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Abstract

Meiotic drivers are selfish genetic elements that manipulate meiosis to increase their
transmission to the next generation to the detriment of the rest of the genome. One
example is the t haplotype in house mice, which is a naturally occurring meiotic driver
with deleterious traits—poor fitness in polyandrous matings and homozygote invi-
ability or infertility—that prevent its fixation. Recently, we discovered and validated
a novel effect of t in a long-term field study on free-living wild house mice and with
experiments: t-carriers are more likely to disperse. Here, we ask what known traits of
the t haplotype can select for a difference in dispersal between t-carriers and wildtype
mice. To that end, we built individual-based models with dispersal loci on the t and the
homologous wildtype chromosomes. We also allow for density-dependent expression
of these loci. The t haplotype consistently evolves to increase the dispersal propensity
of its carriers, particularly at high densities. By examining variants of the model that
modify different costs caused by t, we show that the increase in dispersal is driven by
the deleterious traits of t, disadvantage in polyandrous matings and lethal homozygo-

sity or male sterility. Finally, we show that an increase in driver-carrier dispersal can
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1 | INTRODUCTION

Conflict is everywhere. It not only takes place between species
or between individuals, but also within individuals (Burt & Trivers,
2006; Queller & Strassmann, 2018). In general, all genetic elements
are selected to increase the frequency at which they are copied to
future generations. Most elements achieve this by increasing the fit-
ness of the organism that carries them, which aligns the interests
of the organism and its genome. However, there are also elements
that increase their own representation in the future generations at
the expense of the rest of the genome, without a positive fitness ef-

fect on the organism. Since some even cause harm to the organism's

evolve across a range of values in driver strength and disadvantages.

agent-based model, evolution of behaviour, genetic conflict, intragenomic conflict, t complex

fitness, these elements are known as selfish genetic elements (Burt
& Trivers, 2006). Selfish genetic elements come in a variety of forms.
For example, killer meiotic drivers increase their frequency in the
functioning gametes of an organism by inhibiting or destroying gam-
etes that do not carry the driver (NUfez et al., 2018).

Killer meiotic drivers work in one of two ways (Nunez et al., 2018):
Either they release a killer element that attacks a target locus in trans
(on the homologous chromosome), or they create a poison that at-
tacks all meiotic products (indiscriminate of whether they carry the
driver), together with an antidote that acts in cis and thus rescues
only driver-carrying meiotic products. These poison-antidote driv-

ers commonly work only in males and could cause reduced sperm
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competitiveness for reasons such as imperfect rescue and reduced
gamete counts (Price & Wedell, 2008). In such a scenario, the fit-
ness outcomes for the driver differ dramatically between monan-
drous and polyandrous matings. In the latter case, where sperm from
multiple males compete over fertilization, the driver-carrying poor
sperm competitors are at a significant disadvantage.

Females commonly mate with multiple males in wild populations
(Taylor et al., 2014). The frequency of polyandry has been linked to
genetic and environmental factors, for example male fertility (Sutter
et al., 2019), local density (Dean et al., 2006; Firman & Simmons,
2008; Manser et al., 2020) and presence of meiotic drivers (Price
et al., 2008). Less is known about meiotic drivers themselves adapt-
ing to local variation in polyandry: if drivers do better in single mat-
ings, can they somehow avoid ending up in polyandrous situations?
One possibility is that drivers could increase the dispersal propensity
of their carriers. This hypothesis is based on the argument that dis-
persal via movement to less dense populations on average may bring
driver-carriers to areas with less polyandry. Dispersal could also
help avoid matings with another driver-carrier; such matings cause
some offspring to be homozygous for the driver, which is detrimen-
tal in several drive systems (Fishman & Kelly, 2015; Larracuente &
Presgraves, 2012; Lewontin & Dunn, 1960).

We investigate these possibilities for a naturally occurring
poison-antidote male meiotic driver in house mice (Mus musculus),
the t haplotype, for which there is a wealth of knowledge of its traits,
but we also extend our work to varying key traits in order to general-
ize the conclusions. The t haplotype comprises a 35 Mb linked region
on an autosome, estimated to be two million years old (Kelemen &
Vicoso, 2018; Silver, 1993). It manipulates spermatogenesis to in-
crease its own chances of transmission (Amaral & Herrmann, 2021;
Charron et al., 2019; Lindholm et al., 2019). Heterozygous (notation:
+/t) males transmit the t haplotype with 90% probability, leaving
only 10% for the homologous wildtype chromosome (denoted +).
This marked contrast with the ‘fair’ Mendelian rate of transmission
of 50% makes the t ‘selfish’.

