromosome rate conversions length (cM) length (Mbp) index crossovers
LGO1 17.78 1146 531.55 29.89 21 0
LG02 18.74 569 291.44 15.55 3.34 0.15
LGO3 19.85 539 262.57 13.23 5.05 <0.001
LGO4 18.92 539 240.64 12.72 477 <0.001
LGO5 17.13 589 246.00 14.36 244 0.01
LGO6 17.11 747 316.04 18.47 244 0.05
LGO7 17.64 602 233.16 13.22 6.15 0.24
LGO8 15.75 416 213.37 13.55 3.12 0
LGO9 18.42 441 204.81 11.12 6.76 0.01
LG10 16.99 364 220.32 12.97 2.26 0
LG11 16.99 463 250.27 14.73 3.72 0
LG12 19.46 391 231.55 11.9 8.03 0.07
LG13 18.03 478 185.56 10.29 4.83 0.16
LG14 19.04 395 195.19 10.25 5.85 0.13
LG15 18.93 285 19251 10.17 4.17 0
LG16 18.62 322 134.22 7.21 3.07 0.009
Total 17.98 8286 3949.20 219.63 2.16 0
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FIGURE 3 Comparison of the distribution of crossover and gene
conversion counts per individual. While crossover counts are normally
distributed, gene conversion counts are more consistent with a
Poisson distribution, indicating regulated and random processes,
respectively.

were devoid of gene conversion events. Marey maps (Figure 5)
showed an approximately linear relationship between physical and
genetic distances. The most profound deviations from collinearity of
physical and genetic maps were found at the sites of the acrocentric
centromeres.

compared with the theoretical gamma distributions with and without
interference. The red line represents the gamma function fitted to the
observed distribution through a maximum likelihood approach. The
blue line is the gamma (v, 2v) fitted to the observed data. The green
line represents the gamma function without interference (m = 1)
fitted to the observed distribution.

Crossovers and gene conversions in genome regions
with segregating genetic variation

The combined genomic regions for pollen hoarding, worker ovary size,
age of first foraging Quantitative Trait Loci (=QTL) and the Comple-
mentary Sex Determination region, that were selected due to their
important segregating genetic variation, exhibited significantly
increased rates of crossover events compared with the rest of the
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FIGURE 5 Marey maps of genetic map length in centi-Morgans over the physical map length for each honey bee chromosome. Across most
of the chromosomes, the relationship between genetic and physical distances is close to linear. However, a reduction of recombination is
apparent at the beginning of most chromosomes, corresponding to the acrocentric honey bee chromosomes (#2-16). Indicated in colour are the
regions with important segregating genetic variation that exhibit higher than average gene conversion and crossover frequencies (red = sex
determination region, yellow = pollen hoarding QTL, green = Age of First Foraging QTL, blue = Worker Ovary Size QTL as determined in an

interpopulation cross: light blue and in an intrapopulation cross: dark blue).

genome (glm: p = 0.028). Simultaneously, gene density (p = 0.029)
and the interaction between both variables (p = 0.042) influenced
the rate of crossovers. Specifically, crossover events were increased
by gene density in the general genome, whereas this relation was
inverted in the selected genome regions. Similarly, the rate of gene
conversion events was significantly affected by genome region
(p = 0.002), (p =0.012) and their
(p =0.012).

gene density interaction

Local rates of gene conversions and crossovers

Local crossover rates of each chromosome were analysed in more
detail, using a 100-kbp window sliding at 10 kbp intervals across the
genome (chromosome 1 in Figure 6; all other chromosomes in
Figure S2). Local crossover rates at this scale were variable, and
221 crossover peaks were higher than the empirically determined 1%

Poisson threshold. These crossover peaks were distributed evenly
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FIGURE 6 Distribution of crossover and gene conversion rate along the first chromosome. Rates averaged across 100-kbp window sliding
every 10 kbp were plotted. The horizontal, dashed threshold lines represent the Poisson estimate that identifies outliers (p < 0.01). Most of the
crossover and gene conversion rate peaks are above the respective thresholds, which illustrates the spatial heterogeneity of the distribution of
these rates. However, the peaks appear throughout the chromosome and are not clustered into a small part of the genome, which contrasts with
recombination rate distributions in previously constructed fine-scale recombination maps in other species.

TABLE 2 Best-fit multiple regression models of the influence of
sequence characteristics on local crossover and gene conversion

rates.
Crossover model B (+S.E.) Significance
(G/C)? 0.010 £0.001 t=11.4,p<0.001
CpG x Low complexity -61.6+124 t=-497,p<0.001
G/C x CpG x Low complexity 1.95 + 0.40 t=4.82,p <0.001

Overall Model

r? = 0.13, Fz2193 = 110.8, p < 0.001

Gene Conversion model B (+S.E.) Significance

CpG 473 +0.88 t =5.38,p <0.001
Low complexity 4,62 +1.20 t =3.84,P <0.001
(CpG)? -0.54 £0.10 t = —5.30, p < 0.001
(Low complexity)? —0.56 £ 0.16 t=-3.39,p <0.001
CpG x Low compexity —5.63 £ 2.67 t=-211,p<0.05

Overall Model r?2 =0.01, F(5.2191) = 6.46, p < 0.001

along each chromosome and no small genome region experienced a
pronounced increase of crossover rates compared with the rest of the
genome. At the 100 kbp windows scale, gene conversion rates were
significantly correlated to crossover rates (rho = 0.22, n = 2184,
p < 109).

Despite our saturated linkage map with a median interval
between markers of only 314 bp, the numbers of detected crossovers
and gene conversions were correlated with markers density at the
100-kbp scale (rho=0.06, n=2197, p<10~* and rho=0.61,
n=2197, p < 107>, respectively; Figure $3). Independent of marker
density, local crossover and gene conversion rates were related to
CpG frequency and abundance of low complexity sequences. Local

crossover rate was also related to G/C content (Table 2). Despite

some interactions among predictor variables, the best-fitting general
models of these relations remained relatively simple and bivariate
relations could be reasonably approximated by linear functions
(Figure S4).

