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Abstract

Social insects have the highest rates of meiotic recombination among Metazoa, but
there is considerable variation within the Hymenoptera. We synthesize the literature to
investigate several hypotheses for these elevated recombination rates. We re-examine
the long-standing Red Queen Hypothesis, considering how social aspects of immunity
could lead to increases in recombination. We examine the possibility of positive
feedback between gene duplication and recombination rate in the context of caste
specialization. We introduce a novel hypothesis that recombination rate may be driven
up by direct selection on recombination activity in response to increases in lifespan.
Finally, we find that the role of population size in recombination rate evolution remains
opaque, despite the long-standing popularity of this hypothesis. Moreover, our review
emphasizes how the varied life histories of social insect species provide an effective
framework for advancing a broader understanding of adaptively driven variation in

recombination rates.

Introduction

Variation in rates of meiotic recombination may affect the composition and architecture
of genomes, population-level responses to selection, and speciation across all
eukaryotes (45, 119). Through the exchange of DNA between homologous

chromosomes during gamete formation, meiotic recombination can create novel


https://www.zotero.org/google-docs/?gZPicJ

genotypes with pre-existing alleles, making it one of the preeminent drivers of genetic
novelty in sexually reproducing organisms (7). However, our understanding of why rates
of recombination vary across genomes, taxa, populations and species remains

unresolved, despite a century of protracted effort (95, 119).

While recombination appears to be essential to gamete formation by virtue of stabilizing
chromosomes during meiosis, the rate of recombination often exceeds what is
mechanistically necessary for proper chromosome segregation, invoking adaptive
explanations for the excess (95). These potential explanations are generally related to
uniting fitness-increasing alleles on the same chromosome. However, recombination
also has the capacity to disassociate fitness increasing alleles (7, 95), suggesting a
selective balance between the benefits and potential costs of allele shuffling via
recombination. How this balance is optimized by (sometimes opposing) selective
pressures has proven difficult to resolve because we poorly understand how
demographic and ecological variables, such as population size or immune challenges,
affect rates of recombination. Theoretical and empirical tests of the same adaptive
hypothesis have sometimes yielded conflicting results, when tested across different

environments and taxa (119).

One particularly useful group to understand selection of genome-wide recombination
rates are the aculeate Hymenoptera, which includes the ants, bees, and wasps. Within
the Hymenoptera, there is substantial variation in life history strategy, demography, and

genome-wide rates of meiotic recombination (Figure 1) (78, 133). There has been
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considerable interest as to why recombination is especially variable in the aculeates,
particularly why extraordinarily high genome-wide recombination rates relate to
eusociality (50, 101, 116, 130). The repeated origins and elaborations of eusociality in
aculeates have resulted in a range of mating systems and social lifestyles that influence
effective population size (Ne) and selection pressures thought to be related to
recombination. Additionally, the aculeates have one of the most dynamic ranges of
recombination rates known for any animal group, from the lowest genome-wide
recombination rate in the leafcutter bee (50), to the highest rates of recombination
observed among all animals in closely-related honey bees (101). This makes the
aculeates a potentially informative group for studying the ultimate causes of

recombination rate variation (54).

Here, we evaluate classic and novel hypotheses for variation in recombination rate in
light of new data from the Hymenoptera and other taxa. We compare data among
eusocial Hymenopteran species and between Hymenoptera and other taxa, to explore
how different traits shape the balance between the costs and benefits of recombination.
We approach classic adaptive hypotheses for recombination variation such as Hill-
Roberston interference (HRI, Sidebar 1) and the red-queen hypothesis, while
proposing novel addendums, such as how drastic increases in longevity may affect HRI,
or how socially-mediated immune responses could affect parasite-host dynamics. This
review is far from comprehensive or conclusive, but we hope to effectively summarize
how recent recombination studies can update our perspective on adaptive hypotheses

for variation in recombination rate, especially as it relates to the elevated rates observed
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among social species.

1 Immunity: Red queens running the colony?

Co-evolutionary relationships between hosts and their parasites or pathogens have long
been thought to be a potential driver of selection for meiotic recombination (7, 82, 103).
(We will use parasite hereafter to encompass all viruses, parasites, and other
pathogens that cause disease in insects). Both the host and parasite evolve rapidly in
response to each others' latest adaptations. What constitutes an optimal combination of
host alleles could change rapidly in such co-antagonistic relationships (20, 32, 103),
which could favor the reshuffling of alleles via recombination (82, 103). This dynamic
forms the basis of the Red Queen Hypothesis (RQH), in reference to the Red Queen's
advice that Alice must run to keep in place in Lewis Caroll's Through the Looking Glass
(9). Despite being essential to advancing our understanding of the origins and
maintenance of eukaryotic sex and recombination, exact definitions of the RQH vary
considerably (19, 64, 121). For this paper, we are defining the RQH as the assertion
that selection for recombination can be driven by a coevolutionary relationship between

parasites and hosts.

In support of the RQH, selection for increased host recombination in response to the
presence of parasites has been demonstrated across a range of theoretical conditions
(20, 32, 40, 57). Empirically, increases in genome-wide recombination rates of
individuals or populations experimentally exposed to parasites have been documented

in mosquitoes, flies, and beetles (56, 114, 115, 137). Furthermore, there are several
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natural experiments that show evidence of increased recombination as a response to
antagonistic coevolution. For example, the genes required for host avoidance were
found in regions of locally elevated recombination within the genome of a wheat
parasite (80). Likewise, venom genes in two species of rattlesnake are found in regions
of high recombination, which could be favored in response to toxin-resistant prey (105).
These findings support the hypothesis that increased rates of meiotic recombination can
provide a fitness advantage in the face of antagonistic parasite pressure. However, the
degree to which parasite-host interactions drive recombination rate variation across taxa

remains unclear.

