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Abstract

The exchange of genetic material between homologous chromosomes during meiosis (i.e.,
genetic recombination) is a fundamental process that generates genetic diversity and in-
fluences evolutionary dynamics. Important variation in recombination rates can be ob-
served at different phylogenetic scales with several broad patterns. In particular, eusocial
hymenopterans (which are almost invariably haplodiploid) display some of the highest
recombination rates among all eukaryotes. Among diploid species, females often have a
higher recombination rate than males. The explanations for these phenomena are still
unclear. We explore to what extent differences in selection between males and females
may explain these patterns. To test these hypotheses, we use analytical modelling and
individual-based, multilocus simulations in which fitness variation is caused by recurrent
deleterious mutations occurring along a linear chromosome and in which the genetic map
length of the chromosome (number of crossovers at meiosis) can evolve. We examined the
effects of stronger selection against and stronger negative epistasis between deleterious
mutations in males, which could possibly be caused by sexual selection among males,
on the evolution of recombination rates. Our results show that negative epistasis among
deleterious mutations does result in higher recombination rates in haplodiploids than in
diploids. Negative epistasis restricted to males also generates a sexual dimorphism in
recombination rates (aka heterochiasmy) in diploids consistent with the empirical pattern
of higher recombination in females than males. In haplodiploids, higher recombination
rates are favoured in meioses that produce parthenogenetic eggs (that will develop into
males) than in meioses that produce fertilised eggs (that will develop into females). These
results show that negative epistasis and sex-based differences in selection may explain the
elevated recombination rates of eusocial hymenopterans and the patterns of heterochiasmy
in diploid species.
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Chapter 1

Introduction

Genetic recombination, the process by which genetic material is exchanged between
homologous chromosomes during meiosis, is a fundamental process which plays a key
role in evolution by generating genetic diversity. Sexually reproducing eukaryotes almost
universally utilise meiotic recombination to produce gametes with reduced chromosomal
complement (Cavalier-Smith (2002)). The meiotic division consists of one round of chro-
mosomal duplication followed by two rounds of segregation. Before the first round of
segregation, the two homologous chromosomes from each parent come together to form
synapses. They then exchange genetic material between themselves through a process
known as crossing over. While the formation of at least one crossover, referred to as
obligate crossover, is necessary for proper segregation of chromosomes during meiosis in
most species (Bishop and Zickler (2004); Carlton et al. (2005); Deshong et al. (2014)),
the empirically observed rates of crossover often exceed this. Further, meiosis in certain
organisms is achiasmatic in one of the sexes Scott Hawley and Theurkauf (1993); Newn-
ham et al. (2010); Papaioannou et al. (2021), suggesting that recombination is not strictly
necessary for chromosome segregation during the first phase of meiosis. Additionally, the
rates of genetic recombination vary substantially across different taxa, species, popula-
tions and even among different individuals of the same species (Coop and Przeworski
(2007); Lenormand and Dutheil (2005); Wilfert et al. (2007); Stapley et al. (2017); Ritz
et al. (2017); Samuk et al. (2020); Johnston (2024)). These variations indicate that recom-
bination may offer adaptive benefits that extend beyond ensuring the proper segregation
of chromosomes.

Meiotic recombination is a critical source of genetic variation in populations. Dur-
ing recombination, the homologous chromosomes exchange genetic information, breaking
the association between the linked genes and generating new genetic associations in the
gametes. It allows sexually reproducing organisms to produce an incredibly large variety
of gametes. While recombination leads to the creation of novel genetic variants, it may
also lead to the breakdown of existing favourable genetic variants. Therefore, recombi-
nation may have contrasting effects on fitness, and its overall effect depends on factors
such as linkage disequilibrium, selection regime, epistasis, migration and mating system
(assortative or random) (Agrawal (2006); Otto and Lenormand (2002)).

Recombination can either hinder or increase the efficiency of natural selection
depending on the type of linkage disequilibrium present in the population. Linkage dis-
equilibrium (LD) describes the non-random association of alleles at different loci within
a population. For a pair of deleterious alleles, linkage disequilibrium is positive if the
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Figure 1.1: Effects of recombination on the variation of fitness in offspring.The
schematic shows, using a simple two-locus case as an example, how recombination can
either decrease or increase the variance in fitness in offspring depending on the kind of
linkage disequilibrium in the population. Here a and b are the deleterious alleles.

deleterious alleles tend to be more frequently associated with each other than what would
be expected if they were distributed randomly among individuals in the population. Sim-
ilarly, linkage disequilibrium is negative if the deleterious alleles tend to be associated
with beneficial alleles at the other locus (or loci).

In a simple two-locus case, recombination only has an effect in double heterozy-
gotes. In trans double heterozygotes, it increases the variance in fitness among offspring.
This occurs because recombination places the deleterious alleles and the beneficial alleles
on two different chromosomes during meiosis, resulting in them being carried on different
gametes (Figure 1.1). Similarly, it reduces the variance in fitness among offspring in cis
double heterozygotes by putting the beneficial alleles with deleterious alleles together on
the same chromosomes (and, therefore, on the same gametes). Thus, the net effect of
recombination is to increase the variance in fitness if there is an excess of trans relative
to cis double heterozygotes (that is, if there is negative linkage disequilibrium), and vice
versa. Therefore, when there is negative disequilibrium in the population, recombination
increases the genetic variance in fitness among the offspring (by producing extreme geno-
types from intermediate ones) and, therefore, increases the efficiency of natural selection,
as the efficiency of natural selection is directly proportional to the genetic variance in fit-
ness. Similarly, when the population is in positive linkage disequilibrium, recombination
reduces the variability in fitness in the offspring by shuffling away the linked beneficial (or
deleterious alleles) in the parents and thus producing intermediate genotypes, contributing
to a reduced efficiency of selection.

The different theories on the evolutionary advantage of recombination thus cor-
respond to different possible causes of negative linkage disequilibrium within populations.
The two main mechanisms that have been identified are 1) negative epistasis and 2) selec-
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tion and genetic drift in finite populations. First, when epistasis is defined as a deviation
from multiplicative fitness effects between loci, epistasis between selected loci tends to
generate linkage disequilibrium (while multiplicative selection does not generate linkage
disequilibrium). If selection is the only evolutionary force affecting genetic associations,
the linkage disequilibrium generated by selection will be of the same sign as epistasis (see
Agrawal (2006) for a comprehensive review). In particular, negative epistasis (meaning
that deleterious alleles have stronger negative effects when combined, or beneficial al-
leles have weaker effects when combined, as compared to multiplicative fitness effects)
generates negative linkage disequilibrium. Therefore, under negative epistasis, recombi-
nation increases the variance in fitness among offspring, which has a beneficial effect as
it increases the efficiency of selection. However, one can show that in the presence of
epistasis, recombination tends to decrease the mean fitness of offspring as it breaks down
combinations of alleles that have been favoured by epistatic selection. Therefore, high
recombination rates can be favoured only when epistasis is negative and sufficiently weak,
as when epistasis is strong and negative, the costs of reduced mean fitness of offspring
outweigh the benefits of increased genetic variance among them (Barton (1995)).

Another factor creating linkage disequilibrium in finite populations is genetic
drift. Drift can create both negative and positive linkage disequilibrium. When it creates
positive linkage disequilibrium, the improved selection (due to increased genetic vari-
ance) reduces the frequency of deleterious alleles (or increases the frequency of beneficial
alleles), and therefore the positive linkage disequilibrium gets eliminated. When drift
generates negative linkage disequilibrium, the response to selection is hindered due to
reduced genetic variance, so the negative linkage disequilibrium tends to persist longer.
Therefore, in finite populations experiencing genetic drift, disequilibrium is negative more
often than positive, generating a selection pressure for increased recombination rates (Hill
and Robertson (1966); Felsenstein (1974); Barton and Otto (2005); Keightley and Otto
(2006); Roze (2021)).