Sequence features associated with crossover and gene
conversion

At a smaller scale, the target sequences for gene conversion and
crossover events were contrasted with the adjacent genome
sequences. The average G/C content of crossover target sequences
was 41.0+0.2%, (mean+95% Cl) and thus significantly higher
(t=14.7, df = 12,333, p < 10%%) than the corresponding flanking
regions that contained 39.2 + 0.1% G/C bases (Figure S5). In contrast,
gene conversion target sequences showed with 32.9 + 0.2% a signifi-
cantly lower G/C content (t = 11.5, df = 15,528, p < 10~%) than the
corresponding flanking regions (34.4 + 0.1%). Furthermore, G/C bases
were significantly more frequent in “crossover-associated gene con-
version” sequences (39.6 +2.5%) than in “non-crossover gene
conversion” sequences (27.4 + 0.6%; t = 9.24, df = 34.0, p < 101°).
In addition, the percentage of G/C was lower in the flanking
sequences of gene conversions (34.4 +0.1%) and “non-crossover
gene conversion” events (28.6 + 0.4%) than in the flanking regions of
crossovers (39.2 + 0.1%) and “crossover-associated gene conversion”
events (38.5 + 2.0%), respectively (gene conversion vs. crossover:
t = 52.5, df = 31,214, p < 10~ 1>; “crossover-associated gene conver-
sion” vs. “non-crossover gene conversion™: t= 9.54, df =67.7,
p <1071,

Gene conversion and crossover events also differed in their phys-
ical relation to genic features. On average, crossovers were located

significantly more distant from the nearest exon, 5- and 3'-
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TABLE 3 Comparisons between crossover, gene conversion and corresponding random control sequences with respect to their distance to

nearest gene, exon and UTRs.

Difference
crossover

Control for

Genome  crossover Crossover

Difference
crossover versus

Control for
gene conversion

Difference

Gene conversion  gene conversion

feature (mean £ S.D.)  versus control (mean £ S.D.) gene conversion (mean £ S.D.) versus control (mean £ S.D.)
Gene 8.8+ 0.57kbp t=0.36, 89 +046kbp t=1.68, 8.4 + 0.41 kbp t=-1.25, 8.8 + 0.56 kbp
df = 14,023, df = 15,158, df = 14,792,
p=0.720 p = 0.092 p=0.211
Exon 11.3 £ 0.57 t = 3.56, 12.7 £ 0.48 t=222, 11.9 + 0.43 kbp t=1.1, 11.5 +0.57 kbp
kbp df = 14,116, kbp df = 15,189, df = 14,983,
p < 0.001 p = 0.026 p = 0.256
5 UTR 582 +20kbp t=5.82, 664+19kbp t=-213, 69.5 + 2.0 kbp t=194, 56.2 £ 1.9 kbp
df = 13,813, df = 15,186, df = 15,332,
p<1078 p =0.033 p<101°
3 UTR 478 +1.7kbp t=5.71, 547 + 1.6 kbp t=-0.48, 55.2 + 1.6 kbp t=29.6, 447 + 1.5 kbp
df = 13,959, df = 15,317, df = 15,630,
p<1077 p =0.630 p<101°

Crossover-associated gene conversion (mean + S.D.)

Non-crossover gene conversion (mean + S.D.)

Difference

Gene 6.5 £ 4.0 kbp 6.2 + 1.0 kbp t =0.14, df = 35.5,p = 0.887

Exon 9.7 £ 4.3 kbp 8.0+ 1.1 kbp t=0.72,df = 35.1,p = 0.476

5" UTR 79.2 + 29.4 kbp 50.5 + 5.5 kbp t =1.9,df = 33.2, p = 0.069

3’ UTR 65.1 + 29.0 kbp 38.0 £ 4.3 kbp t=1.8,df =324, p =0.080
untranslated region (=UTR) than length-matched random control DISCUSSION

sequences (Table 3). The average distance between a gene conversion
event and the nearest 5’UTR, and 3'UTR was also higher than corre-
sponding control sequences. Gene conversion events were signifi-
cantly closer to exons and farther from 5’ UTRs than crossover events
(Table 3). Furthermore, “non-crossover gene conversions” were on
average closer to the nearest gene, exon, 5'- and 3'UTR than “cross-
over-associated gene conversion” events, but these differences were

not significant (Table 3).

Motif search for crossover and gene conversion

The search for DNA motifs of 3, 4, 5, 6, 7 and 8 nucleotide length that
were overrepresented in the crossover and gene conversion target
sequences compared with the respective flanking sequences resulted
in a total of 434 (crossover) and 26 (gene conversion) motifs
(Table S6). G/C bases were commonly found in crossover-associated
motifs, while motifs that were enriched in gene conversion target
sequences typically exhibited a high frequency of A/T bases. The
motifs enriched in crossover regions included the previously identified
GCCGC motif (Bessoltane et al., 2012). The A/T-rich motifs found to
be negatively associated with crossovers, such as AAAGA (Bessoltane
et al,, 2012), were found to be enriched in gene conversion regions.
Corresponding differences in motif enrichment were found between
“crossover-associated gene conversion” sequences and “non-
crossover gene conversion” sequences (Table S6). Additionally,
20 motifs were found enriched in the 18 crossover hotspots com-
pared with the background but these were less G/C-biased (Table S6).

The highly recombining honey bee genome is increasingly studied as a
model for understanding the ultimate and proximate causation of mei-
otic recombination in general. Despite significant progress, a compre-
hensive understanding of the causes for the excessive recombination
rate is lacking, particularly with regard to the mechanisms involved.
Here, we extended previous research by generating a large, high-
resolution data set that allowed a direct analysis of the fine-scale land-
scape of recombination in one mapping population. We used these
data to better understand how different double-strand break repair
mechanisms shape the genomic landscape and which cis-regulatory
elements may influence the outcome of double-strand break repair.
Our results suggest a mechanistic explanation for the exceptionally
high recombination rate of honey bees that complements existing

evolutionary hypotheses.

High recombination rates in honey bees: A
consequence of high double-strand break rates?

Our results reconfirm the exceptionally high rate of meiotic recombi-
nation in the Western Honey Bee, Apis mellifera, although the
genome-wide estimate of 18 cM/Mbp is lower than previous studies
(Beye et al., 2006; Hunt & Page, 1995; Liu et al., 2015; Mougel
et al,, 2014; Ross, DeFelice, Hunt, lhle, & Amdam, 2015; Solignac
et al., 2007; Wallberg et al., 2015), presumably due to our conserva-
tive scoring of crossovers. The extreme recombination rates systemat-

ically observed in honey bees (Delory et al., 2020; Kawakami
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et al., 2019; Rueppell et al., 2016), but they are not necessarily the
result of adaptive evolution. An adaptive explanation of the high
recombination rate would be supported at the molecular level by a
clear signal of increased preferential repair of double-strand breaks to
crossovers. Our study estimates positive crossover interference to be
higher than previous studies (2.16 compared with ~1.5), but even our
estimate is lower than the corresponding value (>3) of bumble bees,
which have a lower recombination rate (Kawakami et al., 2019). Cross-
over interference can be attributed to the specific meiotic pathway
for double-strand break repair leading preferentially to crossover
events (Otto & Payseur, 2019; Von & Rog, 2021), but it cannot explain
the high recombination rates of honey bees compared with bumble
bees. The lack of evidence of preferential double-strand break repair
to crossover events is also demonstrated in our study by the equal
number of crossover and gene conversion events per drone. Hence,
the high recombination rate observed in honey bees does not seem to
be related to a preferential use of the double-strand break repair path-
way specific to meiosis.

