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Abstract

Much research on the evolution of altruism via kin selection, group selection, and
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Kentucky, Lexington, Kentucky, USA reciprocity focuses on the role of a single locus or quantitative trait. Very few studies

have explored how linked selection, or selection at loci neighboring an altruism locus,
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impacts the evolution of altruism. While linked selection can decrease the efficacy of
selection at neighboring loci, it might have other effects including promoting selec-
tion for altruism by increasing relatedness in regions of low recombination. Here, we

used population genetic simulations to study how negative selection at linked loci,
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or background selection, affects the evolution of altruism. When altruism occurs be-
tween full siblings, we found that background selection interfered with selection on
the altruistic allele, increasing its fixation probability when the altruistic allele was
disfavored and reducing its fixation when the allele was favored. In other words, back-
ground selection has the same effect on altruistic genes in family-structured popula-
tions as it does on other, nonsocial, genes. This contrasts with prior research showing
that linked selective sweeps can favor the evolution of cooperation, and we discuss

possibilities for resolving these contrasting results.
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Silk & Boyd, 2010; Warneken et al., 2007). The existence of altru-
ism despite its costs to survival or reproduction has spawned a

1 | INTRODUCTION

Altruism is the phenomenon where an organism improves another's
fitness at the expense of its own fitness (Hamilton, 1964; Lehmann
& Keller, 2006; Rousset, 2004; Taylor, 1992). This type of behav-
ior is found in many species, from microbes like Dictyostelium dis-
coideum (Noh et al., 2018; Strassmann et al., 2000) to aphids (Benton
& Foster, 1992; Uematsu et al., 2010), ants (Bourke & Franks, 1995;
Hamilton, 1972), and primates including humans (Burkart et al., 2007;

tremendous amount of evolutionary theory. Multiple explanations
have been proposed, such as kin selection and reciprocal altruism
or reciprocity (Axelrod & Hamilton, 1981; Hamilton, 1964; Maynard
Smith, 1974; Trivers, 1971). The foundational research on the evolu-
tion of altruism occurred squarely in the “pre-genomic” era—before
the evolutionary consequences of selection at loci genetically linked

to the locus of interest (e.g., Charlesworth et al., 1993) were seriously
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considered. Since then, the immense theoretical (Akcay, 2018; Akcay
& VanCleve, 2012;Allenetal.,2017; e.g., Hamilton, 1970; Lehmann &
Keller,2006; McAvoy et al., 2020; Ohtsuki et al., 2006; Queller, 1985;
Rankin, 2011; Rousset & Billiard, 2000; Tarnita et al., 2009; Taylor &
Frank, 1996; Ubeda & Gardner, 2010; Van Cleve, 2015, 2017, 2020)
and empirical (Boomsma, 2009; Bourke, 2014; Griesser et al., 2017,
Krakauer, 2005; Lukas & Clutton-Brock, 2012; Nadell et al., 2016;
Ostrowski, 2019; Strassmann et al., 2011) progress on the evolution
of altruism has largely ignored the potential influence of selection
on linked genes whose expression is not related to cooperation or
social behavior.

In general, selection on non-neutral mutations generates a sto-
chastic evolutionary force that decreases genetic diversity at linked
sites (i.e., linked loci). This can be seen in background selection
(Charlesworth et al., 1993; Hudson & Kaplan, 1995), which is caused
by linked genes with small deleterious effects, or in a selective
sweep (Kaplan et al., 1989; Maynard Smith & Haigh, 1974), which is
caused by a linked gene with a strong beneficial effect. Linked selec-
tion is most influential in genomic regions with low recombination
rates. Another factor affecting genetic diversity is spatial structure
and limited migration between local populations or demes (Crow
& Kimura, 1970): When migration among demes is weak, individu-
als tend to reproduce in the same deme as their parents, and they
are more likely to have identical alleles than individuals in different
demes. This results in a decrease in local genetic diversity within
demes and an increase in genetic relatedness as measured by the
Fyp statistic (Wright, 1931, 1951), which compares genetic identity
within demes to genetic identity between demes. In spatially struc-
tured populations, the effect of linked selection is to increase ge-
netic homogeneity among linked loci within demes as measured by
an increased Fqr (Charlesworth et al., 1997; Hu & He, 2005; Slatkin
& Wiehe, 1998).