The RQH has been a long-standing explanation for the high rate of recombination found
among the eusocial Hymenoptera (57, 116). In a eusocial colony there is increased
potential for horizontal parasite transfer because hundreds to thousands of adults share
the same (often warm) space. The potential for vertical transfer is increased through
extended maternal care and adult-offspring interactions. Moreover, most of this large
network of vertical and horizontal interactions consists of siblings and half-siblings,
further deepening immune problems as an individual who is genetically susceptible to a
disease or parasite is likely to be interacting primarily with other individuals who share
the same genotype, and are thus also susceptible (37, 106). Additionally, immunity
against viruses in honey bees seems to be mediated by numerous, non-canonical
genes that are only partially overlapping among different viruses (72). This could mean
infections from more than one virus could result in an increase in the number of immune

loci under selection, which would correspond to increased HRI in eusocial species with
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increased viral exposure (17, 47). This suite of added risk of exposure and infection
could have a dramatic effect on the strength of selection for improved immunity across
physiological and behavioral dimensions in eusocial Hymenoptera, resulting in the

increased rates of recombination observed relative to solitary Hymenopterans (57, 69).

In the sections below, we will review the unique features of social insect life history that
could favor increases in recombination via the RQH. In doing so, we will also provide
insights into the limitations of increased recombination as a response to coevolving
immune pressures. Specifically, we explore how the gain of a social immune system
could select for increased recombination, and how variation in rates of polyandry
among eusocial species can inform our understanding of why recombination rates vary

in host-parasite dynamics.

1.1 Social immunity and recombination: Smells like trouble

One of the implicit assumptions of the RQH is that social insect species face more
persistent and rapidly changing pathogen pressure than solitary species. However,
there have been few direct comparisons between solitary and social insect disease
dynamics, leaving this assumption untested. Viruses and parasites are widespread in
solitary bees, and have the capacity to greatly impact their fitness as well (26, 34, 108,
126). There are also a number of shared viruses between social and solitary species
(31). Moreover, some solitary bee species nest in aggregations, putting many
individuals in contact with one another (21). Lastly, in a study of locally elevated rates of
recombination in the honey bee Apis mellifera, and the ant, Cardiocondyla obscurior,

local rates of recombination were not elevated near genes related to canonical immune
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function in arthropods (58, 69). From the perspective of the RQH, these findings invite
the consideration of immune functions that are unrelated to innate immunity, and

specific to the eusocial Hymenoptera.

One such immune function could be chemical detection, which is the first step in
parasite defense (17, 61). Eusocial insects have many opportunities to chemically
detect parasitized individuals relative to solitary relatives (61). Extended maternal care,
progressive provisioning, and overlap of generations ensure that a parasitized individual
will spend more time exposed to other adults both as a larva and adult, thus increasing
the opportunity to detect and remove a parasite or isolate the afflicted individual. Many
solitary bees, on the other hand, are not present when their adult offspring emerge, and
encase their developing brood in cells, often blocking access to previously capped cells
(21). This drastically limits solitary bees' opportunities to detect parasites and

pathogens.

Furthermore, once detected, eusocial Hymenopterans have more ways to mitigate the
impact of parasites. Sustained access to offspring and siblings allows for grooming
behavior, where related individuals can be checked for parasites before they spread
(11, 120). Infected individuals are often killed, removed, or self-removed from the colony
to prevent further spread of parasites (17, 38). The queen and workers can abscond
and rebuild a colony, abandoning parasitized brood as a form of defense (61). In
contrast, solitary insects are unable to engage in allo-grooming behavior, and it is costly

for them to abandon a nest during construction or kill developing brood, because each
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offspring represents a much larger reproductive investment compared to a queen (21,
78). The social immune system of eusocial Hymenopterans represents a suite of
effective responses to detection and response to disease lacking in solitary counterparts
(61). However, whether or not such response behaviors occur, depends on the efficacy
of parasite detection through chemical sensing (35, 92). From a perspective of host-
parasite coevolution, eusocial Hymenoptera should experience greater selection on
chemosensory genes that improve the ability to detect parasites relative to their solitary
counterparts, as they are requisite for a suite of immune responses unavailable to

solitary Hymenopterans.

Coevolution theory predicts that the genotype for optimized parasite detection shifts or
oscillates over time as parasites are selected to evade host detection (19, 103). Genes
families involved in arthropod chemical signaling and detection are diverse, dynamic in
their lineage-specific expansions, and often rapidly evolving across Hymenoptera (10,
65). The polygenic nature of parasite detection, combined with strong selection for
parasites to evade detection, could create the conditions for sustained HRI, as the ideal
genotype for parasite detection is in constant flux (24, 124). Simulations have
demonstrated that sustained selective interference as a consequence of host-parasite
interactions can reliably select for the presence of recombination in populations of
sexually reproducing organisms (20, 40). An immune gene involved in ongoing host-
parasite interactions need not be linked with other immune genes, as selective
interference can also be generated by a beneficial immune allele arising on poor genetic

backgrounds (40). These theoretical findings support the hypothesis that parasites may
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drive increased recombination in eusocial Hymenoptera by creating ongoing selective

interference among chemosensory genes which mediate detection of parasites.

There is also empirical evidence to support this hypothesis. Chemical detection of
parasites by eusocial Hymenoptera appears to be underpinned by multiple loci,
potentially increasing HRI in a host-parasite evasion-detection dynamic. Evidence for
this comes from the redundancy among genes capable of distinguishing chemical
phenotypes in eusocial Hymenoptera. For example, in the jumping ant, Harpagnthos
saltator only a small subset of odorant receptors were needed to distinctly characterize
the hydrocarbon profiles on male, workers, and reproductive female cuticles (118). In a
study on chalk brood fungus, only one out of three different hydrocarbons present on
the cuticle of infected honey bee larvae was needed to elicit a larva removal response
from workers (122). Taken together, these findings suggest that multiple odorant
receptors have the capacity to detect parasites through exposure to several
independent chemicals. Honey bee research has further suggested that parasite
detection is polygenic in nature and relies on genetic variation at multiple loci. In both
Apis cerana, and A. mellifera, multiple chemosensory genes are differentially expressed
between bees engaging in varroa sensitive hygiene and those that are not (49, 79). In
honey bees, a hygienic response to pupae infected with Varroa mites is underpinned by
multiple loci, with different studies detecting different QTLs (88, 129), and significant
QTLs only explaining a small percentage of the variance in hygienic behavior response
(129). Thus, HRI among a variety of chemosensory genes could be either an alternative

or complement to selective interference occurring among canonical immune genes due
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to host-parasite interaction.