Instead, the extreme recombination rates observed in honey bees
seem to be the consequence of a high double-strand break formation
rate in honey bee species. Such high double-strand break rate in
honey bees, compared with other species, could be selected for by a
strong generation time effect, due to a large colony size, coupled with
the A/T-rich genome (Fouks et al., 2021). The production of sexuals in
honey bees occurs after the production of thousands of workers,
which translates into an increased number of replicative events for
those eggs due to the ongoing mitoses (Fouks et al., 2021). This
increased number of replication coupled with the A/T-rich genome of
honey bees may lead to an increased double-strand break rate, since
DNA replication in A/T-rich sites of the genome have been reported
to promote double-strand breaks (Wang et al., 2014; Zhang &
Freudenreich, 2007). A/T-rich sequences are prone to form secondary
structures during replication resulting in the formation of double-
strand breaks (Lukusa & Fryns, 2008; Wang et al., 2018). This phe-
nomenon has been well documented in humans, mice and yeasts,
where it is related to AT-rich chromosome fragile sites (Durkin &
Glover, 2007). Furthermore, double-strand breaks in A/T-rich chromo-
some fragile sites are typically repaired through the mitotic recombi-
nation pathway (Wang et al, 2018). A similar mechanism could
explain high recombination rates coupled with low levels of crossover
interference throughout the honey bee genome.

Our results indicate that the different double-strand break repair
pathways involved during meiosis might be important because they
lead to different chromosomal tract exchange. Double-strand break
repair leading to gene conversion may result from a random process
because our gene conversion count per meiosis followed a Poisson
distribution. In contrast, the crossover count per meiosis followed a
normal distribution, suggesting that this process is regulated. The lat-
ter argument fits well with a model of meiotic recombination, where
DNA-binding proteins and specific DNA motifs (Lam & Keeney, 2015)
induce double-strand breaks which are then repaired with canonical
homologous recombination specific to meiosis leading to a crossover.

The argument for different mechanisms leading to either gene
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conversion or crossover is also supported by our bimodal distribution
of tract lengths. Finally, the different base composition of DNA near
gene conversions versus crossovers also suggest that different
double-strand break repair pathways are involved in each type of
chromosomal exchange: While gene conversion occurs within A/T-
rich regions, crossovers are mostly present in G/C-rich regions. Gen-
erally, A/T-rich regions lead to secondary structure during replication
(Lukusa & Fryns, 2008), which makes double-strand breaks more likely
in A/T-rich than G/C-rich regions. This strengthens the evidence that
most double-strand breaks leading to gene conversion events are the
results of a random process, while most double-strand breaks leading
to crossover events have evolved to be induced and regulated by the
organism to occur at a particular rate.

Our study corroborates previous distinctions between crossover
and gene conversion events in honey bees (Bessoltane et al., 2012;
Liu et al, 2015), paralleling reports from other species (Comeron
et al., 2012; Keeney, 2001; McMahill et al., 2007; Paques &
Haber, 1999). The findings are compatible with the general model of
recombination (Kohl & Sekelsky, 2013). Gene conversions may result
from synthesis-dependent strand annealing, which is more mutagenic
than the double Holliday junction-dependent double-strand break
repair (van de Bosch et al., 2002). Synthesis-dependent strand anneal-
ing mutations are generally biased towards A/T bases (Birdsell, 2002)
because the DNA polymerase involved has a low fidelity (Lercher &
Hurst, 2002), which may induce A/T-biased mutations (Birdsell, 2002;
Strathern et al., 1995). In contrast, double Holiday junction repair is
associated with G/C-biased gene conversion, which may enrich the
target sequences of crossovers (Lesecque et al., 2013; Marais, 2003).
Thus, our results provide the first evidence that G/C-biased gene con-
version could explain the general correlations between recombination
and G/C content in the honey bee genome (Beye et al., 2006; Ross,
DeFelice, Hunt, lhle, & Amdam, 2015). Furthermore, our results indi-
cate that G/C-biased gene conversion associated with crossover
events may counteract the strong A/T bias of the honey bee genome.
Thus, the high recombination rate of the honey bee genome may have
been partly selected for mechanistic reasons. Selection for increasing
the G/C content and balance the base composition of the genome
may lead to up-regulating the formation of double Holliday junctions
and meiosis-specific double-strand break repair. In contrast, the alter-
native synthesis-dependent strand annealing mechanism of double-
strand break repair does not increase G/C content and consequently
may not be selected for, although we have presented evidence that it
regularly occurs in the honey bee genome and the high recombination
rate of honey bees cannot be explained by an up-regulation of pro-
crossover pathways alone. Comparative support for the hypothesis
that high recombination rates have evolved in response to A/T-rich
genomes comes from the relatively A/T-rich genomes of the ants
Acromyrmex echinatior (Nygaard et al., 2011) and Pogonomyrmex bar-
batus (Smith et al., 2011), which also display exceptionally high recom-
bination rates (DelLory et al, 2024; Sirvi6 et al., 2006). This
mechanistic hypothesis complements the hypothesis that selection
for novel phenotypic diversity during social evolution has increased

recombination near female or worker biased genes, which occur in
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genome regions with higher G/C content (Kent et al, 2012; Liu
et al.,, 2015; Wallberg et al., 2015).