1.1 Variation in Reccombination Rates and the Special
Case of Eusocial Hymenopterans

Recombination rates show a huge amount of variation between organisms, popula-
tions and individuals, and they also vary greatly depending on the chromosomal region
within the same individual. Genome-wide recombination rates are exceptionally high in
social insects of the order Hymenoptera (Wilfert et al. (2007)). Hymenopterans are an
order of insects comprising sawflies, ants, bees, and wasps. The vast majority of hy-
menopterans have a haplodiploid sex-determination system, where the males are haploid
and produced from unfertilised ovules, while the females are diploid and the product of
fertilisation. Therefore, meiosis and recombination happen only in females, as only the fe-
males are diploid. There is a large variation in life history, behaviour, and demography in
the 15,000 species of hymenoterans. Hymenopterans tend to have very high recombination
rates: in a review of eukaryotic recombination rates (Wilfert et al. (2007)), the average
recombination rate in eight species of hymenopterans was reported to be 7.5 ¢M/Mb,
compared to the average recombination rate of 2.2 ¢M/Mb for 15 insect species outside
of Hymenoptera and 1.36 ¢cM/Mb for 7 species of vertebrates. Further, there is also a
huge range of variation in recombination rates within the hymenopterans, ranging from
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25.1 ¢cM/Mb in Apis florea to 1.0 ¢cM/Mb in the solitary bee Megachile rotundata (Jones
et al. (2019)). The members of the genus Apis (comprising honeybees) have the highest
recombination rates among the hymenopterans: Apis dorsata (25.1 cM/Mb), Apis mellif-
era (21.6 cM /Mb), Apis florea (20.8 ¢cM/Mb) and Apis cerana (17.4 ¢cM/Mb) ( Rueppell
et al. (2016); DeLory et al. (2024)). Other eusocial bees have relatively lesser, but still
high, recombination rates: Bombus terrestris (8.9 cM/Mb) and Frieseomelitta varia (12.5
cM/Mb) (Kawakami et al. (2019); DeLory et al. (2024)). The eusocial wasp Vespula vul-
garis has a comparable recombination rate of 9.7 ¢cM/Mb (DeLory et al. (2024)). The
eusocial ants, too, have high recombination rates ranging from 14.0 ¢M/Mb in Pogono-
myrmex rugosus to 5.5 cM/Mb in Solenopsis invicta (DeLory et al. (2024)). In contrast,
the solitary bees Megachile rotundata (1.0 ¢cM/Mb) and Fucera pruinosa (2.1 ¢M/Mb)
have very low recombination rates (Jones et al. (2019); DeLory et al. (2024)). Five species
of solitary parasitoid wasps were reported to have an average recombination rate of 4.74
c¢M/Mb, ranging from 1.5 ¢cM/Mb in Nasonia vitripennis to 6.9 ¢cM/Mb in Cotesia typhae
(DeLory et al. (2024)). Therefore, eusocial hymenopterans have much higher recom-
bination rates than non-social hymenopterans, and these high recombination rates have
evolved multiple times independently among eusocial hymenopterans DeLory et al. (2024).

However, eusocial termites, which are not hymenopterans and are diploid, do
not exhibit high recombination rates, indicating that both haplodiploidy and eusociality
might be needed for the evolution of high recombination rates. The average recombination
rates in eusocial termites have been estimated to be 0.34 - 0.43 ¢cM/Mb in Macrotermes
bellicosus and 0.31 - 0.38 ¢cM/Mb in Cryptotermes secundus (Everitt et al. (2024)), which
are much lower than the average recombination rates seen in eusocial hymenopterans.

Multiple hypotheses have been suggested to explain the unusually high recom-
bination rates seen in social hymenopterans. The red queen hypothesis suggests that the
high recombination rates evolved due to the evolutionary arms race between social insects
and parasites or pathogens. Social insects are at a higher risk of disease transmission due
to their crowded living conditions, high rate of social interactions, and the high genetic
similarity between the members in the colony (Sherman et al. (1988)). Therefore, this
hypothesis suggests that increased recombination rates confer resistance to disease prop-
agation within the colony by increasing the genetic diversity within the colony (Kidner
and Moritz (2015)). Increased genetic diversity within a colony could also have many
other benefits; for example, it has also been shown to result in increased colony produc-
tivity and foraging efficiency (Oldroyd et al. (1993)). While there is some evidence that
increased genetic diversity provides resistance to parasites and disease transmission, there
is no clear evidence for parasites being responsible for the increased recombination rates
(see DeLory et al. (2024) for a review of the evidence).

It has also been proposed that increased genetic diversity created by high recombi-
nation rates is needed to evolve elaborate caste specialisation. There are large behavioural
and phenotypic differences between the queen and workers and within the workers in social
insects. A higher rate of recombination reduces the selective interference (Hill-Robertson
effect) on the genes affecting the different queen and worker phenotypes, respectively
(Kent and Zayed (2013)). This allows the beneficial alleles affecting queen and worker
phenotypes to be all on the same haplotype, favouring the evolution of an increased re-
combination rate. Further, reduced selective interference and increased gene duplication
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events (a possible byproduct of increased recombination) of the worker-related genes can,
in turn, lead to faster evolution of new worker phenotypes(DeLory et al. (2024)). The
evidence for this hypothesis is inconsistent and mixed (Kent et al. (2012); DeLory et al.
(2024); Everitt et al. (2024)).

DeLory et al. (2024) recently proposed that the increased recombination in eu-
social hymenopterans might be due to the high longevity of their queens. The increased
lifespan of the queen in social hymenopterans as compared to solitary hymenopterans
results in an increased fitness cost of mutations accumulated due to oxidative stress and
proliferation of transposable elements (DeLory et al. (2024)). Suppose the fitness costs
of such accumulated mutations are only paid later in life (such as once the accumulated
mutations cross a threshold). In that case, social hymenopterans, where the queens tend
to live much longer than the solitary insects, will face a greater selection pressure against
such mutations and transposable elements. An increased recombination rate can lead to
improved selection against TEs and to an improved response to oxidative stress. The
mechanisms that mitigate the harmful effects of oxidative stress and TE accumulation
include ectopic recombination and DNA repair via homologous recombination, both of
which show mechanistic overlap with meiotic recombination. Therefore, direct selection
on mechanisms which overlap between DNA repair and meiotic recombination can lead
to a selection for increased recombination rates. Further, indirect selection for increased
recombination could result from selective interference between longevity-related alleles.
This hypothesis is quite recent, and there is no strong or consistent evidence in its sup-
port(DeLory et al. (2024)).

Another explanation for the increased recombination rates in social insects is
the reduced effective population size in social insects (DeLory et al. (2024)). Due to the
strong reproductive skew in social insects (queens producing the majority of offspring),
the effective population size in social insects is much smaller than in non-social insects
with the same overall population size. Genetic drift, which increases negative linkage
disequilibrium by the Hill-Robertson effect, tends to be higher in smaller populations.
Therefore, selection for increased recombination is greater in social insects, which tend
to have smaller effective population sizes. The evidence supporting this hypothesis, like
that of the other hypotheses, is insufficient DeLory et al. (2024).

Another hypothesis for the increased recombination rates in eusocial insects sug-
gests that the increased genetic diversity due to recombination could reduce kin conflict
within the colony by reducing the variance of relatedness among the individuals (Sherman
(1979)). Finally, it has been suggested that sex-specific recombination in haplodiploids
and some other diploid insects (like many Lepidopterans) might be responsible for their
high recombination rates, as the recombining sex might have evolved a high recombination
rate to compensate for the lack of recombination in the other sex (Wilfert et al. (2007)).

Except for the last hypothesis, all of these hypotheses try to explain increased
recombination rates as a consequence of eusociality. However, these hypotheses fail to
explain the absence of high recombination rates in eusocial termites. Therefore, it was
suggested by Everitt et al. (2024) that the increased recombination rates in eusocial Hy-
menopternas are due to strong sexual selection among males in eusocial hymenopterans.
As recombination leads to a more effective purging of deleterious alleles by reducing selec-
tive interference, the evolutionary advantage of recombination could be greater in species
with highly increased competition among the males, where the selection for reduced mu-



tations might be very strong . Since eusocial hymenopterans have highly male-biased
operational sex ratios, they are likely to have high sexual selection in males. In contrast
to this, eusocial termites tend to have fairly balanced sex ratios, and therefore, they are
likely to have lesser sexual selection in males. Moreover, since selection is more effective
in haploid males, heightened recombination rates could offer even greater advantages in
eusocial hymenopterans, which are haplodiploid.