Despite enjoying a transmission advantage, t does not fix or per-
sist at high frequencies in natural populations (Ardlie & Silver, 1998).
One reason is that homozygous (t/t) carriers of the t haplotype are
either inviable (Klein et al., 1984) or sterile as males (Lyon, 1986),
whichis alarge cost to the t's fitness (Dunn & Levene, 1961; Lindholm
et al., 2013; Safronova, 2009; Sutter & Lindholm, 2015). The t is,
however, even less frequent in natural populations than would be
predicted based on its homozygous disadvantages (Ardlie & Silver,
1998; Bruck, 1957), a pattern known as the ‘t paradox’ (Manser et al.,
2011). This paradox was explained by another deleterious trait of
the t: the sperm of t-carrying males (+/t), while almost exclusively
transmitting the t, are less competitive than sperm of wildtype (+/+)
males (Manser et al., 2017; Sutter & Lindholm, 2015). Consequently,
+/t males sire a clear minority (11-19%) of the offspring of polyan-
drous matings when in competition with +/+ males.

An increased dispersal propensity conceivably improves the t's
chances of being present in multiple populations, new populations
and populations in which it is (temporarily) fitter than the wildtype

(Comins et al., 1980; Hamilton & May, 1977; Levin et al., 1969). In
general, dispersal leaves more resources for related kin (Hamilton &
May, 1977) (in this case, other t alleles). This might not promote dis-
persal of t above that of the wildtype per se, since +/+ enjoy equiv-
alent benefits as well (likewise, arguments such as ‘being present in
multiple populations is beneficial’ apply to +/+ too), but for t there
is a unique benefit of leaving a t-rich habitat patch. Their departure
counteracts the possibility of two philopatric +/t individuals mating
with each other and producing inviable or infertile t/t offspring. If
dispersal of t brings its carrier to a population with a lower t fre-
quency, the benefit occurs both at the new as well as the natal site.

As a flipside, however, entering dense, +-rich habitat patches in-
duces a larger risk of losing out in sperm competition, because the
frequency of polyandrous matings increases with population density
in house mice (Dean et al., 2006; Firman & Simmons, 2008; Manser
et al., 2020). This is the first reason why it is not straightforward to
predict whether t should lead to higher dispersal. The second reason
is that the spatial clustering, which is responsible for making matings
risky (t individuals might often mate with other t-carriers) itself tends
to dissolve as dispersal rates of t increase. To see if the emergent
population structure can make higher t dispersal a stable outcome,
we simulate the coevolution of t frequencies with t-induced higher
dispersal, which also can be density-dependent.

The fact that the success of t is weaker in situations involving
sperm competition also makes us hypothesize that net selection
on t-associated density-dependent dispersal will be sensitive to as-
sumptions regarding polyandry. If females mate with fewer males
at low density, t should encourage dispersal specifically from high-
density situations. On the other hand, if the homozygous costs are
larger than the polyandrous disadvantage, then we would expect +/t
to disperse preferentially out of low density sites (where t frequency
is expected to be high due to the effectiveness of the meiotic drive).
We therefore also vary our assumptions regarding polyandry.

In this framework, t behaves somewhat like an infection (Lion
et al., 2006), though for unique reasons (homozygote inviability).
If t increases in frequency as a result of successfully entering new
local populations, the relative fitness of t will decrease over time.
Whether this selects for dispersal even out of low density habitats
(with low multiple mating frequencies), depends on the balance of
all the costs and benefits of dispersal. As a whole, we expect the
costs and benefits of dispersal to differ between the wildtype and
the t haplotype. Indeed, our previous empirical work on free-living
wild house mice found that t-carrying juveniles were more likely to
emigrate, and were over-represented in migration events (Runge &
Lindholm, 2018, see Figure 1) as well as among dispersers in experi-
mental setups (Runge & Lindholm, 2021).

In this study we present results from individual-based models
that simulate the evolution of the t haplotype's influence on its carri-
er's dispersal propensity. We chose to analyse this question with this
modelling strategy rather than an analytical one, which may provide
more easily interpretable results, to incorporate ecological complex-
ities and feedback between + and t dispersal propensities, which
would have otherwise been left out.
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FIGURE 1 Differences in juvenile dispersal propensity between
+/t and +/+ in a long-term field study, replotted from Runge and
Lindholm (2018)

The results provide quantitative support for the hypothesis that
t should evolve a density-dependent increased dispersal propensity.
By considering multiple hypothetical scenarios, we find the t's dis-
advantages in homozygous viability and sperm competition to be
the main drivers of t's elevated and density-dependent dispersal
propensity. Additionally, we show that the result requires moderate
spatial heterogeneity in density. Similar results arose in simulated t
variants that produce viable but infertile t/t males, and more gener-
ally, we found hypothetical drivers with weak drive and low fitness
costs to increase dispersal across a broad range of trait values.

2 | THE MODEL

The simulations were written and executed in NetLogo 6.1.1
(Wilensky, 1999) and analysed with R 3.6.1 with packages data.
table 1.12.2 (Dowle & Srinivasan, 2019), dplyr 0.8.5 (Wickham et al.,
2019), ggplot2 3.1.1 (Wickham, 2009), readr 1.3.1 (Wickham et al.,
2018) and stringr 1.4.0 (Wickham, 2019).