In summary, the evolution of social immunity presents an intriguing possible explanation
for the high rates of recombination observed in eusocial Hymenopterans. Social species
have more opportunities to detect parasites and a broader repertoire of behaviors to
respond to these parasites. The biology of chemosensation in Hymenoptera supports
the hypothesis that ongoing selection for parasite detection could cause sustained HRI.
This presents a compelling avenue for testing the impact of social immune function as a
driver for variation in Hymenopteran recombination rates. We encourage future
analyses integrating transcriptomic data tied to variation in ability to detect parasites and
local rates of recombination across Hymenopteran species. If social immune behavior is
selecting for increases in recombination, we predict a positive correlation between the
number of genes tied to variation in parasite detection on a chromosome and the
recombination rate of that chromosome in eusocial Hymenopterans. In contrast, we
predict no such correlation in the solitary Hymenopterans. Broadly, this research can
help to illuminate the ubiquity of the RQH as an explanation for recombination, by
assessing how the gain of novel immune systems can alter a host-parasite dynamics,

and how that may affect the strength of selection for increased recombination.

1.2 Polyandry and recombination: Complementary strategies
We have so far been focused on the reshuffling of beneficial alleles as they are selected
to create optimal haplotypes in the face of constant parasite pressure. However, this

response to parasitism requires a sufficient amount of standing or novel genetic



diversity, which poses a special challenge for eusocial insects, as ants, bees and
termites are known to harbor extremely low genetic diversity levels compared to other
animals (97). Increased genotypic variation within a colony buffers it from the fatal
potential of a single genotype being highly susceptible to a strain of disease (4). There
is not strong evidence to suggest that increased recombination is an effective source of
genetic diversity for immune responses in social insects. First, increasing recombination
as a means to increase genetic diversity comes with the potential for the dissociation of
important linked alleles that are unrelated to host-parasite dynamics, as well as
deleterious genomic instabilities during cell division (71, 95). Additionally, simulations of
honey bee colony dynamics suggest that recombination has a nominal effect on
quantitative genetic diversity within a colony (102). However, this same simulation
revealed another potential mechanism for generating diversity within a colony —
polyandry (102). Indeed, studies of both ants and honey bees find that increased
numbers of patrilines reduce the variance of host response to disease, suggesting that
standing genotypic variation can have a moderating effect on disease and that it can be

achieved through multiple mating (41, 123).

Given the questionable effect of recombination on colony level genetic variation relative
to polyandry (71, 102), it seems unlikely that selection for increased standing genetic
variation resulted in increased recombination rates in the eusocial Hymenoptera. This
suggests that increased recombination rates and polyandry provide complementary
effects on genetic and allelic diversity with regard to host-parasite evolution in social

insects. In an environment of constant disease pressure, increases in multiple mating
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can buffer the effect of parasites and disease through genotypic diversity, but only
recombination can create novel haplotypes, which is essential to a rapid response to
selective interference (39, 47). Furthermore, as multiple mating fixes as a population
wide trait, the variation in genotypic diversity between colonies decreases (102),
presumably reducing variation in fitness among polyandrous colonies in a population
(100). Recombination then becomes especially valuable as it provides the potential to
increase the fitness of its reproductive offspring by uniting fitness-increasing alleles onto
the same haplotype. This would provide increased fitness related to disease in a
population with homogeneous fitness values (47). Lastly, highly eusocial queens can
produce many reproductive offspring, lowering the cost of making a "bad" haplotype
given that the benefit of making a "good" haplotype will increase fitness in such species

(28).

In effect, multiple mating can be viewed as a short-term strategy, and elevated
recombination as a long-term response to disease pressure. Multiple mating can
immediately increase colony genetic diversity and directly improve disease resistance or
colony productivity (76, 123). This is crucial to the reproductive success of queens, as
the fitness of social insects largely relies on colony success. Recombination on the
other hand, can act as a long-term complement by improving the germline with respect
to immune challenges. A queen can produce males and gynes with improved immune
haplotypes, making their respective colonies more fit than the previous generation (69,

116).
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The RQH has already been proposed as a potential explanation for why eusocial
aculeates have elevated rates of recombination when compared to solitary counterparts
(69). However, viewing the relationship between degree of multiple mating and rates of
recombination as complementary responses to parasite pressures extends the RQH to
be a potential explanation for why there is such considerable variation in rates of
recombination among the eusocial Hymenoptera, with the added possibility of some
species having greater parasitism than others. Under this extended version of the RQH,
we would expect a positive correlation between the number of times the queen mates
and genome-wide recombination rate in the Hymenoptera. Indeed, this is observed
among the species for which these data are available (Figure 2). However, it is worth
noting that the strong relationship between multiple mating and rate of recombination
may be caused by factors unrelated to immunity (Sidebar 2). Further exploring the
relationship between polyandry, recombination and degree of parasitism in the eusocial
aculeates can advance our understanding of the validity of the RQH, while also allowing
for the exploration of scenarios where increased recombination acts as an adaptive

response in tandem with other phenomena.