Genetic relatedness is also one of the key ingredients in the evo-
lution of altruism. Hamilton (1964) showed that the total effect of
natural selection on an altruistic allele (Lehmann & Rousset, 2014;
assuming additive genetic effects and weak selection; Rousset &
Billiard, 2000) is given by the inclusive fitness effect: -c+r b where
c is the fitness cost to the helping individual, b is the fitness ben-
efit to the individual helped, and r is the genetic relatedness be-
tween the two (Hamilton, 1964), which can be measured by Fg;
(Hamilton, 1964, 1970; Rousset, 2004). Hamilton's rule states that
an altruistic allele is favored by selection when c¢/b<r (i.e., the inclu-
sive fitness effect is greater than 0). Because linked selection within
a genomic region may increase genetic relatedness in that region,
Hamilton's rule suggests that it might also increase the range of
cost/benefit ratios where an altruistic allele in that genomic region
may evolve by natural selection. In fact, both theoretical and em-
pirical research in asexual microbial systems suggest that selective
sweeps caused by linked beneficial mutations unrelated to the so-
cial interaction can promote the evolution of altruism (Hammarlund
et al., 2016) and protect communities from invasion by “selfish”
cheaters (Morgan et al., 2012). However, these complex models and
experiments in microbial systems combined various ecological and

evolutionary processes (e.g., extinction and recolonization, fluctu-
ating population sizes, etc.) and therefore it is unclear if a change
in relatedness due to linked selection or some other feature of the
biology of these systems is responsible for the increased benefit of
cooperation in these cases.

To test the hypothesis—implied by results from microbial sys-
tems—that linked selection itself enhances the evolution of altru-
ism, we conducted simulations of family-structured populations of
sexual, recombining diploids. Family-structured populations, which
were the original context for Hamilton's theory of kin selection
(Hamilton, 1964), limit social interactions to within families and allow
us to isolate the effect of linked selection via background selection
on altruism since they generate simple baseline relatedness values
without invoking population structure where background selec-
tion is known to have a complex relationship with relatedness via
Fsr (Matthey-Doret & Whitlock, 2019). We show that rather than
increasing the range of cost/benefit ratios (c/b) under which an al-
truism is favored, background selection simply weakens the efficacy
of natural selection, increasing (or decreasing) fixation probabilities
when the altruistic allele was disfavored (or favored). Thus, in con-
trast to expectations from selective sweeps in asexual microbial sys-
tems, background selection affects social traits within families as it
does all other traits—by increasing the power of drift and decreasing
the efficacy of selection.

2 | METHODS

We wrote and executed all simulations in SLIM 3 (Haller &
Messer, 2019). We used the “non-Wright-Fisher” (nonWF) mode in
SLiM (see “Data Availability Statement” for SLiM code) since it al-
lows for fitness to be affected by social interactions among individu-
als. In nonWF simulations in SLiM, most demographic events in the
lifecycle are specified explicitly including density-dependent regula-
tion of population size, which occurs in our simulation through a car-
rying capacity parameter that we set equal to 1000 individuals. This
leads to an equilibrium population size very close to 1000 with small
deviations below that value due to the deleterious mutation load.
Juveniles mature into adults after density-dependent regulation and
adults are killed off after reproducing, which leads to nonoverlapping
generations. Each individual is diploid with a 100-kb-long genome. A
single locus that can have alleles that cause altruistic behavior is lo-
cated at base pair 1000. Recombination occurred along the genome
atarateof p= 1078 per base pair. To represent background selection,
slightly detrimental mutations occur at a rate of u=5x 1078 per base
pair in the whole 100kb region. Across simulations, we modulated
the strength of background selection by varying the fitness effect of
deleterious mutations from s=-0.006 to s=-0.014 in 0.002 inter-
vals (dominance coefficient fixed at h=0.5). For simulations without
background selection, we used both neutral and strongly deleterious
mutations by setting s=0 and s=-1, respectively; neutral mutations
do not affect fitness and cannot cause linked selection and strongly
deleterious mutations are often removed by selection before they
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can have an appreciable effect on the evolutionary dynamics of the
chromosomes on which they occur (e.g., they have a very small ef-
fect on the effective population size N, and cause very little back-
ground selection; see Equation 2 below).