Comparison of overall crossover and gene conversion
rates in honey bees

Our study has used the previous version of the honey bee genome
(Amel_4.5), which differs from the enhanced current chromosome-
level assembly (HAv3.1, RefSeq: GCF_003254395.2, GenBank:
GCA_003254395.2). Thus, some erroneous assemblies could have
inflated our recombination estimates. However, we applied a stringent
quality filtering of SNPs, deleting data that would have resulted in
unrealistically high recombination rates, as would occur from misas-
semblies. Additionally, we excluded phase shifts at scaffold bound-
aries, limiting the errors that could have occurred due to
misassemblies. It is likely that our overall estimate is too low due
to our conservative definition of crossover events. The stringent cri-
teria were chosen based on the bimodal distribution of phase tract
lengths to clearly distinguish between crossover and gene conversion
events, the primary objective of our analyses. Based on a 10-kbp
threshold to define crossovers and gene conversions, our recombina-
tion rate estimate would increase to 22 cM/Mbp. However, neither of
our two values agrees with the 37 cM/Mbp reported by the only
comparable previous study (Liu et al., 2015). While we cannot exclude
biological reasons for the difference, such as age of the sample indi-
viduals or the sampled population, overall recombination rate esti-
mates have been relatively constant across different maps (Ross
et al., 2015). Our findings suggest that marker density alone does not
necessarily increase the recombination rate estimate of the honey bee
genome (Liu et al., 2015), but other methodological differences may
explain the discrepancies. First, our large sample size of 187 individuals
allowed the identification and exclusion of five individuals as statisti-
cal outliers. Secondly, we identified many phase changes at some scaf-
fold boundaries, suggesting assembly problems. Consequently, we
excluded scaffold boundaries from our analyses in contrast to (Liu
et al, 2015). A similar correction, excluding non-unique crossover
sites in a data set of 43 individuals, previously reduced Liu et al.’s esti-
mate to 24.5 cM/Mbp (Kent et al., 2012), which is reasonably close to
the 22 cM/Mb.

The gene conversion frequency differed more drastically between
our study, Liu et al. (2015) and Kawakami et al. (2019). Even with our
more stringent size definition for gene conversions, we identified 44.3
gene conversion events per drone, compared with the previously
identified 5.8 (Liu et al., 2015) and 20 (Kawakami et al., 2019). In con-
trast to Liu et al., we did not automatically exclude multi-copy regions,
but our size filter presumably prevented most false discoveries of
gene conversions (Qi et al., 2014). Furthermore, we excluded markers
that exhibited more than two alleles and markers that led to >5% map
expansion. Our estimate of gene conversion frequency is only slightly
higher than that for the Drosophila genome (Comeron et al., 2012).
Thus, it is unlikely that we have erroneously overestimated gene con-

version frequency (Bessoltane et al, 2012), but our positive
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correlation between marker density and gene conversion frequency
suggests that our high marker density may have allowed a better
detection of gene conversions. Despite some variation in the ratio of
crossovers to gene conversions in our study when different data fil-
ters and definitions are employed (compare main text with supple-
mental results S1 and S2), our study invariably places the crossover/
gene conversion ratio between the two existing previous estimates
(Bessoltane et al., 2012; Liu et al., 2015). Likewise, we found some
evidence of crossover interference but not to the extent of (Solignac
et al., 2007).

Local recombination rate variation

Following the classic definition of recombination hotspots (McVean
et al, 2004; Myers et al., 2005), only 18 hotspots were identified
overall. None of these hotspots were identified on chromosomes
15 and 16, consistent with (Mougel et al., 2014). Our low number of
hotspots could be partially explained by our data filtering and restric-
tive method to discover hotspots. Furthermore, ours and other linkage
map-based studies suffer from a lack of statistical power: Even though
we employed a substantially larger sample size than any previous
genetic linkage analysis of the honey bee genome, many 10-kbp inter-
vals did not contain any crossover event. The adjacent intervals were
automatically excluded from the search for hotspots because any ratio
between a crossover value in the adjacent interval and zero is mathe-
matically undefined. This mathematical problem also prevented a
more fine-scale analysis, while analyses at larger scales (e.g. 100 kbp)
are less meaningful in the context of hotspot identification. Linkage
disequilibrium patterns may thus be better suited for hotspot identifi-
cation (Coop & Przeworski, 2007), but the only study in honey bees to
conduct such an analysis also failed to identify pronounced recombi-
nation hotspots (Wallberg et al., 2015). Thus, the cumulative empirical
evidence suggests that recombinational hotspots are not common or
pronounced in the honey bee genome.

Despite the apparent paucity of true hotspots, the recombina-
tion rate in the honey bee genome was heterogeneous, with 50% of
crossovers found in 19% of the genome. This result is comparable
with the finding that 25% of the crossovers are restricted to 5% of
the honey bee genome (Liu et al., 2015). Thus, the skew in honey
bees is quite low compare with humans, where 71% of crossovers
were found in 12% of the genome (Tiemann-Boege et al., 2006) and
previous studies in the honey bee reported an even lower skew
(Mougel et al., 2014; Wallberg et al., 2015). At the scale of 100 kbp,
our recombination estimate regularly crossed the threshold defined
by our Poisson estimate, indicating a skewed distribution of local
recombination rates. Thus, a large part of the genome experienced
recombination rates that deviated significantly from the average
recombination rate. However, based on the visual inspection of the
data and the cumulative Marey maps, we found no evidence of
large-scale differences in recombination rates along chromosomes
other than small regions of reduced recombination close to centro-
meres (Beye et al., 2006).
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Overall, our local estimates of recombination rates did not match
previous findings in detail, although the values in our study fall well
within the range of previous studies (Liu et al, 2015; Solignac
et al., 2007). Much of the variation could result from different analysis
methods and scale (Ross et al., 2015; Stevison & Noor, 2010), but nat-
ural intra-specific variation of local recombination rates in honey bee
populations is also a likely explanation (DeLory et al., 2020). Such vari-
ation has been suggested previously in honey bees (Ross et al., 2015)
and occurs in other species (Brooks & Marks, 1986; Comeron
et al., 2012). Fine-scale variation reveals the evolutionary potential of
local recombination rates, which are presumably driven by polymor-
phic local sequence features, such as cis-acting regulatory motifs or
chromosome structure (Zickler & Kleckner, 2023).

While intra-specific variation of recombination rate has been
studied among individuals and among different genome regions
(Chowdhury et al., 2009; Comeron et al., 2012), another dimension of
intra-specific variation in recombination occurs within individuals as
variation among separate meioses. At this level, variation is assumed
to be minor and it is rarely investigated but recombination rates may
be more plastic than anticipated (Singh et al., 2015) and quantification
of intra-individual plasticity is important for evaluating the evolution-
ary potential of recombination rates. Our data showed substantial var-
iation even among offspring that were produced in a time-frame of
24 h in the homeostatic environment of a social insect colony. The
meioses leading to the production of these offspring presumably
occurred under highly similar conditions in close proximity to each
other in the germarium of the queen’s ovary but produced very differ-
ent outcomes. This variation, as well as the low degree of preservation
of local recombination rates between our and other studies highlights
the need for more in-depth comparative studies to gain a deeper
understanding of the evolutionary dynamics of the high recombina-

tion rates in the honey bee genome.