21 | World

The simulated world consists of S = 49 patches. Each patch p can
carry Kp mice, with the carrying capacity Kp fluctuating over space
and over time. The initial values for Kp are drawn from a normal dis-
tribution with a mean of 50 and a standard deviation of oy . Each turn
(generation), K‘{7 is then re-drawn from a normal distribution with a
mean of the patch's current carrying capacity and a standard devia-
tion of oy ; this procedure creates temporal autocorrelation between
future and current densities. However, carrying capacities are re-
drawn until they are within 50 + ZO'KO to prevent unbounded drift
towards extreme values. These two ¢ represent the spatial ("Ko) and
temporal ("Kx) heterogeneity of the environment.

JournaL of Evolutionary Biology

Dispersal is the act of changing the patch and there is no other
way to move between the patches, effectively making them islands.

Mice that share a patch have indistinguishable physical locations.

The population

The model tracks the haplotypes of diploid individuals of differing
sex and age (overview: Table 1). An individual carries two homolo-
gous chromosomes. Each chromosome is a haplotype that comprises
two or three linked loci, which differs based on whether we simu-
lated density-dependent or density-independent dispersal propen-
sities. One locus determines whether the haplotype is + or t. Thus,
an individual can be +/+ or +/t, with t/t not fully viable or fertile in
some simulation conditions. The other loci determine the dispersal
phenotype as described in Dispersal below. An individual's age is the
number of turns (see below) since birth.

2.3 | |Initialization

At the beginning of each simulation, 5,000 mice of age 1 are placed
randomly onto patches. Initially, all mice are +/+ and 50% are female.
All mice that are placed onto patches start with a propensity to dis-
perse between O and 1 (uniformly drawn), independent of density
(i.e.0 < Dy < 1;D4 = 0, see below). After 10% of the simulation's turns,
50% of all mice in the simulation, chosen randomly, are converted
from +/+ to +/t by converting one chromosome from + to t while
keeping all dispersal loci values of that chromosome unchanged. The
temporal delay in placing the t haplotype into the world is to ensure
that the population has time to equilibrate to carrying capacity across
the landscape before the competition between the + and the t allele
begins, and to have proceeded past transient effects that are due to

initializing the population with a wide range of dispersal propensities.

24 | Turns

Within each turn, the following procedures are run for all individuals
sequentially (i.e. every procedure is done for all individuals before
the next procedure begins): dispersal, mating, birth and death to-
gether with aging of the survivors. Within each behaviour, the order

of individuals performing it is randomized.

2.5 | Behaviours

2.5.1 | Dispersal

One or two loci, depending on the simulated scenario, determine
the dispersal phenotype. In the one-locus models, only a density-
independent propensity to disperse (Dg) can evolve. In the two-locus
models, Dy is the intercept and D; is the slope of dispersal propensity
in relation to the number of mice on a patch (density).



624

RUNGE ET AL.

JournaL of Evolutionary Biology

TABLE 1 Overview of simulation variables

Variable Type Value Description

S Global 49 The number of patches in the world.

oy, Global 0, 5, 10, 15, 20 or 25 The standard deviation with which carrying
capacities are initially drawn, also defines the
upper and lower boundary of carrying capacities.
This determines the spatial heterogeneity in
carrying capacity.

oK, Global 0, 5,10, 15,200r 25 The standard deviation with which carrying
capacities are drawn each turn, with the mean
being the previous carrying capacity. This
determines the temporal heterogeneity in
carrying capacity.

Pyrive Global 0.9 (0.5 to 1.0) The transmission advantage of t sperm over + sperm
within +/t males.

P sperm Global 0.15(0to 0.5) The proportion of a litter that is sired by a +/t sire in
a female multiple mating with one +/t male and
one +/+ male.

a Global 0.0 to 0.02 The probability that a male encountering an already
mated female leads to her accepting a new
mating with this male.

T Global 0.0,0.250r 0.5 The probability with which a t/t embryo is viable.

P Global Decreasing from 1.0 to 107° The probability with which an allele mutates.

Maisp Global 0.3 Dispersal mortality

Miurn Global 0.25 Aging mortality (per turn)

Genotype Individual +/+, +/t or t/t Every individual is diploid, carrying two haplotypes
with up to three loci that shape their dispersal
propensity.

Age Individual 0 at birth Age increments with 1 each turn. From age 1 on, the
mice can mate. Mice will disperse depending on
their dispersal propensity only at age 1 exactly.
After that, they remain on their patch.

Dq Locus Oto1l Dispersal propensity intercept in simulations with
one or two loci.

D, Locus -1to1 Dispersal propensity slope in relation to density in
simulations with two loci.

K, Patch 50 + oK, * 2, drawn from normal Each patch is assigned a carrying capacity at

distribution initialization and every turn during the

The intercept Dy can take values between 0 and 1 (0 and 100 per
cent (or percentage points) dispersal propensity), while the slope D,
can go from -1 to 1. Individuals evaluate the density of their patch
at the beginning of a turn and do not update it as some individuals
begin to disperse; this ensures all individuals have the same informa-
tion on the patch's density.