1.2 Heterochiasmy: Why do females recombine more
than males?

Another interesting but relatively understudied aspect of recombination is the sex-
ual dimorphism in recombination rates, also known as heterochiasmy. Heterochiasmy is
widespread among taxa (Sardell and Kirkpatrick (2020)) and has important consequences
for sex chromosome evolution, adaptation, population differentiation and speciation. Het-
erochiasmy is even seen among hermaphroditic organisms (Franch et al. (2006); Giraut
et al. (2011); Jones et al. (2013); Theodosiou et al. (2016)). On a broad scale, females
tend to have higher genome-wide recombination rates than males in most of the studied
organisms Sardell and Kirkpatrick (2020). This is true for most eutherians ((Brandvain
and Coop (2012)), including humans (Bhérer et al. (2017))), outcrossing angiosperms and
teleost fish (Brandvain and Coop (2012)). The opposite trend is seen in marsupials, some
grasshoppers and newts (Brandvain and Coop (2012)). Some plants and birds do not
show much dimorphism in recombination rates Brandvain and Coop (2012). Besides the
overall rates of recombination, the locations of the crossovers also differ between males
and females. Males tend to have higher recombination towards the ends of chromosomes
(i.e., telomeres), while in females, crossovers tend to be more uniformly distributed or
elevated near the centromeres. This pattern was seen in 33 of the 51 species studied
in a recent meta-analysis by Sardell and Kirkpatrick (2020) and was widespread in eu-
therian mammals, teleosts, frogs, plants and some birds, while the opposite pattern was
seen in marsupials, domestic pigs and tomatoes (Sardell and Kirkpatrick (2020)). Be-
sides such broad-scale differences, there are also sex differences in recombination at a
finer scale. Sex-specific recombination hotspots have been observed in many mammals
and maize(Sardell and Kirkpatrick (2020)). In mice, a larger proportion of recombination
hotspots are binding sites for PRDM9 in males than in females (Brick et al. (2018)). In
humans, recombination is elevated in promoter regions of genes in females while it is sup-
pressed in promoters of males (Bhérer et al. (2017)). Female maize plants tend to have
crossovers at transcription start sites, while male maize plants tend to have them around
400 bp upstream of that (Kianian et al. (2018)). In this thesis, we focus on the differential
genome-wide recombination rates between the two sexes.

Various explanations for heterochiasmy have been proposed, including both mech-
anistic and adaptive hypotheses. The mechanistic explanations include sex differences in
crossover interference, length of the synaptonemal complex, the temperature of gonads,
genomic imprinting, epigenetic modifications and effects of ageing (reviewed in Sardell
and Kirkpatrick (2020)). However, the existence of sex-specific genetic variation for re-
combination rates, along with the huge variation in sexual dimorphism in recombination
rates and landscapes across taxa, indicates that heterochiasmy is not just an artefact of
mechanical constraints but might be of adaptive significance.
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Probably the very first proposed explanation for heterochiasmy was the sugges-
tion by Haldane (Haldane (1922)) and Huxley (Huxley (1928)) that the heterogametic
sex has suppressed recombination as a pleiotropic consequence of selection aimed at pre-
venting recombination between heteromorphic sex chromosomes and, thereby, protecting
the linkage of sex-determining regions. This hypothesis does explain achiasmy very well,
i.e., when recombination is completely absent in one sex, then that sex is always the het-
erogametic sex. However, it does not explain heterochiasmy (differences in recombination
rates between males and females when both sexes do recombine), as it fails to explain
the high recombination rates observed in heterogametic females, and neither does it ex-
plain heterochiasmy in hermaphroditic species (Franch et al. (2006); Giraut et al. (2011);
Theodosiou et al. (2016)).

There is not much prior mathematical literature on heterochiasmy. In his model,
Lenormand (2003) found that a difference between the sexes in selection on autosomal loci
in the diploid phase does not result in the evolution of sex differences in recombination.
According to his model, heterochiasmy could evolve (1) if there is a difference in epistasis
and /or directional selection between the gametes produced by males and females during
the haploid phase; (2) if the difference between cis-epistasis (epistasis between genes
present on the same chromosome) and trans-epistasis (epistasis between genes present on
homologous chromosomes) differs between the two sexes during the diploid phase; and (3)
if there is a difference in directional selection and/or epistasis between combinations of
genes inherited maternally and paternally (which might be due to factors like imprinting).
All three of these conditions are rather unlikely as haploid phases in most animals are
short, and only a small fraction of genes (0.1 per cent in mammals Sardell and Kirkpatrick
(2020)) tend to show parental imprinting. Based on these results Lenormand and Dutheil
(2005), proposed that differences in selection during the haploid phase would result in
a reduced recombination rate in the sex with the more intense selection, as there is a
short-term disadvantage to recombination in the presence of epistasis, and a greater cost
of recombination will be paid by the sex which faces more intense selection during the
gametic phase. There is some evidence for this hypothesis in the case of plants (Lenormand
and Dutheil (2005)), but it seems to be not very applicable in the case of animals where the
haploid phases tend to be short without much gene expression (Joseph and Kirkpatrick
(2004)).

Trivers (1988) proposed that the sex under strong sexual selection should evolve
to have lower recombination rates to preserve the favourable gene combinations that
are associated with enhanced male reproductive fitness. However Mank (2009), in a
meta-analysis of ten eutherian mammals, found sexual dimorphism to be positively cor-
related with male-biased heterochiasmy (i.e., more sexually dimorphic mammals exhib-
ited a higher recombination rate in males than in females).To explain these results,Mank
(2009) proposed that fitness landscapes fluctuate with time more strongly in males than
in females due to factors like male-biased dispersal and fluctuating female choice, which
therefore result in an increased recombination rate in males to produce sons more likely
to be able to adapt to a changed environment. However, it is not clear why this should
increase the recombination rate in males more than in females, and neither is there any
strong evidence for this hypothesis as of now. The meta-analysis by Mank (2009) only
considered ten species of mammals, data for four of which (sheep, pig, cat, dog) was ob-
tained from feral populations, which may limit the applicability of the results to natural
populations.
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This project used individual-based multilocus simulations to explore the effect of
differences in selection between sexes on the evolution of recombination in both diploid
and haplodiploid species. These models allow us to explore the hypothesis that strong sex-
ual selection among males leads to increased recombination rates in haplodiploid species
(assuming that sexual selection leads to stronger selection in males than in females). We
further used analytical modelling to better understand our results. The project specifi-
cally looks at the following questions: 1) How does the recombination rate differ between
diploid and haplodiploid organisms in the absence of epistasis? 2) How does epistasis
affect recombination rates in haplodiploid and diploid species? 3) Can sex differences in
selection lead to a sexual dimorphism in recombination rates?