Local sequence features associated with
recombination rate

Local recombination rate may be influenced by specific motifs (Berg
et al., 2010), DNA accessibility differences due to transcriptional
activity or base composition (Lichten, 2008), and by selection for
reduced linkage disequilibrium (Kent et al., 2012; Liu et al., 2015). On
average, crossovers and gene conversions were found more distant to
exons and UTRs than expected by chance. The distances between
recombination events and functional genetic elements reduce intra-
genic recombination events and/or a reduction in double-strand
break-induced deleterious mutations in important sequences
(Webster & Hurst, 2012). Gene conversions appeared closer than
crossovers to genes, exons, 5’ and 3’ UTRs. This difference suggests
also that long DNA sequence exchange by crossover may be selected
against in the immediate vicinity of genes. However, analysis of
genome regions that harbour important segregating allelic variation
(Beye et al., 1996; Graham et al., 2011; Hunt et al., 2007;
Rueppell, 2009; Rueppell et al., 2011) demonstrated a higher
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proportion of both gene conversions and crossovers compared with
the rest of the genome, in accordance with general models for adap-
tive increases in local recombination rate to facilitate independent
evolution of genes under selection (Agrawal, 2006; Gandon &
Otto, 2007; Hill & Robertson, 1966; Roze, 2012). The contrast
between the higher than average gene conversion and crossover rates
in these specific genome regions and the localization of gene conver-
sions and crossovers away from genes can be explained by the differ-
ent scale of these analyses. In parallel to our study, a detailed analysis
of the sex determination region found little evidence for recombina-
tion (Liu et al., 2015), while earlier and broader-scale analyses identi-
fied this genomic region as highly recombining (Beye et al., 1999;
Hasselmann & Beye, 2006). Thus, selection seems to have increased
recombination rates in important genome regions (Kent et al., 2012)
while decreasing its potentially mutagenic impact in and close to genic
sequences.

In the honey bee genome, genes are predominantly located in
G/C poor regions (Elsik et al., 2014) and consistent with previous
studies, our data at the 100 kbp scale indicated that crossovers occur
in more G/C-rich regions of the genome (Beye et al., 2006; Kent
et al., 2012;Liu et al., 2015; Ross, DeFelice, Hunt, lhle, &
Amdam, 2015). Crossover and gene conversion rates showed a posi-
tive correlation with CpG frequency. CpG frequency is naturally
related to G/C content but the overall statistical evaluation of the
joint effects of these two variables on crossover and gene conversion
frequency was complicated by higher-order interactions, including the
abundance of low complexity DNA. CpG and DNA methylation are
believed to inhibit high recombination rates in honey bees (Mougel
et al., 2014; Wallberg et al., 2015). Contrary to this notion, a simple
positive correlation between crossover rate and CpG occurrence
existed in our data, comparable with previous results derived from
multiple low-density recombination maps (Ross et al., 2015).

In the absence of PRDM9, no specific factor responsible for the
initial double-strand break has been identified in insects but certain
DNA motifs have been repeatedly found to correlate with recombina-
tion events in honey bees (Bessoltane et al, 2012; Mougel
et al., 2014), especially the 5-mer motif GCCGC. This short sequence
could be part of a longer motif (Mougel et al., 2014), which makes a
specific initiation of recombination comparable with the PRDM?9
mechanism (Berg et al., 2010) conceivable. However, the identified
motifs may also be a consequence of a general association between
recombination and G/C-enriched sequences (Liu et al., 2015; Ross,
DeFelice, Hunt, lhle, & Amdam, 2015), a notion that is further sup-
ported by the identification of numerous recombination-associated
motifs in our study.

Overall, gene conversion-associated motifs differed fundamen-
tally from those associated with crossovers, which may be due to dif-
ferent factors binding to induce gene conversions or crossovers.
Alternatively, the divergent results could be due to a different muta-
genic bias of gene conversion versus crossover events. Nevertheless,
one motif was similar between the crossover- and gene
conversion-enriched motifs: GGGAC. Thus, this motif could represent

or be contained in recognition sites for an initial, general double-
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strand break-inducing factor in honey bees. Our study indicates the
need for further research that includes crossovers and gene conver-

sions in the search for DNA motifs that guide recombination.

Conclusions

Our study of recombination patterns across 187 genomes of the
honey bee have led to several new insights but also reconfirms that
the genomic recombination rate of Apis mellifera is exceptionally high,
supporting earlier estimates of slightly above 20 cM/Mbp. Most gene
conversions are the result of non-crossover events. Non-crossovers
and crossovers are associated with different motifs, appear in genome
regions with opposed nucleotide content, and seem to lead respec-
tively to A/T or G/C bias. This influence on genome composition may
select for increased crossover rates in eusocial Hymenoptera. Thus, our
results do not support the “genotypic diversity hypothesis” or the
“social innovation hypothesis” but point to a mechanistic explanation
instead. Our results suggest that extreme recombination rates observed
in honey bees compared with other eusocial hymenopterans are the
result of increased double-strand break formations, potentially due to
an increase in colony size, leading to a stronger generation time effect,
and their A/T-rich genome, translating in numerous A/T fragile sites.
Our study identifies differences in genome sequence correlates of
crossover, gene conversion and ‘crossover-associated gene conver-
sion” events (Elbakry & Lébrich, 2021), suggesting different cis-
regulation of these processes. This evidence complements mutational
analyses of recombination pathways that have only been possible in
established model organisms. The dichotomy of nucleotide content and
bias between gene conversion and crossover, mechanistically explained
by alternative consequences of synthesis-dependent strand annealing
and of double Holiday junction repair, contributes to our understanding
of several specific genome features of the honey bee. To confirm our
findings, further studies are needed on other honey bee populations
because our study is limited to the progeny of a single female from the
general North American commercial population The honey bee with its
excessive rate of recombination, haplo-diploid sex determination and
large offspring number, provides a valuable model for understanding
the evolution of recombination and genome evolution, and the advent
of genetic tools that allow identification and manipulation of the

recombination machinery in this species further its potential.