2 Queen and Worker Elaboration

Selection for the elaboration of eusociality may have resulted in selection for elevated
rates of recombination in the Hymenoptera. Under this hypothesis, recombination rate is
indirectly selected for if it improves colony fitness by promoting caste specialization (54,

130). The base assumptions of this hypothesis are that loci underlying caste-biased
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phenotypes will often be in tight physical linkage, and that selection for caste
specialization will result in selection at multiple loci, resulting in HRI. This could select
for increased recombination in turn, favoring individuals that can unite high fithess
queen and worker alleles onto the same haplotype. Below we explore emerging
evidence revealing whether caste-divergent loci are in physical linkage and whether

such regions are linked to high recombination rates.

The duplication of a gene with pleiotropic effects can allow for the caste-specialization
of the gene duplicates (29). The gene duplicates of a formerly multi-functional gene
experience genetic release, and are able to become optimized for caste-specific
functions, allowing for fitness benefits associated with elaborated castes (29, 93). This
could be duplication with a divergent outcome, where one duplicate is biased toward
worker functions and the other toward queens, or duplication allowing further
specialization of genes expressed in the same caste. Given that genes are often
duplicated in close proximity on a chromosome (14, 110), selection on the duplicates for
caste-specialized function could cause selective interference, favoring individuals with

increased rates of recombination among gene duplicates in close physical linkage.

Support for caste-divergent specialization of gene duplicates in linkage across eusocial
insects is inconsistent. For example, in studies of the duplication and expression of
vitellogenin paralogs in P. barbatus and the Formica genus, there is support for caste
divergent specialization of gene duplicates, with paralogs having caste divergent

expression patterns between queens and workers (16, 84). Conversely, paralogous
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odorant receptor (OR) genes, which are thought to be critical to social interaction, were
not found to have caste-specific expression in the leafcutter ant, Atta vollenweideri, with
each caste expressing all OR genes identified (59). Lastly, In A. mellifera, Chau and
Goodisman found that there was not strong evidence of caste divergent expression
patterns among gene duplicates, with biased expression of gene duplicate pairs being
largely caste concordant (12). Given the high rates of recombination in A. mellifera,
these findings are not congruent with increased recombination as a result of widespread
selective interference being driven by caste-divergent loci that are physically linked.
However, more gene expression studies with a focus on how gene duplicates are
expressed in different castes are needed in conjunction with genome-wide

recombination rates to further test the validity of this hypothesis.

While there is little evidence for caste-divergent genes driving selection for increased
recombination, duplicated genes that specialize in the same caste could select for
increases in recombination. For example, gene duplicates in honey bees were found to
be caste-concordant in their patterns of expression bias across castes (12). Caste-
biased expression in honey bees was more likely to be found in genes that were
duplicates rather than singletons (12). If the respective caste is selected to further
specialize, this can cause the selective interference necessary to favor recombination.
In keeping with this, gene duplication counts have been positively associated with social
complexity in the Hymenoptera (12). Also, worker-biased genes are enriched in regions
of locally elevated recombination in the A. mellifera, as are ergatoid male-biased (a

distinct male caste in some ants) genes in C. obscurior (53, 58). These findings point
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towards the possibility that selection for the specialization of genes which are biased

towards the same caste could indirectly select for increased recombination.

Additionally, elevated rates of recombination may coincide with gene duplication events,
provided that the mechanistic changes responsible for increases in homologous
recombination also lead to an increase in unequal crossover and gene duplication. A
genome-wide analysis of hundreds of gene duplicates from the effector family in a
wheat powdery mildew, effector genes were found to vary extensively among
individuals in copy numbers and were enriched around recombination breakpoints (80).
Likewise, there are significant positive associations between the regions with duplicated
genes and elevated local rates of recombination in C. elegans, and across
angiosperms, suggesting increased recombination could be accompanied by increases

in unequal crossovers (73, 127).

It is possible that selection for caste-specialization on recently duplicated genes could
select for elevated rates of recombination. This, in turn, could result in more gene
duplication events further increasing the number of loci under selection for caste
specialization and for increased rates of recombination (Figure 3). In support of this, a
study conducted across arthropods showed that highly eusocial Hymenopterans had
elevated rates of gene gains relative to other arthropods (125), suggesting that elevated
rates of recombination may coincide with an increased rate of gene duplication in
species with highly specialized castes. However, recombination rate and chance of

unequal crossover does not appear to be consistently correlated. Evidence to the
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contrary can be found in butterflies, with local recombination rates having no significant
relationship with gene duplicates (113), and a significant negative relationship between
recombination rate and unequal crossovers in the fungal plant pathogen Claviceps
purpurea (136). Further testing of the relationship between local rates of recombination,
rate of gene family expansion, and caste-biased expression of gene duplicates will be
needed to examine the possibility of a positive feedback loop driving increased
recombination rates through selection for specialized castes in the eusocial

Hymenoptera.

3 Longevity

The deleterious effects of aging could provide an adaptive explanation for variable rates
of recombination observed in the eusocial Hymenoptera. Specifically, elevated
recombination rates could be an adaptive response to age-related oxidative stress and
the proliferation of transposable elements (TEs). The negative fitness effects of these
phenomena can be profound across an organism's lifetime, and can ultimately lead to
organism dysfunction and even mortality (23, 77). Supposing the accumulation of these
effects occurred at a rate that was detrimental to reproduction only after several years,
individuals with annual life cycles would not have strong selection against TE
accumulation or stress-related damage relative to perennial individuals that reproduce
throughout their lifetimes, such as social insect queens. Among the species for which
we have genome-wide recombination rates, many of those with high rates of
recombination are eusocial with queens that live for years and reproduce throughout

their lives (48). Particularly, the species with very high recombination rates have long-


https://www.zotero.org/google-docs/?3JOVax
https://www.zotero.org/google-docs/?bVZQAK
https://www.zotero.org/google-docs/?xCABLp
https://www.zotero.org/google-docs/?2Y5c6k

lived queens that produce exceptionally high numbers of eggs for an insect. In contrast,
the solitary short-lived species have the lowest recombination rates (Fig 1).
Undoubtedly, evidence for a correlation between genome-wide recombination and age
is mixed across taxa (119). However, the increase in adult lifespan across reproductive
castes in eusocial species loosely corresponds with increased rates of recombination
relative to solitary Hymenoptera (Figure 2), supporting the possibility that age-mediated
selection against deleterious genomic effects could in part account for elevated rates of

recombination observed in the eusocial Hymenoptera.