The main results obtained are: 1) Recombination rate does not differ significantly
between diploid and haplodiploid organisms in the absence of epistasis, 2) Negative epis-
tasis increases recombination rates in both haplodiploid and diploid species, but increases
it to a much larger degree in haplodiploid species, 3) Sex differences in epistasis, but not
fitness effects of mutations can lead to a pronounced sexual dimorphism in recombination
rates.
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Chapter 2

Materials and Methods

2.0.1 Simulations

We used multilocus individual-based simulations to study the evolution of recom-
bination rates in different genetic systems. Our simulations consisted of a population
of N individuals (N=10000), each having two or one copy of a linear chromosome (in
diploid and haploid individuals, respectively). In the diploid case, the population consists
of diploid males and females, where the sex of each offspring was randomly assigned. In
each generation, males and females produce a very large (effectively infinite) number of
gametes (by meiosis), which fuse at random to generate new diploid offspring. Among
those, N offspring are sampled at random to form the next generation (Wright-Fisher
model). The haplodiploid model is similar, except that males are haploid: they are pro-
duced by unfused female gametes, and they produce their gametes by mitosis. At every
generation, a number of new deleterious mutations are introduced randomly on each chro-
mosome (drawn from a Poisson distribution with parameter U; for females and U, for
males), and their location along the chromosome is chosen independently by drawing from
a uniform distribution between 0 and 1. Therefore, the number of sites at which muta-
tions can occur is effectively infinite. Each mutation was assumed to have an equal effect
on the fitness of the individual, i.e. all the mutations were equivalent.
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Figure 2.1: Schematic for the Simulations.
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Fitness

In the absence of epistasis, the fitness of the diploid individuals (W), for males and W,
for females) is calculated as:

W= (1—sshg)™ (1 —sp)" (2.1)
Wi = (1= syhi) ™ (1 — s) (2.2)

Where np. and np, are the number of heterozygous and homozygous deleterious mu-
tations, respectively, s; and s,, are the selection coefficients in females and males, respec-
tively, and hy and h,, are the dominance coefficients in females and males respectively.

The fitnesses Wy and W, for females and males, respectively, in the haplodiploid case
are:

Wi = (1= sphg)™ (1= sg)" (2.3)

Wy = (1— 8,)" (2.4)

Here, n refers to the number of mutations in the haploid males. Therefore, the fitness
effect of mutations in haploid males was considered equivalent to that of mutations in the
diploid homozygous state.

It can be assumed that due to sexual selection, selection against deleterious mu-
tations may be stronger in males than in females (s, > sy), given mutations also affect
the reproductive success of males in sexual selection.

The effect of negative epistasis among deleterious mutations was studied by assum-
ing two forms of negative epistasis: truncation selection and pairwise negative epistasis
(Figure 2.2). In truncation selection, it was assumed that only males with fitness above
a specified percentile threshold could reproduce. If the specified percentile threshold is
denoted by P, only males with fitness values above or equal to the P — th percentile of
the male fitness distribution are allowed to reproduce. For example, a threshold of 0.5 for
males corresponds to a situation where only males with fitness greater than the median
fitness are allowed to reproduce. Therefore, the fitness equation in this case for a

diploid male individual i is:
Wi (i) = (1 = sinh) ™ (1 — 5p,)™ if W(i) > Wy (P) (2.5)
Here, Wy, is the cumulative fitness distribution of males in the population.
Wn(i) =0 if W(i)<Wg'(P) (2.6)
The equation for the fitness of diploid females remains unchanged.

Truncation selection among haploid males is defined similarly.

The case of epistasis (truncation selection or pairwise epistasis) restricted to
males was considered because sexual selection could introduce a form of negative epistasis
acting only in males by ensuring that only the best males could reproduce. Truncation
selection, theoretically, is an extreme (strong) case of negative epistasis.

The second form of negative epistasis considered was pairwise negative epistasis,
in which the fitness was modified by an epistatic factor for each pairwise interaction
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Figure 2.2: The graph shows how the reproductive fitness of individuals varies
with the number of deleterious mutations in their genome in our pairwise
negative epistasis (green) and truncation selection (blue) regimes, compared
to when mutations have multiplicative fitness effects or no epistasis (red).

between deleterious alleles of two different loci. The corresponding fitness equations for
pairwise negative epistasis in the diploid case are:

Wi = (1= Syhn) e (1 — )" (1 — ) (") 7mvo (2.7)

If epistasis is only in males, W7 is:
Wi = (1= sphg)™ (1= sg)" (2.8)
and if epistasis is in both males and females, TWy:

"hc+2nho)
2

Wy = (1= sphy)™ (1 — sp)"e(1 — )

Here, the sign of e is positive and e represents the magnitude of negative epistasis.

e (2.9)

The corresponding fitness equations for the haplodiploid case with pairwise neg-
ative epistasis are:

Wi = (1 — 8,0)"(1 — ¢)(2) (2.10)
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If epistasis is restricted to males, W is:
Wf = (1 — thf)nhe(l — Sf)nho (211)

and if epistasis is experienced by both males and females, W; is

"hs+2”ho
2

Wy = (1= syhy)™(1— sp)"o(1 — ) (") e (2.12)

The chromosomes of a diploid parent undergo recombination during meiosis.
The number of crossovers was drawn from a Poisson distribution with parameter R, cor-
responding to the chromosome genetic map length (in Morgans), and the position of each
crossover was drawn independently from a uniform distribution along the chromosome,
i.e. a state of no crossover interference was assumed.

For both diploid and haplodiploid cases, we considered one-modifier and two-
modifier models. In the one-modifier models, the map length R is controlled by a single
modifier locus located at the mid-point of the chromosome, affecting map length in males
and females (in the diploid case) or in females only (in the haplodiploid case). In diploid
individuals, R is the average of the map length coded for by the two alleles present at the
modifier locus (one on each chromosome).

In two-modifier models, each individual has two modifier loci modF and mod M
(situated at one-third and two-thirds the length of the chromosome). In the diploid case,
modF is expressed only in females and affects the map length only in females, and modM
is expressed in males and affects the map length only in males. Both modF and modM
can evolve independently of each other. In the haplodiploid case, modM affects R in
meioses giving rise to parthenogenetic ovules (that will develop into males), and modF
affects R in meioses that will give rise to fertilized ovules (that will develop into females).
Both modM and modF' are only expressed in females in the haplodiploid case, as only
females are diploid and can undergo meiosis. While it is currently unknown whether
recombination may differ between these two types of meioses in haplodiploid species, we
considered it as an interesting theoretical possibility.

The model introduced a small direct cost of recombination by multiplying the
fitness of each individual by a term exp(—cR), where ¢ represents a fitness cost per
crossover and R is the map length expressed in the individual at meiosis. This was done
to stabilize R during the simulation (ensure that it reaches an equilibrium). However, the
results did not change qualitatively when the cost was removed.

The value of the chromosome map length was set at 1 during the beginning of
the simulations for the first 20000 generations. After that, the modifier locus was allowed
to mutate at a rate of m per generation, with mutations of small effect happening 95 per
cent of the time, while the rest being mutations of large effect. To simulate mutations
of small effect, the value of the modifier locus was multiplied by a value drawn from a
Gaussian distribution with mean 1 and variance 0,,. To simulate mutations of large effect,
a number drawn from a uniform distribution between —1 and 1 was added to the value
of the modifier locus. If the resultant value was negative, it was set to zero.

The simulations were run for 5 x 10° generations. The average map lengths,
the average fitness and the average number of mutations for the entire population were
measured for the two sexes separately. These quantities were measured at every 200th
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Table 2.1: Parameters of the model and their default values

. o s Default Value (Other
Variable  Description Values Considered)
Selection coefficient of deleterious
Sf mutations in females 0.06(0.02,0.04,0.08,0.1)
. Selecu.on Cgefﬁ01ent of deleterious 0.06 (0.02, 0.04, 0.08, 0.1)
mutations in males
hy Dom1nanc§ coe'fﬁc'lent of deleteri- 0.2 (0.1, 0.5)
ous mutations in females
h Dommancg Coe'fﬁment of deleteri- 0.2 (0.1, 0.5)
ous mutations in males
Deleterious mutation rate per
Un generation per chromosome in 0.2 (0.5)
males
Deleterious mutation rate per
Uy generation per chromosome in fe- 0.2 (0.1)
males
. pairwise epistasis factor between 0,  0.0001, 0.001,0.002,
deleterious mutations 0.005, 0.01, 0.02, 0.05, 0.1
e ¢ is the direct fitness cost of re-
¢ combination per unit map length 0.01 (0, 0.001)
N Number of individuals 10000
- Rate of mutatlon. at the modifier 0.0001
locus per generation
determines the variance in magni-
Om tude of mutations of small effect 0.2
(see text) at modifier loci
NbGen Number of generations during 5000000

which the simulation is run

generation during the first 20000th generations and at every 500th generation after that.
The results reported everywhere in this document are the time averages of these quantities
(excluding the initial burn-in period) unless otherwise specified. The average recombina-
tion rate was quantified as the average number of cross-overs happening in a chromosome.