EXPERIMENTAL PROCEDURES
Sample collection and extraction of genomic DNA

In honey bees, a single female reproductive (the queen) is responsible
for all egg-production in a colony. The queen can lay up to 2000 eggs
per day and she can be induced to produce haploid eggs that invari-
ably develop into males (=drones). To induce a high number of male
eggs, empty drone comb was introduced into several mature colonies

of Apis mellifera (L) colonies at the University of North Carolina at
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Greensboro honey bee yard in Greensboro, NC. After 18 days, the
colony with the highest drone brood production in the experimental
frame was selected and all pupae were collected. Each drone was indi-
vidually stored in a 1.5-mL micro-centrifuge tube at —20°C until DNA
extraction.

Genomic DNA was extracted from 800 of the collected drone
pupae using the Puregene® kit and protocol (Qiagen, Germany). Fro-
zen thoraces were separated with sterile forceps from the abdomen
and head and ground on ice until liquid. An aliquot of 100 uL of the
liquefied tissue was mixed with 300-pL cell lysis buffer and 1.5-pL
Proteinase K (20 mg/mL) and processed according to the manufac-
turer's recommendation. Extracted DNA was rehydrated in Tris-EDTA
(TE) buffer and stored at —20°C. Quality and quantity of the extracted
DNA was assessed by spectrophotometry (Nanodrop 1000, Thermo
Scientific) and agarose gel electrophoresis. The 192 drone samples
with the highest molecular weight DNA were selected for subsequent
genotyping and sequencing since all samples exceeded our internal
quantity and purity standards.

Confirmation of maternal lineage with microsatellite
genotyping

To verify all samples were haploid and derived from the same mother
queen, three highly polymorphic microsatellite loci (K0907, K05128
and AP174) were genotyped in all 192 individuals (Solignac
et al., 2007). One microliter of sample (100 ng/pL) was mixed with
14 pL of PCR master mix, containing 8.95 uL of molecular grade
water, 1.5 uL of 10x buffer, 1.5uL of 200 uM dNTP solution,
0.35 pL of 0.25 uM forward primer, 0.75 pL of 0.5 uM reverse primer,
0.75 pL of LI-COR 700 IRDye and 0.20 uL of 0.2 uM Taq polymerase.
The reaction followed a previously established touch-down protocol
(Hayworth et al., 2009) and products were frozen until determination
of allele sizes by gel electrophoresis using a LI-COR 4300 DNA analy-
ser (Licor Inc., Lincoln, NB) with a 25 cm 6% polyacrylamide gel (Dixon
et al., 2012). All drones were confirmed as true brothers by having
one of two maternal alleles at each locus.

DNA library preparation and genome sequencing

Genomic DNA from the selected 192 samples was processed at the
High Throughput Sequencing Facility (HTSF) at UNC-Chapel Hill.
Genomic DNA was sheared with an E220 focused-ultrasonicator
(Covaris Inc., Woburn, MA), quantified and libraries were created
using KapaBiosystems® (Woburn, MA) high throughput preparation
kit following manufacturer's recommendations, using polyethylene
glycol and magnetic beads for all clean-up and size selection (to 250-
450 bp) steps. Each library was tagged with dual adapter (2D) indexed
adaptors. The 192 samples were separated into two pools with
96 samples per batch. Each batch was sequenced on an lllumina™
HiSeq 2000 (San Diego, CA) machine in one lane of a 100-bp single-
end run and two lanes of a 100-bp paired-end run.
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Alignment to reference genome and SNP calling

The genome sequence data for the 16 honey bee chromosomes were
downloaded from the NCBI website (RefSeq assembly accession:
GCF_000002195.4, GenBank: GCA_000002195.1) and concatenated
to form one genome file. Sequencing reads were de-multiplexed, and
the data from all three lanes were combined for each of the 192 sam-
ples. The Burrows-Wheeler Alignment (BWA) tool (Li &
Durbin, 2009) was used to align the reads of each of the sequenced
samples to this reference genome. Subsequently, SAMtools (Li
et al., 2009) utilities were used to call SNPs with minimal quality filter-
ing. The SNP data from the samples were separated by chromosome
resulting in chromosome-specific matrices. To allow for the detection
of SNPs that segregated in our mapping population but were identical
to the reference genome, an alternative reference genome was cre-
ated, substituting the original sequence with that of the alternative
allele at each SNP position. The data were combined into one file for
each chromosome that contained for each individual and each SNP

either specific SNP genotypes or missing data.

Quality filtering, crossover and gene conversion event
identification

Each SNP was evaluated for the distribution of its allele frequencies
and amount of missing data. SNPs with a minor allele frequency of
<20% or allele counts of <20 were removed. Low-quality markers
were also removed based on the occurrence of a third allele and based
on an unrealistic expansion of the linkage map: we assumed a recom-
bination frequency of >5% as unrealistic between adjacent markers
on the same scaffold, given an average physical marker spacing of
<250 bp on each chromosome. After these filtering steps, a total of
931,350 markers remained in the analysis, while 313,140 were
dropped. Scaffold boundaries were excluded from the analysis due to
the uncertainty of physical size distance between adjacent scaffolds.
Five individual samples were removed altogether from the data set
due to their high overall number (>10x the average) number of phase
shifts, indicating sample contamination or systematic sequencing
error. We therefore adopted a conservative approach and analysed
the remaining 187 samples without these five outliers.

Marker genotypes were converted to parental phases based on
their linkage patterns to the surrounding markers, starting with an
arbitrary phase assignment for each chromosome. To estimate and
control for the potential effects of erroneous genotype calls three
slightly different data sets were generated from these data: The first
set was left uncorrected; in the second set, phase shifts that were
only supported by a single SNP genotype were replaced with missing
data; and in the third set, any phase shift that was shorter than the
length of a single read (100 bp) was replaced by missing data, regard-
less of how many SNPs supported the phase shift. While the second
and third data set safeguard against sequencing errors, they also
exclude the possibility of discovering short tracts of gene conversion.

The second data set with only singleton removal is presented in the
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main text as the best compromise between excluding short tracts of
gene conversion and excluding sequencing errors. The results of the
two alternative data sets are presented as supplements (“Supplemen-
tal Results S7” represents results from the unfiltered data and “Sup-
plemental Results S8” represents the results from the third, most
stringently filtered data set).