For time efficiency, 10 seed populations were generated by run-
ning the simulation for 5000 generations without the altruistic al-
lele, which was sufficient to reach mutation-selection balance for
deleterious variants (see Figure 1, which shows that genomic het-
erozygosity stabilizes around generation 5000). All simulations start
by loading these seed populations. Then, one copy of the altruistic
allele is inserted into a random chromosome at base pair 1000. This
occurs after offspring are created for the generation, but before in-
dividuals die, such that the population size is larger than the car-
rying capacity, including roughly 1000 parents and 2000 offspring.
Accordingly, the initial frequency and the fixation probability of a
neutral allele inserted by this method is 1/6000.

During the reproduction phase of each generation, every mem-
ber of the population is paired with another, if possible, and they
produce a litter of four full siblings. Within the litter, one pair of sib-
lings is randomly selected to engage in a social interaction that will
affect their probability of survival to adulthood; the survival prob-
ability of the remaining two siblings who do not engage socially is
unchanged. We assume the altruistic allele is completely dominant,
so each sibling in the social interaction is altruistic to its partner if
it has at least one copy of the altruistic allele. Performing an altru-
istic act decreases survival probability by a cost, ¢, and having an
altruistic partner increases survival probability by a benefit, b. Thus,
interacting pairs of altruistic siblings increase their survival probabil-
ity by b-c. Unless otherwise noted, the cost of helping was kept at
c¢=0.1. We varied the benefit b across a range of cost/benefit ratios
where altruism was favored and disfavored according to Hamilton's
rule. One million replicate simulations were run for each parameter
combination.

We compared simulation results to fixation probabilities from
population genetic theory. For the two cases without background
selection (neutral linked mutations with s=0 and strong deleterious
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linked mutations with s=-1), the fixation probability of an allele with
dominance coefficient h and selection coefficient & in a diploid pop-

ulation of effective size N, is (Ewens, 2004, equation 3.30)

g" exp( — 2N, Sx(2h + x(1 — 2h)))dx
2 ix =
! jol exp( — 2N, Sx(2h + x(1 — 2h)))dx

where p, is the initial frequency of the allele. Since the family-
structured model in our SLiM simulations is not an exact Wright-
Fisher model, we needed to calculate the appropriate effective
population size N,. In particular, the family structure and sampling
created a different variance in reproductive success, 62, than is typical
for a Wright-Fisher model. We measured the variance in reproduc-
tive success with a SLiM script that tracked for each chromosome the
number of copies of a locus at base pair 1000 that survive into the
next generation. Without background selection, we calculated the
variance in reproductive success in our simulation as 62=0.75. The ef-
fective size that accounts for the variance in reproductive success is
Ne=N/cs2 (Ewens, 2004, equation 3.107), which yields N,=1333. The
selection coefficient & for the altruistic allele can be derived from the
expected change in allele frequency and is approximately the inclusive
fitness effect -c+r b (Rousset & Billiard, 2000; Roze & Rousset, 2004).
In our simulations, since only one of the two pairs of siblings have the
opportunity for altruism, our selection coefficient is one half the inclu-
sive fitness effect: & =(-c+rb)/2=(-c+0.5 b)/2. Using this expression
for &, h=1, p,=1/6000, and N,=1333, we integrated Equation (1)
in Mathematica (Wolfram Research, Inc., 2021) to generate the pre-
dicted fixation probabilities in Figures 2 and 3. The vertical black lines
represent the 95% binomial confidence intervals around the predicted
fixation probabilities.

