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Sexually antagonistic (SA) selection, favouring different
alleles in males and females, can contribute to the main-
tenance of genetic diversity. Current theory predicts that
biallelic polymorphism can be maintained in SA loci un-
der strong selection or dominance reversal in the sexes.
Yet, selection should often be weak, several candidate
SA loci harbour more than two segregating alleles and
dominance reversal may not be common. We present a
general model to explore the evolution of alleles at au-
tosomal and X-linked loci under SA selection, affecting
a quantitative trait with distinct female and male optima.
We confirm that additive allelic effects predict biallelic
polymorphism, but only under symmetric and relatively
strong selection. However, polyallelic polymorphism can
evolve under conditions of sex-specific or X-linked dom-
inance for the trait, particularly under weak selection,
such that several alleles coexist in a single population
through balancing selection. Our analysis furthermore
shows that sex-specific dominance and X-linked domi-
nance evolve when permitted, thus polyallelic polymor-
phism is a likely evolutionary outcome. We conclude
that SA selection can drive the co-evolution of differ-
ences in dominance between the sexes and polyallelic
polymorphism, particularly under weak selection, an out-
come reducing the gender load. To assess these find-
ings, we analyse segregating variation in three popula-
tions of an insect model system and find that (1) loci with
the strongest signal of polyallelic polymorphism are en-
riched with functions associated with known SA pheno-
types and (2) both candidate SA loci and loci exhibiting
sex-specific dominance show a stronger signal of polyal-
lelic polymorphism.
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Introduction

Our understanding of the maintenance of genetic variation
in loci and traits under selection is still incomplete, and
the relative roles of mutation-selection balance, balancing
selection and other processes remains debated. Quanti-
tative assessments suggest that some form of balancing
selection must contribute to the maintenance of polymor-
phisms for fitness-related traits (Charlesworth and Hughes,
2000; Mitchell-Olds et al., 2007; Charlesworth, 2015). Per-
haps the most general generator of balancing selection are
trade-offs resulting in antagonistic pleiotropy, whereby alter-

native alleles are favoured by selection in different contexts
(e.g., environmental conditions, ontogenetic stages, age
classes or sexes). Previous theory suggests that the condi-
tions under which antagonistic pleiotropy maintains biallelic
polymorphism (BAP) in SA loci may be quite restricted
(Prout, 2000), requiring symmetric and strong selection
(e.g., Kidwell et al., 1977; Flintham et al., 2023), disassor-
tative mating by genotype (Arnqvist, 2011), dominance
under sex-linkage (Rice, 1984; Patten and Haig, 2009) or
dominance reversal (Kidwell et al., 1977; Fry, 2010). Domi-
nance reversal, where each allele shows dominance in the
context in which it is beneficial and recessivity when it is
disfavoured, has a particularly high potential to promote
the maintenance of genetic variation (Kidwell et al., 1977;
Wilder et al., 2016; Wittmann et al., 2017; Grieshop and
Arnqvist, 2018; Connallon and Chenoweth, 2019; Grieshop
et al., 2024).

Dominance reversal has by tradition been considered
unlikely (Hedrick, 1999; Prout, 2000), partly based on the
observation that mutations with major effects (e.g., causing
disorders in humans) tend to be unconditionally dominant
or recessive (Curtsinger et al., 1994). Although our under-
standing of the proximate mechanisms of dominance is still
limited (Huber et al., 2018), both theory (Otto and Bour-
guet, 1999; Spencer and Priest, 2016) and data (Billiard
and Castric, 2011) suggest that dominance relationships
can and do evolve (Grieshop et al., 2024). Moreover, recent
studies have provided evidence for wide-spread dominance
reversal across the sexes (Meiklejohn et al., 2014; Barson
et al., 2015; Grieshop and Arnqvist, 2018; Mérot et al.,
2020; Geeta Arun et al., 2021; Puixeu et al., 2023) and
thermal environments (Chen et al., 2015).