Interestingly, recombination may be able to mitigate the effects of these two aging-
related phenomena either indirectly or directly. Increased selection for reduced TE'’s or
improved response to oxidative stress could generate sufficient HRI to indirectly select
for increased recombination observed in eusocial Hymenoptera. Additionally, shifts in
rates of meiotic recombination could also be a result of selection for mechanisms that
directly address the damaging effects of oxidative stress and TE accumulation: ectopic
recombination and DNA repair via homologous recombination (55, 66). Here we
explore extended queen lifespan as a source of increased recombination rates in
Hymenoptera, specifically as a response to the accumulation of TEs and DNA damage.
In doing so, we consider whether this relationship is a consequence of indirect selection
in response to negative LD between alleles at longevity-related loci, or rather a
byproduct of direct selection on processes with mechanistic overlap that can repair DNA

or dissolve TEs.
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3.1 Oxidative Stress

The oxidative stress theory of aging asserts that aging is a consequence of cumulative
oxidative damage throughout an organism’s lifetime (5). Reactive oxygen species can
cause double strand breaks, impede the efficacy of DNA replication forks, or cause
single stranded DNA gaps, which can result in cancer and other fatal diseases if not
properly repaired (1, 66). Slowing the accumulation of oxidative damage in long-lived
organisms can be achieved in part through the repair of damaged DNA. DNA repair
involves proteins that are also critical to meiotic recombination, and is often mediated
through recombination of DNA in cells throughout the body (66). As with meiotic
recombination, repair via homologous recombination in somatic cells is mediated by
targeting double strand breaks, homology searches, and strand invasion (1). Given the
mechanistic overlap of meiotic recombination and DNA repair via recombination, if
oxidative stress is not limited to just somatic cells, it is conceivable that increases in
crossover events in the progenitors of gametes are actually a response to increased

DNA damage.

A wide range of oxidative stressors induce DNA repair by homologous recombination,
and the effect of oxidative stress has also been linked to variation in rates of meiotic
recombination. For example, pharmacologically-induced production of a variety of
reactive oxygen species has been shown to induce homologous recombination in a
chinese hamster ovarian cell line (22, 134, 135). A similar set of results is found when
oxidative damage is increased with paraquat treatments in insects. In D. melanogaster

females, there is a negative relationship between rates of meiotic recombination and
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resistance to paraquat (43). And while there was not a significant increase in meiotic
recombination rate following paraquat treatment in A. mellifera queens, there was an
upward trend, with two queens having a significant increase in the ratio of recombinant
to non-recombinant offspring (63). These findings are consistent with a potential link
between elevated DNA repair as a consequence of oxidative stress and increases in

rates of meiotic recombination.

If the elevated recombination rates of the eusocial Hymenoptera are a result of a
marked increase in lifespan, then we would expect recombination rates to increase with
age, as the oxidative stress theory of aging predicts an ongoing accumulation of DNA
damage. Consistent with this prediction, D. melanogaster has a significant increase in
recombination rate with age (44). In a study of cattle, while recombination rate declined
slightly from early to middle age, recombination rate then increased from middle to old
age and was highest in the oldest age group of the cattle studied (112). Likewise,
studies of D. pseudobscura, indicate a similar pattern of a decrease in recombination
rate at middle age and the highest rates of recombination at old age (74, 90). Several
studies of XX humans have found a significant increase in recombination with age (15,
60, 75). However, another study found the opposite: a significant decrease in
recombination rate of women with age (46). Generally, there appears to be a trend
between organismal age and rate of meiotic recombination. Whether that is primarily a
consequence of DNA-repair of oxidative damage during gametogenesis remains to be

seen.
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Critical to this novel age-mediated stress hypothesis for recombination, homologous
recombination associated with DNA repair and meiotic recombination events may be
resolved as crossovers or non-crossovers at different rates. While a crossover involves
the exchange of entire chromosome arms during the recombination process, a non-
crossover is the replacement of a segment of DNA from a sister chromosome, with the
flanking DNA of the chromosome remaining intact (45). Somatic recombination events
are rarely resolved as crossovers (22). In a study that induced homologous
recombination in the chinese hamster through oxidative stress, gene conversion without
an accompanying crossover was the principal pathway for homologous recombination
repair (22). This is in contrast to the finding that the elevated rates of recombination in
long-lived honey bee queens compared to the relatively short-lived bumble bee queens
is primarily driven by a marked increase in the number of crossover events (52).
Together, these findings suggest that increased DNA repair during gametogenesis of
old queens is not likely to be the principal driver of elevated recombination rates in the
eusocial Hymenoptera. However, increased HRI related to selection on genes
improving oxidative stress resistance or response could be driving the increases in

recombination rates observed in eusocial Hymenoptera.

3.2 Transposable Elements

TEs continue to spread through the genome throughout an organism’s lifetime (25),
which may result in fitness costs for long-lived species (13, 23, 77). Selection should
then favor an increase in TE-silencing mechanisms among eusocial Hymenoptera,

whose reproductives have a longer adult lifespan than their solitary counterparts. One
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such mechanism is ectopic recombination among TEs, which can cause the deletion of
DNA segments important for transposition (70), rendering TEs non-transposable (55,
68). Interestingly, there is evidence that rates of meiotic recombination are correlated
with rates of ectopic recombination (55, 67). This could suggest that elevated levels of
meiotic recombination may lead to more effective TE suppression through an
associated increase in ectopic recombination rates. Additionally, high levels of meiotic
recombination may also mitigate the fitness consequences of TE proliferation by
dissociating a TE from an ideal genetic background during offspring gamete formation

(67, 80) .