The following table lists all the variables along with the values considered in the

simulation :

Unless otherwise specified, the results shown throughout this document are for the

default values of these parameters.

All the simulations were written in C+-, while the code for the analysis of data
was written in R (R Core Team (2023)). The simulation model is an extension of the one

developed and used in Roze (2021) for diploid hermaphroditic organisms.
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2.1 Analytical Model

To model the evolution of the rate of recombination, we used a three-locus model
comprising one recombination modifier locus ¢ and two loci j and k& under direct selec-
tion. We used the method of modelling multilocus evolution proposed by Kirkpatrick
et al. (2002) to model how the rate of recombination 7,5 between the two loci under
selection varies with the parameters of the model. Our basic notation also mostly follows
Kirkpatrick et al. (2002). The three loci were assumed to be located on the chromosome
physically in the order i, j, k. The recombination modifier gene is not under any direct se-
lection but faces indirect selection due to its linkage with the loci j and k. The population
was considered infinite (i.e., no genetic drift), and mating was random. There were no
evolutionary forces besides selection, and forces like migration were not considered. Each
locus was assumed to have two alleles (let us call them {I,:}, {J, 5}, {K, k} respectively).
At meiosis, the rate of recombination between the loci j and k& was 7,407, Tjk"i_% and rjy,
for the individuals with the genotype II, I+ and iz respectively. The recombination rate
between the loci ¢ and j was r;; for all the three genotypes. The genotype of an individual
at any locus ¢ was denoted by the indicator variable X;, whose value was either 0 or 1,
depending on the allele. In our case, we consider the alleles I, J and K to take the values
1 for their respective indicator variables and vice versa. The alleles J and K reduce fitness
in females by a factor 1 — syhy when heterozygous and 1 — sy when homozygous (and by
1—Smhy, and 1— s, respectively in males). The fitness is reduced by an additive epistatic
factor of e for each pairwise epistatic interaction. We ignored the higher-order epistatic
terms. For diploid individuals, the genotype of an individual at locus ¢ was denoted by
X, for the paternal haplotype,i.e. for the chromosome inherited from the male parent
and Xp, for the maternal haplotype. Therefore, X, indicates the allele inherited from
the father at locus ¢ by an individual and vice versa. This positional way of referring to
the alleles inherited from the male and female parent is used throughout the rest of the
document.

We define new centred variables (; ¢ by subtracting the reference frequencies (in our
case, the allele frequencies) from the indicator variables as:

Cz',@) = Xi,@ —Pip (2-13)

and so on for the other two loci. Here, p; ¢ is the frequency of the allele I on chro-
mosomes inherited from the male parent, which is not necessarily equal to the frequency
of the allele I on chromosomes inherited from the female parent py,, depending on the
assumptions of the model.

The product of these centred variables for any set of loci U on the paternal chromosome
and a set of loci V' on the maternal chromosome of an individual is defined as:

Cov = v Giplliev Cp (2.14)

Here, the product is taken over all loci ¢ from the set U and all loci j from the set V.
Please note that ;7 is a random variable.

The expected value of (7 over all the individuals is a moment or a measure of genetic
association and is analogous to the linkage disequilibrium, except that here, the loci can
be on different chromosomes.

Dyyv = Ex[Cuv] (2.15)
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Here, E'x represents the average taken over all the individuals. The details of the
model are specified in the appendix.
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Chapter 3

Results

The results are first presented for simulations without epistasis. Here, we will explore
the effect of differences in selection between males and females (s, S¢).

3.0.1 Without Negative Epistasis

Average Map Lengths (sf=0.06)

0.30

§
°
025 o
8 p g 8 |
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Figure 3.1: The graph compares the average map lengths for the four cases
without epistasis. Each dot represents a specific iteration of the respective
model. The values used for the different parameters are the default values
given in the Table 1.
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Figure 3.2: The graph shows the difference in map lengths between the two
sexes for the diploid two-locus case. Each dot represents a specific iteration
of the respective model. The total number of iterations for each case is six.

The values used for the different parameters are the default values given in
the Table 1.
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Figure 3.3: The graphs compare the a) average map lengths and b) the average
number of mutations per chromosome for the diploid two modifier case (with-
out epistasis) against the selection strengths.Each square represents the average

value of 25 iterations.
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In the absence of epistasis, selection for recombination stems from the Hill-
Robertson effect. Roze (2021) showed that selection for recombination mostly depends on
U (mutation rate), N, (effective population size) and R (chromosome map length), while
s has less effect provided it is sufficiently small. As s increases, selection for recombination
decreases (because deleterious alleles are rapidly eliminated from the population, and the
negative linkage disequilibrium does not persist for long).

In the diploid one modifier case, the results show that when either s,, or sy
increases, the recombination rate decreases (Figure 3.3b and Figure 3.3a) in agreement
with the results of Roze (2021)). In the diploid two-modifier model, the results are quite
similar; the average R is similar in males and females in most cases and similar to the
value obtained in the one-modifier case. Different fitness effects of mutations did not
result in significant differences between the map lengths in males and females (Figure
3.2). However, different rates of mutations in the two sexes resulted in a slight sexual
dimorphism in average map lengths, and this effect interacted with the differential effects
of mutations in the two sexes (explained in appendix A.2).

In the haplodiploid one modifier case, the average map lengths were similar to the
diploid cases. The results show that when s,, = s¢, R evolves to slightly lower values in
the haplodiploid case compared to the diploid case, probably due to a greater elimination
of deleterious mutations among haploid males due to the stronger effect of selection. This
difference becomes more important as s, increases (Figure 3.1). The average map lengths
in the haplodiploid two-modifier case were similar to those in the one-modifier case.

3.0.2 With Negative Epistasis

Negative epistasis is known to favour recombination by generating negative linkage
disequilibrium. We explored the effect of negative epistasis 1) in both the sexes and 2)
only in males.

Negative Epistasis in Both Sexes

The average map lengths in both haplodiploids and diploids increased as the epistasis
factor became more negative, before saturating and finally decreasing at a very high
strength of negative epistasis (Figure 3.4a). The average map lengths in haplodiploids
increased to a much larger degree than in diploids. The results of the one-modifier case
were similar to the two-modifier case for both diploids and haplodiploids.

Negative Epistasis Only in Males

Across all models, the results were mostly similar for the two kinds of epistasis:
truncation selection and pairwise negative epistasis. The differences were that: in the
presence of truncation selection, the average map length became virtually zero when
the threshold became too strong, an effect which can be seen for all four cases, while
with pairwise negative epistasis, the map length saturated, continued to increase, or
decreased slightly depending on the specific case. The reason for the behaviour seen with
strong truncation selection is that under such strong selection, the mutational load at
the mutation-selection balance became so low that there was hardly any benefit from
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recombination. The results for truncation selection are shown and discussed in appendix
(A.3) since they are qualitatively similar to the results for pairwise negative epistasis.

When there is negative epistasis only in males, average map lengths are lower
in the diploid one-modifier and two-modifier cases compared to when there is epistasis
in both the sexes (Figure 3.5b). In the diploid one-modifier case, they are even lesser
than in the case of no epistasis. The average map lengths in the diploid two-modifier case
are larger than those without epistasis. However, they are still lower than the average
map length of haplodiploids (both one-modifier and two-modifier cases) in the presence
of negative epistasis only in males (Figures 3.5b and 3.5a). In the haplodiploid one-
modifier case, the average map lengths are lesser than when there is epistasis in both the
sexes, while the opposite is true for the two-modifier case. Overall, the difference between
diploids and haplodiploids is stronger when epistasis is only present in males, as compared
to when it is present in both the sexes.
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Figure 3.4: The graphs compare the average map lengths for the four cases when
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respectively. The x-axis is square-root transformed, and the leftmost values correspond
to e=0, i.e. the case of no epistasis.
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sexes, respectively. The x-axis is square-root transformed, and the leftmost values cor-
respond to e=0, i.e. the case of no epistasis.
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When average map lengths can evolve independently in males and females (diploid
two-locus case), they evolve to higher values in females than males (and the average is
higher than in the one-locus model,Figure 3.6). The difference increased as the pairwise
negative epistasis term became more negative.