For the cases with background selection (linked mutations with
-0.014<s<-0.006 in our simulation), we predicted the fixation
probabilities of the altruistic allele assuming that the only effect of
background selection is a change in the effective population size N,
e b ebg in this
case is derived from equation (7) in Hudson and Kaplan (1995) by

in Equation (1), which we call N The expression for N
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FIGURE 2 The effect of background selection on the fixation probability of the altruistic allele depends on whether the allele is positively
selected under Hamilton's rule. Simulations of altruism between full siblings (r=1/2) are plotted by the cost (c) and benefit (b) to fitness of an
altruistic interaction. Shown in (a) are two scenarios when the altruistic allele is expected to be neutral by Hamilton's rule (leftmost column),
a scenario when it is expected to be detrimental (upper right), and a scenario when it is expected to be beneficial (lower right). In (b), benefit
is varied by smaller increments around the expected neutral value of 0.2. The horizontal dashed line is the neutral fixation probability, and
vertical lines indicate the 95% binomial confidence interval for the predicted fixation probabilities (black dots) incorporating Hudson and
Kaplan's (1995) approximation of the effect of background selection on N, from Equation (2) (see Methods for details).

setting their L, =0 and L, =/ (since the altruistic allele in the simula-
tion is on one end of the chromosome) and obtaining

N, = Nee—U/(2(|5h|+R)) )

e,bg

where U is the total diploid rate of deleterious mutation in the genomic
region, R is the length of the genomic region in Morgans, and N, is the
effective size without background selection. In terms of the per base
mutation rate u and recombination rate p, U=2 u | and R=p I, where
|'is the length of the genomic region. We used values of N =1333,
R=10"8x10°=10"3, U=2x5x10"%%10°=10"%, h=0.5, and varied
the value of s (see Figure 2) in Equation (2) to generate N
These N
in Equation (1) to generate the predicted fixation probabilities that are

ebg values.

o bg Values were then used as the effective population size N,

presented in Figures 2 and 3.

3 | RESULTS

Background selection did not increase the range of cost/ben-
efit ratios under which altruism is favored relative to Hamilton's
rule with r=1/2; that is, the fixation probability of the altruis-
tic allele exceeded the neutral expectation when c¢/b<r (fixa-
tion probabilities are higher than the dashed line for b>0.2 in
Figure 2) and was less than the neutral expectation when ¢/b>r
(fixation probabilities are lower than the dashed line for b<0.2
in Figure 2). Instead, in accordance with the predictions from

Equations (1) and (2), background selection primarily changed
the effective population size, which resulted in an increase in the
altruistic allele's fixation probability relative to no background
selection when the allele was disfavored under Hamilton's rule
(compare intermediate s values to s=0 and s=-1 for b<0.2 in
Figure 2) and in a decrease in its fixation probability when the
allele was favored (compare intermediate s values to s=0 and
s=-1for b>0.2 in Figure 2). The effect was more extreme when
there was stronger selection for or against the allele; for exam-
ple, when the benefit of being helped was 0.19, fixation occurred
rarely with background selection present and never without it
(Figure 2). The allele was effectively neutral when the inclusive
fitness effect (-c +r b) was 0, which occurred in two cases: when
both the benefit and the cost were O and when the benefit and
cost canceled one another, which occurred when the benefit
b=0.2, cost c=0.1. In both cases, background selection does not
seem to affect fixation probabilities (Figure 2). These effects are
consistent with background selection only affecting the fixation
probability of the altruistic allele through a change in the effec-
tive population size N_. Further confirmation of this can be seen
in Figure 2 where the predicted fixation probabilities assuming
background selection only affects N, are generally consistent
with the simulation results.