While there are exceptions, there is generally a negative relationship between local
rates of recombination and the TE density in that region (55). Additionally, multiple
comparative studies have shown that the evolutionary age of a TE correlates negatively
with local recombination rates, suggesting that TEs do not persist in regions of high
recombination (55). In general, these findings provide support for the novel hypothesis
that recombination is elevated in long-lived eusocial Hymenoptera to mitigate the effects

of TE accumulation.

One prediction of this hypothesis is that TE suppression has larger fitness benefits
among long-lived organisms than their short-lived relatives. In support of this prediction,
an evolutionary reduction in lifespan in two separate lineages of killifish was
accompanied by an expansion of TE content in their genomes (18). This suggests

selection on TE suppression was relaxed in short-lived fish. Additionally, there is
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evidence to suggest that the relationship between TE abundance and rate of
recombination may be altered by age. On the scale of the megabase, eukaryotes with
relatively short lives such as C. elegans, D. melanogaster, A. thaliana were found to
have weakly negative, insignificant, or even positive relationships between
recombination rates and TE abundance, in contrast to the strong negative relationships
observed among longer lived species, such as H. sapiens and Eucalyptis grandis (55).
Indeed, the negative relationship between repeat content content and rate of
recombination in the eusocial Hymenoptera appears striking (Figure 2). This could
suggest that selection for increased recombination rates may be linked to TE

suppression in long-lived species, but not in short-lived ones.

A second line of support for the prediction that TE suppression has larger fithess
benefits among long-lived organisms than their short-lived relatives comes from
patterns of TE suppression in social insect queens. In a species of eusocial termite,
miRNAs that interfere with TE expansion throughout the genome were found expressed
in long-lived reproductive individuals, but not in shorter-lived workers (25). Additionally,
in a comparison of piRNAs that target TEs in the tissues of Temnothorax rugulatus
queens and foragers, there were many more piRNAs significantly upregulated in
queens than in foragers (111). Lastly, in a study profiling piRNAs in age-matched honey
bee larvae, the proportion of piRNAs targeting TEs is greater in queen destined larva
than worker-destined ones (131). Together, these studies suggest TE suppression is

particularly beneficial in long-lived queens of eusocial Hymenoptera.
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There are some limits to the benefits of recombination that should be evaluated with
regard to this TE-suppression hypothesis. The first is that rates of recombination are
correlated with rates of ectopic recombination (55, 70, 99), which can result in fatal
inversions and translocations. Given that TE rich regions are implicitly rich with
repeat sequences, the probability of ectopic recombination in conjunction with high
recombination rates can increase considerably (55, 70, 99). There is evidence of the
detrimental effect that ectopic recombination among TEs has had in humans (104). It is
conceivable that the benefit of creating haplotypes free of TEs via recombination may
not outweigh the associated risks in all contexts. Indeed, a recent theoretical study of
the evolutionary relationship between TEs and recombination found that while HRI is a
viable source of indirect selection for recombination, the direct effects on fitness from
deleterious ectopic recombination largely drives recombination rates down in
populations (99). Maybe that is not the case in social insects, where the number of
offspring produced is high and resources invested in unfit offspring can readily be

recycled through brood cannibalism (109).

Ironically, direct selection for increases in ectopic recombination could present an
alternative explanation to HRI for high rates of recombination and low TE content in the
Hymenopterans. While ectopic recombination events are potentially detrimental to
gametes (104), ectopic recombination among TEs can also result in rendering TEs non-
functional, while still producing viable offspring (55). Ectopic recombination of TEs has
been proposed as a driver of genome reduction in plants (70), and even as a precision-

based mechanism for the removal of Alu elements in primates (68, 70). Also, increased
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ectopic recombination is associated with increases in rates of meiotic recombination in
yeast and in wheat fungus (67, 80). Similar patterns have been found in Hymenoptera.
For example, all ants documented so far have high rates of recombination (58, 116,
117), and also appear to have high rates of chromosome evolution via ectopic
recombination. In a study of the pharaoh and clonal raider ants, there was an average
of less than four orthologues shared per syntenic block of DNA between the two species
(83). This suggests that high rates of homologous meiotic recombination could be

accompanied by high rates of ectopic recombination in the eusocial aculeates as well.

There is also circumstantial evidence that selection for ectopic recombination to render
TEs inert in Hymenoptera could be related to lifespan in particular. Long terminal repeat
retrotransposons (LTRs) appear to have a consistent significant negative relationship
with rates of recombination across taxa on the scale of the megabase (55).
Interestingly, a comparative genomic study of solitary and eusocial bees found that only
the long-lived eusocial bees had lower LTR content than solitary bees, while the short-
lived eusocial bumblebees did not (51). Among these species, B. terrestris has been
found to have roughly a third the rate of recombination of the two Apis species (52,
101). Ectopic recombination could prevent retrotransposons such as LTRs from being
able to transpose and affect queen fitness throughout their long lives, potentially

favoring individuals with increased ectopic recombination (Figure 4).

The relationship between TEs, ectopic recombination, age, and genome-wide

recombination rates are far from resolved, and will require future research to elucidate.
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Generally, more TE and recombination rate research will be needed to determine if a
relationship between TE content and recombination rate is significant in the
Hymenoptera, and whether or not the gain of sociality has a significant effect on that

relationship.

4 Demographic Consequences of Eusociality

Decreases in population size are thought to select for increased recombination. In
theory, selection acts less efficiently in smaller populations, where genetic drift has a
larger effect on allele frequency changes (8, 87). Drift increases negative LD among
fitness increasing alleles by chance fluctuations in allele frequencies, favoring
individuals that can unite such fitness increasing alleles in the haplotypes of their
offspring through increased recombination rates (8, 87). Because drift is a stronger
evolutionary force in small populations, the selection for increased recombination as a
response to drift is predicted to be stronger in populations with smaller breeding
population sizes (8, 87). Indeed, there is theoretical evidence that selection for

increased recombination is highest in small populations (8, 87).