When average map lengths can evolve independently in the two types of meioses
(in the haplodiploid two-locus model), they evolve to higher values in meioses, leading
to male offspring (Figure 3.7). The difference increased as the pairwise negative epistasis
term became more negative.
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3.0.3 Analytical Model

For the diploid one locus case, the rate of increase Ap; in the frequency of the allele
increasing recombination is:

—0,€DiqiP; 4Pk 1 1
By =~ BRI () (4 1) (3.1)

This equation was obtained by Barton (1995) using a slightly different formulation.
Here,e is the pairwise epistasis factor (both in males and females); a; and a are the se-
lection coefficients for alleles at the loci 5 and k respectively, and both are approximately
equal to —sh, r;, and 7;; are the recombination rates between loci ¢ and £, and 7 and j
respectively, while 75 is r;;(1—7;,) +7;1(1 —7i;); p; and py are the frequencies of the dele-
terious alleles at j and k loci respectively. This term is always negative when epistasis is
positive, positive when epistasis is negative and sufficiently weak, and it becomes negative
when epistasis is strongly negative. This equation shows that weakly negative epistasis
generates a selection for increased recombination. At mutation-selection balance, p;q; and
Prqr are approximately equal to u/a; and u/ay, respectively, where u is the mutation rate
per locus.

The major result of our analytical model for the haplodiploid one locus case is
that the rate of increase Ap; in the frequency of the allele increasing recombination is:

—0TDig;

1
Ay =2 P (008 4 o+ 20 AIA T (3.2
3 47aijk7ﬁjk
m !
am — a’
Aj = =504 (3-3)
ap’ — a£
A = — 5 Drlk (3.4)
A= Qa;.cakf +2¢f + aj'ay’ +e™ + a}”ai + afa}? (3.5)
T = (2a] 4+ a™)(2a! + ai")( + L 1) (3.6)
J J k 2Tik 27"13
af = al = —sh (3.7)
aj' = ay' = —s (3.8)
OTpigi
C= ”27 ¢ (3.9)

When af* = ;' =™ =0
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—0rp;iq; 1 1
Ap; = Pidi — (e +dl ak)qugpwk} [ F 4 (afai)(— + — - 1)} (3.10)

3 TijkTjk Tik  Tij

Here,e/ and e™ correspond to pairwise epistasis in males and females, respectively;
afs and a™s are the selection coefficients in males and females respectively, and r;; is the
recombination rate between allele ¢ and k; p; and pj, are the frequencies of the deleterious
alleles at j and £ loci respectively.

From this equation, it can be seen that Ap; is positive only when the pairwise
epistasis terms are negative. Further, Ap; can become zero or negative when epistasis
is too negative (when the second term in the product becomes negative). Compared to
the diploid one locus case, we have an interesting additional factor of —2A;A; in the
numerator. This term is always negative and, therefore, tends to oppose the selection
for increased recombination rates. This term corresponds to the differences in selection
coefficients between the haploid males and the diploid females and becomes stronger as
the selection difference between the sexes increases. A biological interpretation of this
term and its role is given in the Discussion section.

For the haplodiploid two modifier case, if recombination rate during the meiosis
which produces female offspring is fixed, but recombination rate during the meiosis which
produces male offspring can evolve, the rate of change Ap; in the frequency of the allele
increasing recombination (during the production of male offspring) is

D;((a] + a}")Rjm + aj Rjf) N Di((af + af') Ry + af(Ry — Cy)) i

1
Ai:_
Pi=3 1 — Rj;— Rym 1= R;— Ry +Cy

2
(a ap’ + a; + a k:)Dz T kasz;
J J ] J 1+T7,]k;

11—
Rl = 5 i (3.11)
L L=

1—R™ + R/ R’
Jk 1_R;~7€_R£k( J4iPkDk J k( ]k)) 1_Rﬂ_Rjk< J]kk)( )
- RY m e’ pigiprar + AjAR(1 — 2r7)
{k = 1_—JR%( It empiqiprar) + IRy ] (3.14)
—0pigi(L+77) -
e = o o7 ;k (DI + DI+ ™ pjaipnan + 40,0 (3.15)
ijk ijk
m i (L =17
fyk = 2 (ka +D + "' piqiprar + 408 A) (3.16)

4( gk + Tz]k)
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f

1 -7
Rj; = 5 4 (3.17)
1—r7
Rjm = Y (3.18)
2
1 —pm
R, — - ik (3.19)
2
11—
Ry = — (3.20)
2
D; = (a}! +ak)D£7£+a£D£J,; (3.21)
Dy, = (aI' + o) DI} + ! D]}, (3.22)
8,(1 — 2p) (1 — 2],
L= p} ) (3.23)

In all variables, the superscript (f or m) refers to the meiosis which produces
female or male offspring respectively.

The corresponding equations for the case when recombination happens at a fixed
rate during the meiosis which produces male offspring but its rate can evolve during the
meiosis which produces female offspring are:

Ay L Dj((aj + af")Rjm + aj Rj) N Dy((af + a")(Rm — Cim) + ain)+
Pi=3 1— Ry;— Rym 1= Ry~ Ry +Ch,

f al DIt
(CL ak + CL + a]k + ajk)Dz;: ngk

[l — DI + DI + e piqipra + 48,Ar) (3.24)
ijk k J41)
’ 4( Jk +ngk) ’

im0 (1+ 70

e =
! 4( ’L]k‘ + Tz]k)

(DL + DI + empja;pearn + 40, A) (3.25)

6, (1 — 2p;) (1 — 2
Cm:( pi< ) (3.26)

The equations for the other variables are same between the above two cases. In
all variables, the superscript (f or m) refers to the meiosis which produces female or male
offspring respectively.

On solving these equations numerically for the equilibrium value of rj;, it was
found that the equilibrium recombination rate for meiosis which produces male offspring
was equal to or higher than the equilibrium recombination rate for meiosis which produces
female offspring (3.8). This is consistent with our simulation results.
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Figure 3.8: The graph compares the recombination rate for the two kinds of
meiosis in haplodiploids across a range of values of epistasis in females e;.
rjkm and rjkf refer to equilibrium recombination rates during the meiosis
which results in the production of parthenogenetic and to-be-fertilised ovules,
respectively. The results shown are for s; = —0.03 ,s,,, = —0.03, and em = —0.0001.
Qualitatively similar results were obtained for other values of s,,, s¢, and e,,.
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Chapter 4

Discussion

Previous theoretical work (Barton and Charlesworth (1998); Agrawal (2006)) has
shown that the evolution of increased recombination is favoured in the presence of neg-
ative linkage disequilibrium which may be generated either by negative epistasis or by
selection and drift (Hill-Robertson interference), among other factors. Since in our model
considered there is a direct selection on recombination due to an intrinsic cost of re-
combination, the equilibrium values of recombination rates are achieved when the direct
selection and indirect selection (due to Hill-Robertson interference or negative epistasis)
on the recombination modifier locus cancel each other out. In all cases considered the
average map lengths and number of mutations was found to be inversely correlated with
the selection strengths (or the strength of the fitness effects of mutations) (Figures 3.3b
and 3.3a). This was because at greater selection strengths, the equilibrium mutation load
in the population was reduced, leading to a reduced benefit of eliminating mutations by
recombination. To recall, the main questions our work aimed to address were:1) How
does recombination rate differ between diploid and haplodiploid organisms in the absence
of epistasis? 2) How does epistasis affect recombination rates in haplodiploid and diploid
species? 3) Can sex differences in selection lead to a sexual dimorphism in recombination
rates?