Sexually antagonistic (SA) selection is a potentially near
ubiquitous generator of antagonistic pleiotropy in taxa with
separate sexes, due to the fact that two distinct and per-
sistent genetic environments (males and females) exist in
typically stable and equal proportions. Here, explicit ge-
netic modelling has shown that sex-specific dominance is
a predicted outcome in SA loci (Fry, 2010; Spencer and
Priest, 2016; Connallon and Chenoweth, 2019) and a few
empirical studies have confirmed that SA alleles beneficial
in one sex indeed tend to be dominant in that sex but
recessive in the other (Barson et al., 2015; Grieshop and
Arnqvist, 2018; Pearse et al., 2019; Glaser-Schmitt et al.,
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2021). A notable and intriguing property of several puta-
tive SA loci is the apparent segregation of more than two
alleles. Polyallelic polymorphism (PAP) has, for example,
been documented for the VGLL3 locus in salmon (Bar-
son et al., 2015; Sinclair-Waters et al., 2022), the Cyp6gl
locus in Drosophila melanogaster (Schmidt et al., 2010;
Hawkes et al., 2016), an X-linked regulatory element in D.
melanogaster (Glaser-Schmitt et al., 2021; Glaser-Schmitt
and Parsch, 2018), the DsFAR2 locus in D. serrata (Rusuwa
et al., 2022), the Pgi locus in butterflies (Niitepold and
Saastamoinen, 2017) and neurogenetic loci in voles (Lonn
et al., 2017). The maintenance of PAP in loci under se-
lection is generally not well understood (Lewontin et al.,
1978; Spencer and Mitchell, 2016), and the presence of PAP
in candidate SA loci suggests that additional theoretical
is required. We note that sexual conflict mediated by the
compatibility between a pair of interacting loci with sex-
limited expression (i.e., interlocus sexual conflict; Arnqvist
and Rowe, 2005) can act to maintain PAP through specific
pairwise compatibility between for example male ligands
and female receptors (Gavrilets and Waxman, 2002; Hay-
good, 2004), but this may not be directly applicable to SA
loci.

In this study, our aim is three-fold. First, we assess
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under which conditions one should expect the emergence of
allelic polymorphism through gradual evolution acting on
a locus coding for a quantitative trait under SA selection,
and whether sex-specific dominance can be an emergent
phenomenon in loci showing SA polymorphism. Unlike
previous modelling efforts, we evaluate the effects of sex-
specific dominance for trait expression rather than for fit-
ness. Second, given that most previous models of SA loci
are restricted to biallelic scenarios, we investigate whether
the evolution of sex-specific dominance is associated with
the origin and maintenance of PAP in SA loci. Third, we
use population genomic data from three populations of
an insect model system to ask whether loci more likely to
show SA pleiotropy are also more likely to show PAP. We
develop a general mathematical model that confirms that
sex-specific dominance indeed evolves in autosomal loci
showing SA polymorphism, and we find that this, in turn,
generates PAP that acts to reduce segregation load. We
arrive at qualitatively similar results for dominance effects
in X-linked loci. Our empirical data are consistent with
an enrichment of PAP in both candidate SA loci and in
those showing sex-specific dominance, and genes showing
the strongest signal of PAP were enriched with functions
related to known SA phenotypes.
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Figure 1. The upper panel shows sex-specific survival w as a function of the phenotypic trait z, and the lower panel illustrates the same
Gaussian trade-offs, but with the two survivals shown as a parametric curve in z (cf. Levins, 1968, p. 16). Open dots indicate the phenotypic
optima for females and males, while filled dots indicate the trait value that maximizes geometric mean viability across the two sexes. In the
lower panel, contour lines of equal survival averaged across both sexes (marginal survival) are added in grey. Hatched lines indicate all
combinations of female and male survival that have the same marginal survival as the phenotype that maximises survival in one sex. Solid
lines do the same, but with the trait value maximizing mean geometric survival as reference. Finally, dotted lines pass through a filled grey
dot that corresponds to the survival of female and male individuals heterozygous for the two specialist alleles under full adaptive dominance.
Since under sex-specific dominance females and males express different trait values, these dots do no longer lie on the parametric curve.
In A, both sexes are under weak selection (Uél =1= 0'(;,1), while in B females are under strong selection while males are under weak