A logistic regression found statistical support for the state-
ments above. Using the simulation data where the cost of altru-
ismis c=0.1, we found that (1) the fixation probability increased
strongly with the benefit of the altruistic allele, (2) the fixation
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FIGURE 3 Varying recombination rate did not affect the cost/benefit ratios under which the altruistic allele is favored (c/b<0.5 or b>0.2
in the figure) and disfavored (b <0.2 in the figure). Rather, the effect of background selection was stronger with a lower recombination rate
of 107*2 while the higher recombination of 107 rate eliminated the effect of background selection. For the benefit b=0.2, the allele was
neutral at all recombination rates. The horizontal dashed line is the fixation probability of a neutral allele due to drift; vertical black lines
indicate the 95% binomial confidence interval for the predicted fixation probabilities (see Methods for details).

probability increased modestly with the presence of background
selection (i.e., s#0 and s # -1), and (3) there was a significant neg-
ative interaction between these variables—that is, background
selection increased the fixation probability when the benefit was
small, and decreased the fixation probability when the benefit
was large. Each result is highly significant (p < 107*¢, for each pre-
dictor. See Table 1 for model estimates and uncertainty in these
estimates).

To further explore the effect of different recombination rates on
the strength of background selection in our simulations, we ran sim-
ulations with both higher and lower recombination rate and plotted
the results in Figure 3. As expected, varying recombination rate did
not affect the cost/benefit ratios under which the altruistic allele was
favored. Instead, the smaller recombination rate of 1072 increased
the effect of background selection and the larger recombination rate
of 10™* erased the effect of background selection (Figure 3).
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TABLE 1 Results of our logistic regression model for the fixation
probability of an altruistic allele.

Term Estimate Standard error z-Value
(Intercept) -59.07 0.572 -103.21
Benefit 251.523 2.764 91.01
BGS 18.932 0.686 27.584
Benefit x BGS -94.384 3.329 -28.35

Note: Cost is limited to 0.1. BGS is “no” if s=0 or s=-1, and is “yes”
otherwise.

4 | DISCUSSION

Research into the evolution of genes that affect altruism has
largely ignored the genomic context of those genes, such as the
possibility that linked selection might affect their evolutionary
fates. Since background selection can increase genetic related-
ness in the genomic regions where it occurs, we examined the
effect of background selection on a genomic region that contains
an altruistic allele. We used simulations where altruism was de-
termined by a single allele and altruistic individuals could help
their full siblings. We found that whether the altruistic allele was
positively or negatively selected was not affected by background
selection and could still be predicted by the classic condition for
the evolution of altruism for family-structured populations, which
is Hamilton's rule. Instead, background selection seems to simply
reduce the effective population size, N,. Stronger background se-
lection, caused by weaker recombination or purifying selection
in the genomic region, decreases N, more. Decreased N, weak-
ens the effect of selection at the altruistic allele relative to ge-
netic drift and shifts the fixation probability closer to the neutral
value; thus, background selection in this scenario is increasing the
fixation probability of deleterious alleles and decreasing the fixa-
tion probability of beneficial alleles, which is a well-known effect
(Birky & Walsh, 1988; Charlesworth, 1994). Fixation probabilities
calculated assuming background selection only affects N, reason-
ably fit the simulation data and confirm that this assumption is
relevant in this scenario.

After analyzing our results and finding that background se-
lection did not affect whether the altruistic allele was under
positive or negative selection, we went back to the foundational
demographic assumptions in our model to see if we could ex-
plain this lack of an effect. Our model assumes a simple family-
structured population where altruism occurs among full siblings.
Inclusive fitness theory (Hamilton, 1964; Rousset, 2004) shows
that the relatedness that matters for selection on a social trait
is the relatedness between the individual expressing the social
trait, the so-called “actor,” and the individual whose fitness is
affected by the actor, the so-called “recipient,” at the time the
trait is expressed (Taylor, 1990; Taylor & Frank, 1996). In the
context of social interactions among full siblings, the baseline
relatedness is naturally r=1/2. The question is then how back-
ground selection affects genetic relatedness among siblings in