There is not much difference between recombination rates in haplodiploids and
diploids when there is no negative epistasis. Further, the results were similar irrespective
of whether one or two loci determined the rate of recombination. This indicates that in
the absence of epistasis, just haplodiploidy is not enough to result in a large increase in
recombination rate. Haplodiploids had smaller map lengths than diploids when selection
(especially in males) was stronger and vice versa. While the absence of recombination in
males may tend to increase recombination in females (as was seen by us in our simulations
for the case of sex-limited recombination in diploids, see Appendix A.4), this tendency
seems to be balanced by the increased efficiency of selection in the haploid males reducing
the mutation load, which in turn leads to a reduced benefit of increased recombination
rates and hence tends to reduce recombination. Since selection is stronger in haploid males
than diploid females, changes in fitness effects of mutations in males has a much larger
effect on map lengths as compared to the effect of changes in fitness effects of mutations
in females (Figure 4.1) In our equation 3.2 for the change in modifier frequency in the
haplodiploid case, it can be seen that the difference in selection strengths between the two
sexes tends to reduce selection for recombination in haplodiploids. This is because the
different selection strengths result in a difference in mutation loads between the two sexes,
and therefore, male gametes tend to carry fewer mutations than female gametes. This
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effect tends to generate a slight positive linkage disequilibrium, resulting in the reduction
in the overall magnitude of negative linkage disequilibrium in the population. This re-
duction in negative linkage disequilibrium reduces selection for increased recombination.
Therefore, our results show that increased selection strength in haploid males and sex
differences in selection strengths results in reduced recombination rates in haplodiploids
compared to diploids, when selection is moderate or strong.

Average Map Length

0.08 -

rec

0.21

sm

0.18

0.15
0.04-
0.12

0.02 0.04 0.06 0.08
sf

Figure 4.1: The graph shows the average map length in the haplodiploid one
modifier case against the selection strengths in males and females. As can be
seen from the graph, selection coefficients in males have a much stronger and clearer
effect on map length than the selection coefficients in females. Each square represents the
average of 25 iterations.

Different fitness effects of deleterious mutations in males and females did not by
itself lead to any significant difference in male and female recombination rates. Therefore,
if sexual selection acts by increasing the fitness effects of deleterious mutations in males
(assuming that male success in sexual selection depends on their overall fitness), the
simulation results, in agreement with the previous analytical results of Lenormand (2003),
suggest that it would not result in a significant difference in recombination rates between
the sexes. However, when the mutation rates differed between the two sexes, it resulted
in a slight sexual dimorphism in recombination rates even in the absence of sex differences
in fitness effects of mutations, the reasons for which are given in the appendix (A.2).

The average recombination rate in both haplodiploids and diploids (for the two
locus case) increased considerably in the presence of pairwise negative epistasis, which is
consistent with the established theory. However, interestingly, haplodiploid recombination
rates evolved to a much greater degree than the diploid recombination rates. This indicates
that just the presence of pairwise negative epistasis is enough to lead to an elevated
recombination rate in haplodiploids compared to diploids, all else being equal. Similar
results are seen when there is pairwise negative epistasis or truncation selection only in
males, except that the recombination rates in diploid one locus case do not increase to
high values in this case. Therefore, the difference between diploids and haplodiploids is
greater when the epistasis is male-specific.
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4.1 Sexual Dimorphism in Recombination Rates in Diploids

In the presence of male-specific negative epistasis (both truncation selection and
negative pairwise epistasis), females were observed to evolve a much greater recombination
rate than males. Our result therefore predicts that recombination rates should be lower
in the sex under stronger epistatic selection if they can vary independently between the
sexes, and are therefore consistent with the findings of a recent meta-analysis (Sardell and
Kirkpatrick (2020)), which showed that crossovers in males are more concentrated near
the telomeres, while those in females are more concentrated near the centromeres, which
might result in an effectively higher recombination rate in females. However, our results
are at odds with the theoretical model by (Lenormand (2003)) which predicted that any
differences in selection between males and females in the diploid stage should not lead to
sex dimorphism in recombination rates.

4.2 Differences in Recombination Rate Between Meioses
Producing Male and Female Offspring Respectively
in Haplodiploids

If the female could have different recombination rates depending on whether she is
producing male (i.e., gametes which will not be fertilised) or female (i.e., gametes which
are going to be fertilised) offspring, our results (both analytical and computational) show
that the recombination rate will be much higher during the production of the first type
of gametes. The likely explanation for this is the fact that the large reproductive skew in
male reproductive fitness makes it necessary to have a large recombination rate so that
there is at least some likelihood of producing a high fitness male. The analytical model
indicates that in this case there are two benefits of recombination: in male offspring, as
well as in the female offspring of the next generation (since the genotype stays almost
unchanged between these two generations). Our result is of practical significance because
empirical estimates of recombination rates in haplodiploids are almost exclusively inferred
from the male offspring (since it is easier to estimate recombination rate in the female
parent when the offspring is haploid). If the females can actually control the recombination
rate depending on the sex of the future offspring, our results suggest that such estimates
of recombination rates in haplodiploids are likely to be overestimates of the actual rates
due to them being inferred only from the male offspring.

Therefore, the high recombination rates seen in haplodiploid social insects can be
explained if there is sex-specific negative epistasis in these organisms. This could be due to
increased sexual selection on males in these organisms, as is suggested by studies showing
high levels of polyandry and male-biased sex ratio in many social Hymenopterans (Crozier
and Fjerdingstad (2001); Everitt et al. (2024)). Male-biased sex ratio which often results
in increased sexual selection in males have been observed in many eusocial hymenopterans
(Baer (2005)), especially members of the genus Apis (which also have one of the highest
recombination rates among all metazoans). A recent study of recombination rates in the
diploid social termites (Everitt et al. (2024)) found much lower recombination rates than
in eusocial Hymenopterans, indicating that eusociality by itself might not be responsible
for evolution of high recombination rates. It is notable that eusocial termites also tend to
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have roughly even sex ratios (Everitt et al. (2024)).

On the basis of the results it could be hypothesised that there should be a positive
correlation between the intensity of sexual selection and the rate of recombination. It
would be interesting to study the relation between recombination densities and proxies of
sexual selection (such as operational sex ratio or sexual dimorphism) through phylogeneti-
cally controlled meta-analyses. Studies on hymenopterans that study both recombination
rates and sexual selection will also be interesting to unravel the link between the two,
and will test the hypothesis that sexual selection is the factor responsible for high recom-
bination rates in eusocial hymenopterans. It would also be useful to conduct laboratory
experiments which modulate the intensity of sexual selection to study the relationship
between sexual selection and recombination rates. Artificial selection in general tends to
result in increased recombination rates (Wilfert et al. (2007)) and it will be interesting to
see if sexual selection has a similar effect. Since recombination rates effect fundamental
evolutionary phenomena like the rate of adaptive evolution, speciation and sex chromo-
some evolution, understanding the interplay between sexual selection and recombination
rates could have many important implications in evolutionary biology. Given the huge
diversity in social systems, life histories and recombination rates in hymenopterans, they
could serve as useful model systems to study the evolution of recombination rates.
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Appendix A

Appendix

A.1 Appendix 1.1: Analytical Model

The

Selection

The fitness of an individual with genotype X relative to the mean fitness in the population
is given by (Kirkpatrick et al. (2002)):

W(X) =1+ aa(Ca—Da) (A.1)

ACG

Here G refers to the set of all possible loci under direct selection on the two chromosomes
of an individual. In our case, it refers to the following set {JK, JK}. Note here J and
K refer to the locus and not the allele. The selection coefficients a4 defined here tend
to be complicated functions of fitness effects of mutations, epistasis as well as the allele
frequencies of mutations.