One of the two haplotypes carried by each individual acts as
dominant and only the values of the dominant alleles are used to de-
termine the dispersal phenotype. In +/t, t is always dominant, while
in +/4 and t/t one haplotype is chosen at random to be dominant.
The reasons for this decision were 1) that it allows us to analyse the
optimal phenotypes of the two genotypes unconstrained by the di-
rect influence of the other genotype on an individual's phenotype
(i.e. by averaging genotype effects), 2) that additive effects led to
many failed (t extinction) simulations due to the increased dimen-
sionality of selection (i.e. selection could not work on the optimal

simulation.

phenotype directly, but had to optimize for counteracting e.g. the ef-
fects of potential + and t genotypes in an individual, 3) that it should
work as similar as possible for both genotypes as for example a dom-
inant t, but an additive + restricted + evolution for the aforemen-
tioned reason more than t evolution.

A mouse's dispersal propensity (at the patch's current density)
is evaluated against a uniformly drawn real number between 0 and
1 to determine whether the individual disperses. A dispersing focal
mouse will move to arandomly chosen new patch (dispersal is global).
Dispersal is also costly, leading to death with probability Mg,

2.5.2 | Mating

In the mating procedure, focal females with age > 1 are approached
sequentially by all males of age > 1 on the same patch, with the list of



RUNGE ET AL.

625

females ordered randomly every turn and the list of males ordered
randomly for every female. The female will always mate with the
first approaching male and mate with each of the subsequent ap-
proachers with a probability of a, that is with on average1 + a(n — 1)
males if the local patch has n males (and the probability of only mat-
ing once is (1—a)""Y). This creates a density-dependent increase in
polyandry (Figure S1). Note that males are not limited in their mating

(other than by females not always accepting them).

2.5.3 | Birth

Each mated female begins her pregnancy with up to six offspring.
The number of offspring N, at the start of the pregnancy is affected
by the local density in relation to the carrying capacity of the patch
(reflecting increasingly constrained resources):

6
o= (L ) !

where N, is the number of mice on the patch with carrying capacity
K, This relationship predicts zero offspring if the local population has
reached carrying capacity, exactly one offspring at N, =K, — 1 and
increasing numbers of offspring (up to 6) when densities fall clearly
below the carrying capacity (see Figure S2). This assumption avoids
flooding the population with unrealistically large numbers of offspring
that would make up almost all of the population in the next turn after
mice died due to density (see Mortality below).

Each offspring is assigned sex independently from each other (1:1
primary sex ratio); only viable offspring will be born, at which point
they are assigned an age of 0. Embryonic viability is only affected
in t/t homozygotes. A t/t will be viable with the probability z, set
globally for each simulation. The sire for each young is determined in-
dependently with the following procedure. For mothers who mated
singly, the sire is obvious. For mothers who mated with multiple sires,
every t-carrying mate has the probability of being a sire

c
c-Ne+ N/ (2)
with the corresponding probability of a +/4+ mate being the sire
1
¢ N.+N,, @)

where N, is the number of t-carrying (+/t or t/t) males that mated with
that female, N/,
resents the sperm-competitive ability of t-carrying males relative to

is the corresponding number of +/+ males and c rep-

+/+ males. To simplify interpretation of the results, we translated cinto
the probability of a t-carrying male being the sire when competing
against one +/+ male Py _ o Which is Py e = HLl and we will refer
to Py gperm from here. We chose Py _ g, = 0.15 as the default, following
experiments (Manser et al., 2017; Sutter & Lindholm, 2015) that sug-

gest values between 0.11 and 0.19.

JournaL of Evolutionary Biology

If the sire is +/t, the t-carrying chromosome is transmitted with
probability Py, (and the +-carrying chromosome with the comple-
mentary probability 1 — Pg..). Females, as well as +/+ and t/t males
transmit a randomly chosen chromosome. We do not make the chro-
mosomes recombine, thus all loci carried by a chosen chromosome
are transmitted to the next generation.

Finally, the dispersal loci D; mutate in the offspring with a prob-
ability that is initially higher (to allow for efficient searching of the
space of possible reaction norms) and gradually diminishes. All dis-
persal loci mutate independently with a probability of 1.0 (100%) in
the beginning, which linearly decreases to 10~% over the first 10% of
the turns, when only +/+ are in the simulation and then goes back
to 1.0 as t enters and decreases again to 10~° over the final 90% of
the turns. This temporal variation in mutation frequency is done to
allow +/+ to find their optimum before t chromosomes enter and
then give both + and t enough time and mutations to find an opti-
mum for both. We found this approach to be better suited than an
unchanging mutation rate, as genetic drift needs to be carefully bal-
anced with mutations in our question due to the different effective
population sizes of + and t.