selection (05" = 2.5, 02} = 1). In C, both sexes are under strong selection (o5 = 2.5 = 7).
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Figure 2. Contour plots of the phenotypic trait value z as a function of the two allelic values x1 and 2 in a locus under sexually antagonistic
selection for different dominance parameters d (as determined by Eqg. A1 in Appendix 1). A and E illustrate scenarios approximating full
dominance of the allele with the smaller (A) or larger (E) z-value. These graphs result from a large negative d-value, approximating the
min-function z = min(z;, ;) (corresponding to h = 0), and a large positive d-value, approximating the max-function z = max(z;, z;)
(corresponding to h = 1), respectively. C shows additive allelic effects (z = (z; + x;)/2, or h = 0.5) as it results when the dominance
parameter d is zero. Intermediate d-values, shown in B and D, lead to dominance patterns that depend on the magnitude of the difference
between x; and z2. Increasing differences result in close to full dominance, while additivity is approached for small differences (manifested
as smooth corners along the diagonal in B and D, contrasting the sharp angles in A and E).

The model

We first consider allelic evolution in a major effect autosomal
locus subject to sexually antagonistic (SA) selection. This
locus encodes a quantitative trait, denoted as z, for which
females and males have different optima. The trait z could
represent any shared characteristic, such as morphology or
a life-history trait.

The survival probability (or viability) w of an individual
decreases according to a Gaussian function with increasing
deviation of its phenotypic trait value z from the sex-specific
optimum, as illustrated in Figure 1. We here choose, with-
out loss of generality, that the phenotypic optimum for
females is given by a lower value than that for males (as in
Fig. 1). The width of the Gaussian functions (o¢ and o)
relative to the distance § between the phenotypic optima
determines the sex-specific strength of selection. Large val-
ues of 60§ L and 50(}1 correspond to strong selection (large

distance or narrow Gaussian functions). For presentation
purposes, we set 6 = 1 in all simulations and refer to 0§ !

and agzl as strength of selection.

Each allele is characterized by an allelic value z, which
influences an individual’s phenotypic trait value z. Thus, z
is a function of the allelic values of the two alleles z; and x;
present in a locus: z(x;, ;). For individuals homozygote
for an allele z, the phenotype is equal to the allelic value,
z(x,x) = dx. For heterozygote individuals carrying allele
x; and x;, the resulting phenotype z falls between x; and
x;, with the precise value determined by the dominance
relationship between the two alleles.

Modelling dominance between an arbitrary number of
alleles z1, x2, ..., %, is not trivial. In this study, we assume

a dominance hierarchy (Billiard et al., 2021) as illustrated
in Figure 2 (which visualizes Eq. Al in Appendix 1). The
dominance relationship between any two alleles is charac-
terized by a dominance parameter d, where d > 0 indicates
dominance of alleles with larger allelic values and d < 0
dominance of alleles with smaller allelic values. Note that
d is not equivalent to the classical dominance coefficient
h, which specifies the dominance relationship between two
particular alleles. Instead, d determines the direction and
degree of dominance for any pair of alleles. The parameter
d can be related to h in certain scenarios. When d = 0 (as
shown in Figure 2C), alleles act additively, corresponding to
h = 0.5. For a large positive d (as depicted in Figure 2E),
the allele with the larger allelic value is fully dominant,
corresponding to h = 1. Conversely, for a large negative d
(Figure 2A), the allele with the smaller allelic value is fully
dominant, corresponding to i = 0.

In contrast to previous models of SA variation, thus, our
model does not apply dominance to fitness (in our model
given by survival w). Rather, dominance determines how
allelic values z; and x; map onto the trait value z. Survival
w is a consequence of z as described above. By allowing
for different dominance parameters for females and males,
do and d g, respectively, we introduce the possibility of
sex-specific dominance, which occurs whenever do # d ;.
This is illustrated in Figure 3B-C.