In contrast to theoretical findings, empirical relationships between Ne and recombination

rate are often inconsistent across taxa (81, 91, 96, 98, 119). Nevertheless, a reduction
of population size in the eusocial Hymenoptera has long been invoked as a potential
explanation for their increased rates of recombination. This is thought to be due to
extreme reproductive skew (116). Holding census population constant, eusocial species

with reproductive division of labor have fewer reproducing individuals than solitary
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species without it. This reproductive skew can be increased by two principle means:
one, an increase in the ratio of workers to queens (116), and two, the severity of the
loss of totipotency in workers (some species have workers which can lay viable male
eggs, while others have completely sterile workers) (130). Indeed, among social
Hymenoptera, there appears to be a generally positive relationship between the number
of workers per colony and genome-wide rate of recombination (Fig 2). Additionally, a
recent comparative study found that complete loss of totipotency in workers was tied to
increased relaxed selection among ants (6), which is what would be expected if the
evolution of sterile workers leads to reduced Ne. Lastly, the origins of eusociality are
associated with increased dN/dS among Hymenoptera lineages (132), which is
indicative of reduced purifying selection stemming from reduced Ne (132). Widespread
relaxed selection was also found in eusocial termites compared to solitary cockroaches,
suggesting that a relationship between the gain of eusociality and reduction of Ne size
may be widespread (27). Taken together, these findings support the possibility that
increased reproductive skew through loss of worker totipotency and increases in worker

number could reduce Ne sufficiently to favor increases in recombination rate.

Yet whether reductions in population size have selected for increased rates of
recombination among the eusocial Hymenopteran remains unclear. Weyna et al. found
that the gain of eusociality had a marginal effect on inflated dN/dS relative to the effect
of being a pollinator (132), suggesting that pollinators may have smaller Ne than non-
pollinators, regardless of social phenotype. Despite this, the solitary bees M. rotundata

and E. pruinosa have a lower rates of recombination than all eusocial aculeates (50, 89,
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119) (Figure 1), not just eusocial bees. Moreover, the population sizes of solitary bees
appear to be similar to those of ants and vespids, yet recombination rates are

substantially lower (50, 89, 132).

While shift in reproductive skew through an increase in worker number and loss of
worker totipotency have been the primary considerations for reduced Ne in the eusocial
aculeates, several other factors could also affect Ne, confounding the relationship
between degree of reproductive skew and population size in the eusocial aculeates. For
example, theoretical work has found that the production of males by workers can
actually drive down Ne rather than increase it, assuming there is not a strong male bias
in the breeding population (83). A lack of data across species prevents a formal test of
the role of worker sterility on Ne. Additionally, unique aspects of mating systems among
species can complicate understanding how reproductive skew affects Ne. For example,
C. obscurior has high rates of recombination and sterile workers (58). However, they
also have wingless males that do not leave the colonies and inbreed with sibling
queens, presumably reducing Ne (107). Increased age of reproductives is also tied to a
decrease in Ne, and the lifespans of eusocial aculeates vary extremely. The
Pogonomyrmex genus of ants has species living over 15 years (128), while C. obscurior
queens live less than a year (85). Even with the assumption that low Ne is driving up
recombination rate, it remains unclear whether P. rugosus rates of recombination are
elevated relative to C. obscurior due to a longer lifespan or greater reproductive skew,
or other factors not even considered. Ultimately, the assessment of the role of

reproductive skew in recombination rate variation will require an increase in the number
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of Hymenopteran linkage maps of species with well-characterized life histories.

Conclusion

The social Hymenoptera with several species that have exceptionally high
recombination rates present an exciting opportunity to explore adaptive hypotheses for
variation in recombination rate. For example, their unique life history enables the
exploration of long-standing hypotheses, such as those underpinned by HRI, in novel
ways. In the case of the RQH, we can test whether recombination rates evolve not only
as a consequence of increased immune pressure, but also as a consequence of novel
immune systems (e.g. social immune system). Additionally, we can better understand
how breeding population size affects the strength of selection for recombination by
taking advantage of the extreme variation in reproductive skew across species.
Furthermore, the aspects of social Hymenoptera biology invoke novel adaptive
hypotheses. For example, rigorous testing of the queen and worker divergence
hypothesis may expose ways in which the evolution of dimorphism may actually
promote an increase in recombination rather than suppression. Lastly, the marked
variation in queen lifespan among eusocial aculeates also invites the exploration of
novel hypotheses surrounding TE accumulation and oxidative stress, which could result

in elevated rates of recombination through direct selection for recombination activity.

Considerable progress towards understanding why eusocial aculeates have the highest
rates of recombination among animals has been made in recent years (50, 52, 58, 130).

Notably, rates of recombination have been found to be elevated in eusocial species,
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relative to solitary ones across three lineages with independent origins of sociality (50,
116, 117). Additionally, relationships have emerged between recombination rates and
genomic features related to eusociality, such as caste-biased genes (54). We present
the novel insights that recombination rate may also be related to polyandrous mating
and repeat content of genomes, which are traits germane to several adaptive
hypotheses for elevated recombination. Addressing the challenges to understanding
recombination rate variation in social insects will take considerable time, resources, and
coordination across research communities. Nevertheless, such efforts would constitute
a worthwhile endeavor, as the study of natural variation among social Hymenoptera
represent a tractable and promising observational complement to experimental and
theoretical approaches. As such, continuing recombination rate research in eusocial
aculeates could result in a meaningful advancement of our understanding of why
recombination, a process with profound effects on heredity and evolution, varies so

substantially across eukaryotes.
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Figure 1. Recombination rates (cM/Mb) available for Hymenopteran species. The two
solitary bee species, Eucera pruinosa and Megachile rotundata, along with the solitary
parasitoids have the lowest rates of recombination within aculeates. contMap of the

phytools R package was used for the reconstruction of ancestral rates (94).
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Figure 2