In case a mutation takes place, the new value of the variable will
be an addition or subtraction (chosen randomly) of 1073 in case of
the intercept Dy or of 2 - 107° in case of the slope D;. These values
differ because of their different impact: a mutation of the slope
increases or decreases the dispersal propensity at a density of 50
(mean carrying capacity) by 1073, just as a mutation of the intercept
does at a density of 0. Mutations that move the value outside the

parameter space are set to the relevant boundary.

2.54 | Mortality

We include both density-independent and density-dependent mor-
tality. A focal mouse dies due to density-independent causes with a
probability of My, per turn. After applying this mortality to all mice,
we further impose patch-specific carrying capacities K, on the sur-
vivors, causing density-dependent mortality. The number of mice
that die is N, — K, that is mice in excess of the carrying capacity
are removed. The necessary mortality to achieve this is random with

respect to traits or sex of the mice.

2.6 | Conditions

We refer to the set of values {"Ko =15, oK, = 15, « =0.02 and 7 = 0}
as the ‘natural condition’ as it combines moderate temporal and spa-
tial carrying capacity heterogeneity, common female multiple mating
(@ = 0.02 implies that almost half of all females mate with more than
one male at average density, see Figure S1) and fully lethal t/t (zr = Q)
and leads to the evolution of realistic +/t frequencies, averaging 0.32
(SD = 0.05) in two-locus models, with natural frequencies ranging
from 0.14 to 0.31 in populations in which t is not very rare or absent
(Ardlie & Silver, 1998). While +/t frequency was on the high end of
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naturally occurring frequencies, a values above 0.02 led to unrealisti-
cally frequent t extinctions. Below, we describe the deviations from
this natural condition that were also analysed to understand the ef-

fects of both deleterious t traits on the outcomes of the simulations.

2.6.1 | Female multiple mating

To examine how polyandry impacts the divergence between evolv-
ing dispersal propensities in + and t, we varied a, which impacts how
likely a female mates with more than one male (see Mating), between
0 and 0.02. The number of t chromosomes in the simulation is influ-
enced by the local density and a, see Figure S3 a for this relationship
in simulations where all mice disperse with probability 0.1, without

any evolution of that trait).

2.6.2 | Homozygous lethality

We also varied z, the probability with which a t/t embryo is viable, to
examine the extent to which t's homozygous lethality is responsible
for dispersal evolution. To keep the intended effects operating in our
model,  must not be too high as otherwise +/+ will be outcompeted,
which eliminates competition between + and t which we envisage to
be important for the evolution of dispersal in this system. Given that
we assume a dominant effect of t on dispersal in +/t, only +/+ produce
the +’s phenotype and their presence is essential for understanding
differences between + and t in dispersal. We set z to 0.0, 0.25 or 0.5
(for the resulting t frequencies for the latter two, see Figure S3b & c).

2.6.3 | Infertile t/t males

As described in the introduction, the consequences of t haplotype
homozygosity can be either inviability or male sterility. While we
focused primarily on inviable t/t (the case for the t variant in which
dispersal effects were studied in Runge and Lindholm (2018) &
Runge and Lindholm (2021)), we also examined conditions in which
t/t were infertile as males, but fully viable (Lewontin (1962); r = 1.0
). In this case we assumed that they approach females and mate
with them normally, but are completely ignored as potential sires.
Some females will, in such a setting, mate with infertile males only
and have no offspring. The resulting t frequencies can be seen in
Figure S3d.

2.6.4 | Temporal and spatial heterogeneity

We investigated differences in dispersal propensity under varying
environmental heterogeneity (in the otherwise natural condition
a =0.02 &7 =0.0) in two-locus simulations. We ran all combinations
of spatial heterogeneity oy, = 0,5,10,15,20,25 and temporal het-
erogeneity o =0,5,10, 15,20, 25 and investigated how these im-
pacted dispersal differences and t survival.

2.6.5 | Weak drive and low fitness costs

To understand if meiotic drivers generally lead to increased disper-
sal, we searched for and analysed combinations of homozygote vi-
ability z = 0.5... 1and drive strength Py, = 0.5... 1in increments of
0.05 that allowed for long-term survival of both + and t, without
polyandry, as well as combinations of the proportion of offspring
sired by a driver-carrier in a polyandrous mating P;_¢,er, = 0.0...0.5
and Py =0.5...1, with 7 =0;a = 0.02. All of these combinations
were simulated with o = 15;0, = 15. We only did this for one-
locus models as they provided faster results.

2.7 | Execution and analysis of the simulations
We ran simulations for 100,000 (one-locus models) or 1,000,000
(two-locus) turns for each condition (see Sl for a table of how many
times each condition was run). To visualize the evolved dispersal
functions, we combined all simulations with the same conditions,
randomly selected up to 100,000 chromosomes per haplotype
(t or +) in the last 10 turns and extracted each haplotype's loci.
For the one-locus models, we then analysed the distributions of
the dispersal propensity Dy. In the two-locus models, we analysed
the dispersal propensities at low and high densities. These were
defined as the mean (4 = 50) minus or plus one SD (oy ) carrying
capacity +1 (low density: u — oy, =1, high density: u + ok, = 1).
These choices allow us to show the variation in dispersal propen-
sity using violin plots.