W(X) =14 a;p(p — Djp) + aro(Cro — Dro) + ap;(Co; — Do)
+apx(Cox — Dox) + a;j(CGij — Djj) + ark(Crok — Dr)
+ @Gk — Dj) + anj(Ceg — Dig) + ajeo(Gro — Djno) (A.2)
+ ag jx(Co,jk — Dojr) + @i (CGrw — Dirg) + ajn(Cije — D)
+ g (Cing = Ding) + @hjn (e — Drgr) + @k (Cinge — Dijr)

To recall, here, X,y = (; 9+ p; g indicates the allele inherited from father at locus
¢ by an individual and vice versa. Throughout the document, in any set U,V the first
element refers to the set of loci inherited from the male parent and the second element
refers to the set of loci inherited from the female parent.

To simplify these equations, we use a quasi-linkage equilibrium approximation,
assuming that selection is weak enough relative to recombination such that the allele
frequencies are changing slowly, while the associations are broken down by segregation
and recombination quickly enough to be in a state of quasi-equilibrium. That is, the
values of the genetic associations are close to the equilibrium values they would achieve
if the allele frequencies were not changing Kirkpatrick et al. (2002). In the following we
assume that the selection coefficients are weak of the order e, while epistasis factors are
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weaker and of the order ¢2. This implies that the following coefficients are of order e

{40, Ak, Q9 55 Qg ks Qj.j» Ak g, While the other coefficients are of the order €? or higher.

Since in our model mating is random, Dy y = Dy Dy for any set of positions of
loci U and V. The moments after selection were calculated using the formula (Kirkpatrick
et al. (2002)):

Dyy = Dyy + Z as(Davy — DaDyy) (A.3)
ACG
To simplify the moments with repeated indices, the following reduction formula (Iirk-
patrick et al. (2002)) was used:

Djjuyv = pia;Duy + (1 = 2p;)Djuv (A.4)
Therefore, in the diploid one-modifier case, D;, up to the leading order is given by:
gk,w =FE

(Xj0 — Pj0)(Xko — Do)
= E'[(Xj0 — pjp — 0p;) (KXo — Prg — Op,)]
= E/[(Xj,ﬁ) - pj,@)(Xk,(/) - pk,@)] - 5Pj6pk

, W
=E [WCJ',@@,@] — 0p,0p,

= El[%gjﬂgk,@] — 0, Opy
Diyo = Djp + ajnoDijing — 0p,0p,
= Dijro + @jrop;jqiPrqr — Op,0p,
= Dijrp + jk0PiqiPeqr — 05.00k0P; 93Pk

Here, 6,, and d,, are the changes in allele frequencies at the J and K loci due to
selection respectively:

by = Bl (X0 — pio)
= Bl (o) (A6)
= ajoDjjp
= @;,0P;4;
Similarly,
Opy = Ak, 0Pk Gk (A.7)

If we define the fitnesses of the different genotypes in the following way:
W(Xj0=1,Xp; =0, Xpp=0,Xp) = 0) = (1 - sh)
W(X;0=1,Xp;,=1,X49p=0,Xp,=0)=(1—5)
W(X;0=1,Xp;=0,Xpp=1 X =0)= (1 —sh)’ +e (A.8)
W(Xj,@ = 1,X@7j = 1,Xk,@ = 1,X@7k = 0) = (1 — S)(l — Sh) + 2e
W(Xjp=1,Xp,=1,Xp0=1,Xpp=1) = (1 —5)? +4e

and so on, then the difference a; g —a;garp upto the leading order is equal to the epistasis
factor e. The equation for D;k p now becomes:

Diyo = Dikg + @k 0P GPrar — 0j00k00;q50kk

(A.9)
= Djrp + ep;q;Prax
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Recombination

The moments after recombination depend on the recombination rate between the different
loci. Therefore, in the diploid one-modifier case, D7, up to the leading order is given by:

jvo = E' {(1 - Tjk)w + WM}

(D’ w+ Dj 1) D+ Dy .
_ l(l —Tjk) Jk,0 > 0,5k +7,jk( Jk 5 kj)}
_ [(1 — ) (Djro + €pjqiPrds ;L Dok + ep;a;prar) (A.10)
o (Djr + epjq;peqr + Dij + Gpj%pk%)]

J
2

2D; 2ep;q; 2ep;q;

_ {(1 B Tjk)( kot 2€PJQJPka) 4 Tjk;( epJqQkaqk)}

When the genetic associations are in a state of quasi-linkage equilibrium, i.e, D7 y ~ Djig,
the equation becomes:

, eP;q;Prqrk
Ty = — (A.11)

Tjk:

Similarly, the expression for D;j; g is given by:

Dig=E'|(1—ri)(1— 1) (Gijr,0 JQF Co,ijk) () (1= 130) (Gijr -2F Cjk,i)+
A2
(1 = rij)(rje) (Cijk J2r Chij) 4 (rig) () (Cik,j J2r Gik) (A.12)
Here, rj; is given by:
ro = T4, (G ‘QF Go.i) (A.13)

We assume that ¢, is very small and therefore we neglect all the terms which have the
order 62 or higher. The values of D,y and Dy are calculated similarly. Finally, the
equation for change in allele frequency of the modifier allele A; is obtained as:
Dijo + Dy D; Dy D;; Dy i;
g Dia Do) o Do+ Dus) |, Dt Doss) (3

Here, a; = a;p = agpj and so on for a; and aji, assuming the fitness effects of mutations
are the same in both the sexes.

A.2 Appendix 1.2: Heterochiasmy Due to Sex Differ-
ences in Mutation Rate

When the mutation rates differed between the two sexes, it resulted in a slight sexual
dimorphism in recombination rates even in the absence of sex differences in fitness effects
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of mutations. The sex with higher mutation rate ended up evolving a higher recombination
rate, with this difference being larger when the differential fitness effects of deleterious
mutations was lower in this sex than the other and vice versa. The reasons for this puzzling
obervation is explained by: there are transient sweeps in the population of mutation-free
regions tightly linked with the recombination modifier locus coding for low recombination.
Due to the low recombination, such regions do not get broken up during crossingover and
tend to persist and proliferate in the population until they accumulate mutations. The
proliferation of such regions leads to the proliferation of low recombination coding allele
by hitchhiking and results in a drop in the average recombination rate in the population.
Such regions are more likely to emerge in the sex with lesser mutation rate, and the
selective advantage of such mutation free regions are greater when the fitness effects of
such deleterious mutations are stronger. This hypothesis was supported by the observation
that such differences in recombination rate disappeared when 1) the recombination rate
was constrained to not fall below a minimum value, and 2) when the mutation rate was
very high in both the sexes.

A.3 Appendix 1.3: Results for Truncation Selection

At very high levels of truncation selection, the amount of recombination becomes almost
zero. This is simply because at such high levels of selection the mutation load becomes
negligible (less than one mutation per chromosome) so the benefits of recombination
disappear. The relevant figures for the map lengths when there is truncation selection in
males are:

45



Average Map Lengths

0.8

0.6

Map Length
o
=9

0.2

0.0

i
—
—
=
i
0.1 0.3 0.5

Truncation threshold (percentile)

Model
Diploid One Modifier
EI Diploid Two Modifier
E Haplodiploid One Modifier

Haplodiploid Twe Modifier

0.7

Figure A.1: The graph compares the average map lengths for the four cases
with truncation selection in males.
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Figure A.2: The graph compares the average and sex-specific map lengths for
the two diploid cases with truncation selection in males.
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Figure A.3: The graph compares the average map lengths for the two hap-
lodiploid cases with truncation selection in males. modM and modF refer to
recombination rates (more specifically, average map lengths) during the pro-
duction of male and female gametes, respectively.
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A.4 Appendix 1.4: Sex-Limited Recombination in Diploids

When recombination in diploids was restricted to one sex, the other sex evolved high
recombination rates (in our case, the two sexes are males and females respectively).

R
0.35
0.30 as.factor(prog)
o Diploid One Modifier
E Diploid Two Medifier
0.25
0.20 :
(]
Diploid One Modifier Diploid Two Modifier
threshold

Figure A.4: The graph compares the average map lengths for the diploid two
modifier case with the case when recombination is limited to one sex. As can
be clearly seen, absence of recombination in one sex in diploids results in an increased
recombination rate in the recombining sex.
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