Initially, the frequency distribution of all phase tract lengths was
visually inspected and tested for deviation from unimodality
(Hartigan's dip test for unimodality (Hartigan & Hartigan, 1985)) to
ascertain the existence of two distinct phase tract distributions, sug-
gesting distinct gene conversion and crossover processes. The distri-
bution also justified the following categorization of phase shifts as
gene conversions and crossovers with custom scripts (Supplemental
Methods S9) that analysed the observed phase switches in each indi-
vidual sample: Phase switches were categorised as gene conversions
(Figure 1a-c) or crossovers (Figure 1e) based on phase tract lengths
between successive phase switches. A gene conversion tract length
was defined as >100 bp and <2.5 kbp, while a crossover event was
defined by tract lengths of >25 kbp and >3 markers on each side of
the phase shift (Supplemental Methods S9). While tract lengths can
be estimated through maximum likelihood methods from population
data (Yin et al., 2009), our offspring genotypes were not suitable for
such an approach. Additionally, gene conversions that occurred in the
immediate vicinity of crossovers were distinguished as “crossover-
associated gene conversion” by identifying a tract length <2.5 kbp,
followed by another <2.5 kbp tract, which was in turn followed by a
tract length > 25 kbp (Supplemental Methods S9). Gene conversions
were further split into events that were clearly unlinked to crossover
events (non-crossover gene conversions: >50 kbp distance from near-
est crossover) and events that were neither linked nor unlinked. All
phase shifts that did not fit into those categories were omitted from
the further analyses.

The locations for the specific recombination events were deter-
mined in the following manner: The beginning position of crossover,
gene conversion and “crossover-associated gene conversion” events
was equated to the position of the last SNP marker before the phase
shift. The end position of crossover events corresponded to the posi-
tion of the first sequence (marker) after the phase shift. In contrast,
the end position of gene conversion events was defined to include
the entire gene conversion event tract, including the sequences
(markers) after the second phase shift (Supplemental Methods S9). In
the same manner, the end position of the “crossover-associated gene
conversion” events corresponded to the position of the first sequence
(marker) after the third phase shift, thus including the two gene con-
version tracts plus the phase shift leading to the longer tract that fol-
lowed the crossover (Supplemental Methods S9).

The Apis mellifera genome Amel_4.5 (Elsik et al., 2014) was
divided into 1 kbp windows and the frequency of gene conversions
and crossovers was calculated for each window by summing their
occurrences across all samples (Supplemental Methods S9). Recombi-
nation events that spanned multiple windows were evenly allocated
across these windows. The recombination rate of each window was

calculated by dividing the total number of its crossovers by the
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number of individuals (187) and multiplying by 100,000 in order to
obtain a recombination rate in cM/Mbp. Despite the fact that only
crossovers determine the genome-wide recombination rate, the same
calculation was applied to gene conversion events, allowing a direct
comparison of both local rates. Furthermore, Marey maps were cre-
ated, depicting the overall relation between physical and genetic
length for each chromosome (Chakravarti, 1991). The average slope
of these Marey maps, as an estimator of the chromosome’s recombi-
nation rate, was regressed on chromosome size to investigate the
relation between recombination rate and chromosome size. In addi-
tion, the distribution of crossover and gene conversion counts per
individual were plotted to visually assess if their frequency distribu-
tions suggest a regulated or random process.

Crossover interference was calculated to determine whether the
non-interfering mitotic or interfering meiotic pathway prevails in
the repair of double Holiday junctions (Kohl & Sekelsky, 2013). First,
crossover interference was inferred by fitting gamma distributions (v,
2v) to all inter-crossover genetic distances using maximum likelihood
estimation (Broman & Weber, 2000). Secondly, we compared the dis-
tribution of observed number of crossovers among individuals to the
corresponding distributions predicted with or without interference for
each chromosome (Housworth & Stahl, 2003).

Analyses of local rates of gene conversions and
crossovers

Despite our relatively large sample size, most of the 1-kbp windows
were devoid of gene conversions and crossovers. Thus, the data were
summarised into larger analysis units. According to the definition of
recombination hotspots in mammals (McVean et al, 2004; Myers
et al., 2005), crossover hotspots were defined as 10-kbp windows that
exhibited at least a fivefold crossover rate increase relative to the
adjacent 10-kbp windows. Windows that were bordered by regions of
zero crossovers were omitted because no relative increase could be
computed. Deserts of crossovers and gene conversions were defined
as 100-kbp windows without any crossover and gene conversion
events, respectively. Following previous studies (Comeron
et al., 2012; Ross, DeFelice, Hunt, lhle, & Amdam, 2015), subsequent
analyses also employed a 100-kbp scale.

The frequencies of gene conversions and crossovers were
correlated across 100-kbp windows. Secondly, the heterogeneity of
crossover rates among 100-kbp windows across the genome was
assessed by comparing each value to a 99% threshold that was empir-
ically determined based on a Poisson distribution of our data. Third,
we determined the dependency of crossover and gene conversion fre-
guency on marker density by regression analysis and subsequently
corrected the crossover and gene conversion frequency values
accordingly. Fourth, the frequency of three sequence features (per-
cent of G/C content, CpG and an index of low complexity sequence)
in the 100-kbp windows was determined. Their combined effect on
the corrected crossover and gene conversion rates was evaluated by

multiple regression analysis, with model selection by pairwise AIC
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comparison (Crawley, 2005). Low complexity was calculated using a
custom Python script that used the low complexity index defined pre-

viously (Beye et al., 2006).

Analysis of crossovers and gene conversions in select
genome regions

To test whether genome regions with important segregating allelic
variation demonstrate crossover or gene conversion frequencies that
are different from the genomic background, the number of crossovers
and gene conversions, and the occurrence of crossovers and gene
conversions deserts (in 100 kbp windows) was calculated in 13 select
genome regions in which previous studies had identified such allelic
variation. These regions included the Pollen Hoarding QTL (Hunt
et al., 2007), Worker Ovary Size QTL (Graham et al., 2011; Rueppell
et al., 2011), Age of First Foraging QTL (Rueppell, 2009) and the Com-
plementary Sex Determination region that contains the CSD and Fem
genes (Beye et al., 1996; Hasselmann et al., 2008). The frequency of
crossovers, gene conversions and deserts of gene conversions and
crossovers in these regions was compared with the remainder of the

genome.

Analyses of crossover and gene conversion sequences

The position of each crossover, gene conversion, “crossover-
associated gene conversion” or “non-crossover gene conversion”
event was used to retrieve sequences in which these events occurred
(target sequences) and the corresponding adjacent sequences (flank-
ing sequences) from the Apis mellifera genome (Amel v4.5) from Bee-
base (Elsik et al., 2014). We used the Bedtools utility “getFasta”
(Quinlan, 2014). The length of the retrieved flanking sequences was
set equal to the average length of the target event (crossover:
2150 bp, all forms of gene conversion: 950 bp). The G/C content of
these sequences was determined with the Bedtools utility “nuc”
(Quinlan, 2014) and compared between target and flanking
sequences. The G/C content was also compared between crossover
and gene conversion target sequences and between ‘“crossover-
associated gene conversion” and ‘“non-crossover gene conversion”
target sequences. The corresponding flanking sequences were com-
pared in a similar fashion: The G/C content was compared between
the flanking sequences of crossover and gene conversion events and
between the flanking sequences of “crossover-associated gene con-
version” and “non-crossover gene conversion” events.