To quantify the differences in dispersal propensity between
t and +, we calculated the mean dispersal difference between the
genotypes and a 95% confidence interval of this difference using a
t distribution with the degrees of freedom equalling the number of
individuals that were used as a basis for the difference. Whether and
by how much this confidence interval overlapped O was used to un-
derstand whether the difference in dispersal was clear. Note that all
heatmaps use their own colour-to-value distribution to ensure best
visibility. All presented results are based on fully completed simula-
tions, thereby excluding those where coexistence was not achieved
(i.e. t or + died out). For an overview of all simulations that were run,
including how many did not coexist until the maximum number of
turns, see Table S1.

3 | RESULTS

3.1 | Dispersalisincreased in +/t due to its
deleterious traits

In one-locus models, +/t exhibited an increased dispersal propensity
compared to +/+ in the natural condition {JKO = 15,5Kx =15a =0.02
and r = 0}, with an average increase in dispersal propensity of 0.07
(95% Cl: -0.01 to 0.15, Figure 2 a & ¢, top left, Figure S4). As seen in
Figure 2 c, this difference became smaller with decreasing levels of
polyandry (decreasing a), and also changed direction as homozygous
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t/t became more viable (increasing z) when both deleterious t traits than +/+ in all densities, but more strongly at high densities (mean
were least pronounced (@ = 0 and 7 = 0.5). This condition made it es- difference: 0.14, -0.04 to 0.32; low densities: 0.09, -0.03 to 0.2,
pecially difficult for + to outcompete t locally as sperm competition Figure 2 b & d, top left). This difference was achieved via an in-
is absent and t/t individuals are viable, and as a result, +/+ generally creased D, (dispersal slope with density), while D, (dispersal at O
dispersed more (-0.07, -0.21 to 0.06, Figure 2 c, bottom right). density) was essentially identical between t and + (Figures S5 and
Sé6).
The evolution of this difference again depended on both del-
3.2 | The tevolves an increased density-dependent eterious traits (Figure 2d). However, the results differed from the
dispersal propensity one-locus models. Higher polyandry probabilities a« decreased
rather than increased the mean difference in dispersal of t and +
The two-locus model allows us to investigate differences in the (less red colour from bottom to top in Figure 2d), but at high densi-
density-dependence of the dispersal phenotype. In the natural ties, the lower bound of the confidence interval of the difference
condition, +/t generally evolved to disperse at much higher rates in dispersal propensity was consistently equal or increasing with
@ Natural condition, one locus (b) Natural condition, two loci
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FIGURE 2 Overview of the differences in evolved dispersal propensities between +/+ and +/t. a) Violin plot of the evolved dispersal
propensities of +/+ and +/t in the natural condition with one locus. b) Violin plot of the evolved dispersal propensities in two-locus models
at different local densities. c) Heatmap showing the mean difference between t and + dispersal propensities in one-locus models in
varying polyandry a and t/t viability z. Red indicates increased t dispersal, blue indicates increased + dispersal. The text indicates the 95%
confidence interval. The natural condition of a is in the top left corner. d) Heatmap showing the mean difference between t and + dispersal
propensities in two-locus models in low and high densities. The natural condition of b is in the top left corner
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increases in a. Similarly to the one-locus models, increases in t/t
viability r changed the direction of the difference in dispersal pro-
pensity, with mostly, but not consistently increased confidence in-
tervals. At higher densities, +/+ never clearly evolved to disperse
more than +/t on average.

When investigating both genotypes separately (Figures S7 and
S8), t was found to evolve the largest high-density dispersal when
a >0 & r =0, but once again, a negative relationship between dis-
persal propensity and a can be observed. In contrast, + dispersal
propensity from high densities generally increases with increasing a,
but not above t's propensity.

3.3 | Infertile homozygous males also select for
increased dispersal

In the case where t/t males are viable but sterile, the results for the
difference in dispersal between t and + were overall qualitatively
the same (Figure S9) as in the case of inviable t/t described above.
However, confidence intervals were larger for sterile t/t simulations
and mean differences were greater (e.g. at a = 0.02, the dispersal dif-
ference at high densities was 0.19, -0.13 to 0.52 compared to the
0.14, -0.04 to 0.32, mentioned above).

3.4 | Spatial heterogeneity is important for t
survival and dispersal

We also simulated the natural condition in two-locus models under
combinations of spatial heterogeneity oy, = {0,5,10,15,20,25} and
temporal heterogeneity oy, = {0,5,10,15,20,25}. We found that t
could survive under almost all conditions with the exception of very
high spatial heterogeneity oK, = 25 and low temporal heterogeneity
oy, = 5. The differences between + and t were more pronounced
with increasing spatial heterogeneity, but did not have clear pattern
with temporal heterogeneity (Figure $10).