Genome wide recombination rates (cM/Mb) of the aculeates plotted against mean
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queen age in years, average number of males that a queen mates with, the percent of
genome assembly comprised of repeat content, and the average number of adult
individuals in a colony, for each aculeate species that have genome-wide rates of

recombination available.
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Figure 3



Selection for caste dimorphism creating a positive feedback between rate of
recombination and frequency of gene (colored squares) duplication. Gene duplication
enables pleiotropic release of genes. Mutation in novel and previous duplicates creates
genes further specialized to a caste (queen specialized genes: crown, worker
specialized genes:tools). This causes negative LD among specialized genes, favoring
increased recombination to unite them on the same haplotype. This results in an
increased chance of further gene duplication, mutations towards caste-specialization of
novel duplicates and selection for higher rates of recombination, and the process
repeats itself. Color indicating degree of caste specialization for genes and caste

phenotype (queen phenotype left diagonal, worker phenotype right diagonal).
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Fitness effects of recombination in short and long lived queens in relation to TEs. In the
absence of recombination, ectopic recombination events will not occur and TE'’s will be
vertically transmitted. TE’s then proliferate in the female's subsequent generation. For
long lived queens, the additional time results in more TE accumulation in one
generation and a stronger effect on fithess (chromosomes labeled deleterious buildup).
In the presence of recombination, ectopic recombination events among TE’s can occur,

rendering TE’s incapable of spreading and increasing fithess (healthy chromosomes), or



sometimes create non-viable chromosomes at expense to fitness. The trade-offs
associated with ectopic recombination would favor recombination in long-lived queens

of social insects, but not in solitary species.
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Figure 5
Left column: Homologous recombination as a result of DNA exchange between a pair of

homologous chromosomes (2,2) during gamete formation. Center column:



Translocation as a result of recombination initiated between homologous sequences on
non-homologous chromosomes (1,8). Right column: Gene duplication and deletion as a
result of recombination between homologous sequences at different positions on
homologous chromosomes (3,3).

Sidebar 1: Hill-Robertson Interference and Recombination

Novel alleles arising at different positions on the same chromosome at the roughly
same time are unlikely to all arise in one individual. When these alleles affect fitness,
selection at one position of a chromosome interferes with selection at another position
on the same chromosome (39, 86). This is because the advantage provided by a
fitness increasing allele in an individual is neutralized by the absence of a fitness
increasing allele at another position. Over time, individuals with no novel fitness
increasing alleles are removed from the population, resulting in a mix of individuals with

fitness increasing alleles at one position or another.

Known as Hill-Robertson Interference, this buildup of negative linkage disequilibrium
(LD) among fitness increasing alleles, favors the evolution of recombination (20, 47, 86).
An individual that recombines gametes that have fitness increasing alleles at different
positions onto the same gamete will produce offspring more fit than the rest of the
population, enabling the spread and fixation of a haplotype with co-occurring fitness
increasing alleles as well as the spread and fixation of recombination as a phenomena

(20, 47, 86).

Sidebar 2: The selfish supergene: polyandry and recombination in eusocial
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Hymenoptera

The formation and persistence of supergenes, or multigene regions with restricted
recombination can negatively impact the colony fitness. Regions with a sustained lack
of recombination can lead to the genetic determination of colony traits that were
previously sensitive to environmental inputs, such as nutrition and other social cues.
Ultimately, this environmental inflexibility may diminish colony’s fitness. For example,
supergenes biasing larval development towards queens may selfishly spread in a
population at the expense of colonial worker production (2, 4, 42, 62). Together with
insufficient worker numbers, such supergenes can also generate sex ratio imbalances
(2, 3, 30). This is in addition to the deleterious buildup that accompanies non-

recombining regions (36).

This may explain the striking positive relationship between polyandry among queens
and rate of recombination in eusocial Hymenopterans (Fig 2).One possible explanation
for this strong relationship is that recombination and polyandry could act as
countervailing forces to supergenes in complementary ways. Recombination can
counteract emerging genetic determination reliant on multiple alleles. Queens with
higher rates of recombination can increase the chance of disbanding an allele
combination that would cause genetic determination of a reproductive or behavioral trait
detrimental to the colony reproductive success, thereby improving their fitness relative
to queens with lower rates of recombination. Polyandry, on the other hand, can mitigate
the effects of caste-biasing supergenes which have already emerged. A queen can

mate with males that carry non caste-biasing genotypes, allowing for the necessary
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amount of workers to rear gynes in spite of the presence of queen-biased selfish
supergenes. Improving our understanding of what makes some species predisposed to
the emergence of supergenes more so than others could help to determine whether or
not elevated polyandry and recombination rate are related to selfish supergenes in the

eusocial Hymenoptera.

Terms and definitions list:
Caste: A labor role (most often referring to queen or worker) of individuals within
eusocial colonies that is characterized by a distinct set of behaviors and
morphologies.
Ectopic Recombination: recombination between chromosomes at non
homologous positions (this could be recombination between homologous
chromosomes or non-homologous)

Eusocial: an organism with overlap of generations, reproductive division of labor, and
cooperative care of offspring

Gyne: unmated female reproductive individual of eusocial bees ants or wasps
Haplotype: a physically linked set of alleles that are co-inherited.
Hill-Roberston Interference: selection acting at more than one physically linked
loci, resulting in impeded efficacy of selection at each loci in question
Linkage Disequilibrium: non-random co-occurence of alleles in a population
(alleles in negative LD co-occur less often than expected by chance)

Inversion: a recombination event resulting in the reversed positioning of a segment of

DNA within a chromosome



Translocation: recombination among non homologous chromosomes resulting in the

transference of a DNA segment to a non homologous chromosome