Next, the retrieved sequences were purged of repeats (vmatch:
(Bessoltane et al., 2012; van Helden, 2003)). The word frequencies of
flanking regions were calculated and used as background model for
DNA motif discovery of the target sequences (crossover, gene con-
version, “crossover-associated gene conversion” and “non-crossover
gene conversion”) using RSAT (van Helden, 2003). In addition, the
sequences in recombination hotspots were analysed. To complement

these enrichment searches, deserts of crossovers and gene
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conversions were also analysed and motifs that were found enriched
in the deserts were eliminated from the lists of enriched motifs for
crossover and gene conversion, respectively. These procedures were
repeated for the analysis of motifs that were 3, 4, 5, 6, 7 and 8 base
pairs long. DNA motifs with a higher occurrence in the target regions
compared with the background models (occ-sig above 0) are
presented.

The distances of crossover and gene conversion positions to the
closest gene, exon, 5’ and 3'UTR were calculated and compared using
the Bedtools utility “closest” (Quinlan, 2014) and the gene set of Amel
4.5 downloaded from Beebase (Elsik et al., 2014). Furthermore, cross-
over and gene conversion positions were compared with random
positions (retrieved with Bedtools) with respect to their distance from

the nearest gene, exon, 5" and 3'UTR.

Statistical analyses

All statistical analyses were performed in R (v 3.1.2 & v 4.2.3). The test
of the unimodality of the phase shifts distribution to, ascertain the
existence of two distinct phase tract distributions, was performed
using the dip. test() function from the diptest package (DOI: 10.
32614/CRAN.package.diptest).

All analyses of local rates of crossovers and gene conversions at
the 100 kb windows were performed with linear regression analyses,
using the Im() function. To ensure the robustness of our linear models,
p-values of the best model were bootstrapped (n = 9999) by resam-
pling half of the original data set, with the package boot (Canty and
Ripley 2017: Package “boot” - Bootstrap Functions. CRAN R Proj).

To assess if select regions underlying important traits in honey
bees possesses higher crossover and gene conversion rates, we com-
pared the crossover and gene conversion rates across 100-kb windows
around those regions to the rest of the genome. We used a generalised
linear model with a Poisson distribution as our sample size was limited
by the number of 100-kb windows within select regions n = 39. The
dependent variable was the number of either crossover or gene conver-
sion events, and the independent variables were the genome region
(selected or control genome region), the gene density and their interac-
tion. We used one-sided tests for genome region and gene density to
test the directional prediction that either variable increases the number
of crossover or gene conversion events. We tested the robustness of
our results by bootstrapping, omitting 100-kb windows without genes
to avoid bias due to our zero-inflated data.

The comparison of G/C content between the different events
(crossover, gene conversion, crossover-associated gene conversion
and non-crossover gene conversion) was performed using a t-test
with Bonferroni correction to account for multiple comparisons. In
addition, the comparison of GC content of those events with their
flanking regions were done using a paired t-test and Bonferroni
correction.

The distances of several gene features were compared between
crossovers, gene conversions or random genome positions obtained

with Bedtools with t-tests. To assess the validity of our results, a
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bootstrap approach was used by resampling half the data set while
maintaining even proportion between crossovers/gene conversions

and the random sequences.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Figure S1. Following Housworth and Stahl 2003 (Housworth &
Stahl, 2003), we determined some degree of crossover interference in
the honey bee genome: The observed distributions of crossovers per
chromosome (black bars) are intermediate between the distributions
of crossovers predicted with crossover interference (light grey bars)
and without interference (dark grey bars), with some variation among
chromosomes.

Figure S2. Distribution of recombination rate along chromosomes.
Recombination rate averaged into 100 kbp window sliding every
10 kbp was plotted along chromosome 2-16. The threshold line rep-

resents the Poisson estimate (p < 0.01). Most of the recombination

FOUKS ET AL

rate peaks are above the threshold line, which demonstrates the het-
erogeneity of the distribution of the recombination rates. However,
those high recombination peaks appear throughout the chromosome
and are not clustered into a small part of the genome, which contrasts
with recombination rate distribution in previous species.

Figure S3. Marker density increased the detection of crossovers and
gene conversions, an effect that may explain some differences among
the existing studies of recombination in honey bees, but also had to
be statistically accounted for in subsequent analyses of this study.
Due to the smaller tract length, gene conversion events are more
dependent on marker density and our value thus represents an under-
estimate despite our very high marker density.

Figure S4. Scatterplots illustrate the positive relation of crossover
(a) and gene conversion (b) frequencies to G/C content, CpG fre-
quency, and low complexity indices across the genome in 100-kbp
windows. Simultaneous analyses of all three factors with more com-
plex model selection based on AIC indicated more complicated
effects, including interactions among factors (Table 2). However,
graphs represent intuitive relations that are likewise valid descriptions
our findings.

Figure S5. In correspondence with previous studies, the G/C content was
higher in genome regions where crossovers occurred than the genome
average. Moreover, the target region of crossovers was significantly more
enriched than the flanking regions. Crossover regions were also more G/C
rich than genome regions in which gene conversions occurred. Gene con-
version events were conversely leading to a lower G/C content in the tar-
get sequences compared with their flanking regions.

Table S6. DNA sequence motifs that are overrepresented in crossover
and gene conversion regions, as well as in regions of crossover-
associated gene conversion, non-crossover gene conversion, and
recombination hotspots.

Data S7. The alternative SNP genotype set that included tracts that
were only supported by a single SNP resulted in slightly more gene
conversion and less crossover events. All major results were consis-
tent with the main analysis described in the regular text.

Data S8. The alternative SNP genotype set that excluded all tracts
that were smaller than 100 bp and thus potentially derived from a sin-
gle sequencing read resulted in slightly less gene conversion and more
crossover events. All major results were consistent with the main
analysis described in the regular text.

Data S9. Explanation of methodological details for characterisation of
crossover and gene conversion events. Scripts for custom coding,
mostly in Visual Basics for Applications (VBA) format.
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