3.5 | Weak drive with some viability costs also
promotes dispersal

We found that in 100% (n = 27) of all combinations of z and Py
that evolved a clear difference between driver and wildtype disper-
sal (i.e. survival of wildtype and driver, no overlap with O in the 95%
Cl), the driver had an increased dispersal propensity compared to
the wildtype (Figure 3a). This was also the case in 67% (n = 98) of
simulations without a clear difference. This result was also found in
100% (n = 26 for clear differences and n = 32 for unclear ones) of the
conditions when we varied t's disadvantage in polyandrous matings,
P spermy rather than z, and Py, (Figure 3b).

In both cases, visual inspection revealed that the magnitude
and direction of the difference was associated with the balance
of drive efficacy and costs. The stronger the disadvantage of

the driver (lower Py, lower 7 or lower Py_ o), the more it in-
creased dispersal. However, this relationship was least clear for
changes in P;_gem (Figure 3b). The models in Figure 3b were run
with 7 =0, which was chosen to explore a broad range of Py_qerm

without driver fixation, but also increases driver dispersal as seen
in Figure 3a.

4 | DISCUSSION

Our results show that the t haplotype evolves a more dispersive
phenotype than the wildtype under conditions that mimic natural
settings (i.e. with polyandry and full t homozygous lethality), par-
ticularly at high densities. By comparing the natural condition of the
t haplotype with hypothetical conditions where we varied the fe-
male mating rates and the viability and fertility of t/t, we were able
to demonstrate that all of t's known disadvantages are jointly re-
sponsible for the elevation in dispersal propensity. However, higher
multiple mating frequency did not consistently result in larger dis-
persal differences in the two-locus models. Moreover, by varying
driver efficiency, homozygous costs and polyandrous disadvantages,
we showed that driver disadvantages more generally select for in-
creased dispersal.

All of the modelled t disadvantages (polyandry, homozygous
lethality and homozygous male infertility) contributed to increased
dispersal of +/t or t/t over +/+, both at high and low densities, in
some or all conditions. At full homozygous lethality, no polyandry
was needed to produce a clear increase of t over + dispersal in
one- or two-locus models. In contrast, at 25% homozygous via-
bility, only models with polyandry showed a conclusive increase
in dispersal in one locus models, but no polyandry was needed
to show a dispersal difference when density-dependent dispersal
was possible. Thus, when t can evolve a density-dependent dis-
persal propensity, the dispersal rates diverged from + already at
smaller t disadvantages. This is likely in part a result of our assump-
tion that polyandry increased with density, a pattern also found in
studies in the field (Dean et al., 2006; Firman & Simmons, 2008;
Manser et al., 2020). However, polyandry did not increase the dif-
ferences in dispersal in high densities with low t/t viability; under
such settings, +/+ individuals, too, increased their high-density
dispersal with increasing polyandry. Clearly, +/+ also benefit from
avoiding polyandrous matings and thus engaging in sperm compe-
tition, likely with their kin, but to a lesser degree than t-carriers.
Nonetheless, +/+ were only as dispersive or more dispersive than
t-carriers when at least one negative t trait was reduced.

We also found that t and + could co-exist in a wide range of spa-
tially and temporally heterogeneous (or homogenous) environments.
Yet, moderate spatial heterogeneity was required to elicit a strong
differentiation between +/+ and +/t dispersal at high densities. No
clear impact on dispersal differences could be found for temporal
heterogeneity. In nature, house mice are widespread and live in
very heterogeneous habitats, from less dense and more temporally
heterogeneous feral to dense, more stable commensal populations
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FIGURE 3 Heatmaps showing dispersal propensity differences between a driver (t) and the wild type locus (+) under broadly varying
driver traits. Red indicates increased t dispersal, blue indicates increased + dispersal. The entire maps of values were tested in 0.05 value
increments, white areas indicate that one genotype fixated. The text indicates the 95% confidence interval. a) Varying t homozygous viability
7 and Py, in simulations without polyandry. b) Varying t disadvantage in polyandry P e and Pyyjye With @ = 0.02and z = 0

(Bronson, 1979). Thus, natural habitats of house mice are spatially In the alternative setting where both male and female t/t were
and temporally heterogeneous and likely fulfil the requirements for fully viable, but male t/t were infertile, t frequencies evolved to
the evolution of dispersal differences. be much higher, but the difference in dispersal between t and +
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evolved to the same qualitative pattern as in the t/t inviability sce-
nario. Quantitatively, the difference in dispersal was higher with
infertile t/t males, especially at high densities, but less convincing
due to larger confidence intervals. Both scenarios imply that mat-
ings between t-carriers are deleterious and should be avoided, and
dispersal helps to achieve this. Similarly, in both cases, remaining
philopatric carries an increased risk of local extinction: for inviable
t/t this could happen if genetic drift is strong, as t frequency is lim-
ited to 0.5 and can only drift to O, not 1; and for infertile t/t as their
fixation would crash their population. Infertile t/t males compete
for resources with +/t males, which could lower t fitness, which has
been speculated to select for inviable t/t (Silver, 1993). However,
we found that t frequency was much higher when t/t were infertile,
but viable, with either polyandry or dispersal evolution keeping t
frequency at bay. An increased dispersal propensity could alleviate
the negative fitness consequences of male infertility by avoiding
deleterious matings, which may reduce selection towards inviability,
making the latter more likely a by-product of reduced recombina-
tion (Sugimoto, 2014) rather than a selected trait when dispersal is
high enough.