this family-structured context. The original theory of back-
ground selection demonstrates how it affects relatedness among
individuals randomly sampled from a population (Charlesworth
et al., 1993; Hudson & Kaplan, 1995). However, background se-
lection should have no effect on the relatedness between sib-
lings within a family because selection against deleterious alleles
acts only on adults and has no effect on the frequency of alleles
within sibships. Thus, the sibling-relatedness value of r=1/2 is
the correct value to use in Hamilton's rule for this scenario. While
this reasoning is conceptually straightforward, we should note
that both Hamilton's rule and the Hudson and Kaplan (1995) for-
mula for the effect of background selection make assumptions
about selection strength, population size, and other parameters
that make combining the two formulas mathematically compli-
cated to justify even if the conceptual justification is clear. As a
consequence, our simulation results provide good empirical evi-
dence for combining these approaches.

The conceptual reasoning above suggests that background se-
lection may have a more powerful effect on when altruism evolves
in demographic scenarios where helping occurs between individ-
uals whose relatedness can be affected by linked selection. One
such scenario may be in spatially structured populations when
individuals help others in their local deme and background selec-
tion increases genetic relatedness above the level set by limited
migration. However, Matthey-Doret and Whitlock (2019) show
that the relationship between background selection and Fg; is
complex since background selection can decrease both heterozy-
gosity within demes and in the whole metapopulation and Fg; is
a function of the ratio of these quantities. They found that back-
ground selection has little effect on the strength of relatedness
measured by F¢; using parameter values drawn from empirical
data on humans and sticklebacks. However, stronger background
selection via higher deleterious mutation rates in larger regions
with lower recombination rates and in populations with weaker
migration rates than those tested by Matthey-Doret and Whitlock
can significantly affect Fg; (Matthey-Doret & Whitlock, 2019;
Zeng & Corcoran, 2015), which suggests that genomic variation
in levels of background selection may be relevant to altruism in
specific scenarios such as highly isolated populations with large in-
versions such as those found in supergenes (Black & Shuker, 2019;
Schwander et al., 2014).

Support for the potential importance of the effect of linked
selection on altruism comes from one of the few previous studies
into how genomic context affects the evolution of social traits:
Hammarlund et al. (2016) simulated mutations that confer a ben-
efit in a new environment and are located on a nonrecombining
chromosome that also contains a social locus. Their results show
that these beneficial mutations can favor the evolution of altru-
istic alleles in a spatially structured population. While their sce-
nario does involve linked selection, cooperation evolves in their
scenario in a different way than the mechanism proposed here.
Specifically, they assume that the size of each group in the popu-
lation is positively related to the frequency of cooperation in that
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group, since more cooperative groups are likely to be more eco-
logically productive. Groups with more cooperators have more
individuals, which increases the total chance that an adaptive mu-
tation arises in those groups relative to groups with fewer coop-
erators. Given complete linkage between the beneficial loci and
social locus, cooperative alleles can hitchhike alongside the bene-
ficial alleles and rise in frequency with the beneficial alleles. This
hitchhiking mechanism requires that the selection coefficient of
a beneficial allele outweighs the cost of cooperation. In contrast,
the hypothesis here is that linked selection due to background se-
lection might have an effect because it increases genetic related-
ness in regions linked to a social locus. Nevertheless, their result
is intriguing and does suggest that selection on linked, “nonsocial,”
mutations can impact the evolution of sociality given the right de-
mographic circumstances.

Altruism is a complex behavior that can be subject to a more
complex evolutionary dynamics than nonsocial traits. However,
our simulations show that altruism in a family-structured popula-
tion is affected by background selection in the same way as simpler
nonsocial traits are affected: Background selection decreases the
strength of selection for or against the linked trait. Nevertheless, al-
truism occurs in many more situations than portrayed by this single-
population, sibling-helping-sibling model, and background selection
may have a different effect in different scenarios. Further research
into more complex population structures, different types of altruis-
tic and cooperative interactions, and other kinds of linked selection

may reveal more unique effects.
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