Finally, we also modelled driver dispersal more generally by in-
vestigating evolved dispersal differences between driver-carriers
and wildtypes for two types of drivers: drivers with varying viability
and drive strength in populations without any polyandry, and drivers
with homozygous inviability, but varying drive strength and disad-
vantage in polyandrous matings. Whenever coexistence of driver
and wildtype was possible, that is the driver was neither too weak
nor too successful, drivers were generally selected to increase dis-
persal. Essentially, the less successful the driver, the more it was
selected to disperse. Drivers that are not fixated or close to fixa-
tion should roughly fit into this category of not being ‘too success-
ful’ (Price et al., 2019). The wildtype was also selected to disperse
when the driver was close to being too successful for coexistence,
but in these conditions confidence intervals of the dispersal differ-
ence were always overlapping O, thus our results did not predict a
clear difference in dispersal. Based on these results, we predict that
meiotic drivers that are genetically linked with increased dispersal
should outcompete drivers that are not. Thus, it would be interest-
ing to test other systems for the presence of increased dispersal of
driver-carriers, which has so far not been done.

Previous models of the t haplotype's dispersal phenotype, de-
rived during a time when empirical evidence was unavailable, pre-
dicted that dispersal was particularly important for t's fitness, either
because wildtype-fixed populations should be easily infected by t
(Lewontin & Dunn, 1960), or because sub-populations carrying the
t would go extinct frequently (Lewontin, 1962), or because a reduc-
tion in +/t dispersers due to selection between sub-populations
would lead to low t frequencies (Nunney & Baker, 1993). These stud-
ies, however, could not consider the t's disadvantage in polyandrous
contexts because it was only discovered later (Manser et al., 2011;
Olds-Clarke & Peitz, 1985; Sutter & Lindholm, 2015). Ours is the
first model that includes the effects of both deleterious traits on the
dispersal phenotype. Our results indicate that including these traits

is essential for understanding the evolution of dispersal differences
between the t haplotype and the wildtype.

We did not include potentially sex-specific dispersal phenotypes
in our model; for example, one could speculate that only +/t males
should disperse at higher rates because of the problems their sperm
encounter in multiple mating contexts. We chose this simplifying as-
sumption primarily because we did not see sex biased effects in our
long-term field study (Runge & Lindholm, 2018). Our current results
show that a potentially more easily evolvable, sex-independent ef-
fect can evolve. It is also conceivable that females, as mothers of
some +/t sons, may profit from moving to places where the t haplo-
type tends to do well. To that end, a study that asked very different
questions from ours has found that fitness benefits of dispersal that
are reaped a few generations after a dispersing ancestor can still se-
lect for dispersal (Travis et al., 2009). Either way, selection towards
increased dispersal of +/t females is likely weaker than on +/t males.
Our results, with clear differences in dispersal phenotype between
+/+ and +/t when dispersal effects were constrained to be identical
for both sexes, reflect the result of selection that is averaged over
the two sexes.

There is an ongoing effort to create a male-determining-gene-
carrying t haplotype drive system (t-SRY) to eradicate harmful house
mouse populations (Gemmell & Tompkins, 2017; Kanavy & Serr,
2017; Piaggio et al., 2017). It is crucial for the safety and success of
this project to understand the dynamics of the t in the wild (Manser
etal., 2019). In this study, we have provided evidence that t-carrying
mice can be expected to have an increased dispersal propensity,
which could help them spread a modified t haplotype further than
planned. It is therefore important to model the influence of in-
creased dispersal when considering the impact of the t-SRY system
in the wild.

Our study provides, to our knowledge, the novel result and expla-
nation of how an intragenomic conflict involving a meiotic driver can
select for increased dispersal of driver-carrying individuals. Changes
in behaviour of driver-carriers have so far rarely been documented. A
comparable phenomenon is found in fire ants where colonies of ants
carrying a driving supergene are differently organized than those of
non-carriers (Ross & Shoemaker, 2018; Wang et al., 2013)). In gen-
eral, parasites (that are not drives) often benefit from increasing the
dispersal rate of their hosts (Lion et al., 2006) or increasing their mat-
ing rate (e.g. the increased mating rate of Wolbachia-infected flies
(Champion de Crespigny et al., 2006)). In summary, we showed how
drivers can evolve an increased dispersal of their carriers. With this,
we add another layer to the already complex intragenomic conflict

between the driver and the rest of the genome.
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