Since classic theory predicts that the X-chromosome
should be enriched with SA loci (Rice, 1984), consistent
with some empirical data showing an important role for
X-linked sites in sex-specific traits (Reinhold, 1998; Gibson
et al., 2002; Dean and Mank, 2014; Ruzicka and Connallon,
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Figure 3. Phenotypic trait value resulting from two alleles, one favoured in females (z,) and one in males (z4). A. Additive allelic effects
(do =0 =d, corresponding to h = 0.5). B. Sex-specific dominance with do large and negative and d, = 0, corresponding to dominance
in females (h = 0) and additivity in males (h = 0.5). C. Dominance reversal with do large and negative (h = 0) and d large and positive

(h = 1).

2020), we also analyse a version of our model for X-linked
loci. This version follows the same principles, with the
exception that dominance can only be expressed by females,
while a male that is hemizygous for x; has a phenotype
directly determined by its allelic value, z = dx;. Conse-
quently, dominance in an X-linked locus inherently exhibits
sex-specific characteristics, and we demonstrate that the
outcomes are qualitatively similar to those observed with
sex-specific dominance in an autosomal locus.

Analyses. We use evolutionary invasion analysis to derive
a condition for the emergence and maintenance of allelic
diversity through repeated mutations in a locus coding for
a quantitative trait under sexually antagonistic selection.
Technically, this process is known as evolutionary branching
(Metz et al., 1992; Geritz et al., 1998; Kisdi and Geritz, 1999;
Doebeli, 2011). For details of the mathematical derivations,
see Section S2 in the SI Appendix. This method assumes a
large population and rare mutations with small effects.

Simulations. Our condition for the emergence of adaptive
polymorphism predicts whether gradual evolution can result
in two alleles that are subsequently maintained by balancing
selection. We determine the robustness of our analytically
derived condition and the final number of coexisting alleles
with individual-based simulations, where both our analysis
and simulations use Wright-Fisher population dynamics
with mutation and selection (Fisher, 1930; Wright, 1931).

Mutations are drawn from a normal distribution with an
expected mutational step size of 0.02, where the sex-specific
optima (see Figure 1) are positioned one unit apart. With a
per-allele mutation probability of 1 = 5 x 10~7 and a popu-
lation consisting of N = 10° individuals, new mutant alleles
appear on average every tenth generation. This configura-
tion is chosen as it ensures a low number of near-neutral
alleles at mutation-drift equilibrium, allowing for alleles
maintained through balancing selection to be identified, but
not too low, ensuring sufficient mutation input for evolution

to progress. To determine the number of coexisting alleles,
we first bin alleles that are less than 0.02 units apart (/1
mutation), and then count the minimum number observed
in the population within the last 10% of a simulation run.
This excludes most transient polymorphisms.

Simulations are initialized with a population monomor-
phic for an allelic value x drawn from an unimodal distribu-
tion with a mean corresponding to the trait value positioned
exactly between the two optima. On the rare occasion that
this initial x leads to an expected population size less than
50 for either sex, we redraw this x to avoid initial extinc-
tion. To ensure the number of coexisting alleles equilibrates,
simulations were iterated for one million generations.

Finally, we performed simulations to assess whether sex-
specific dominance evolves, starting from a population with-
out dominance (dg = 0 = d ). In this scenario, dominance
is determined by two separate modifier loci dg and d;, re-
spectively. Alleles in these modifier loci are only expressed
in their respective sex, act additively, and are conservatively
assumed to be unlinked to the locus coding for the trait
z (full recombination). For the modifier loci, we use an
expected mutational step size of 5 and a slightly higher
mutation probability (g =5 x 107°%) as we are only inter-
ested in the direction of dominance evolution. For the case
of an X-linked locus, dominance is represented by do, as
only females can exhibit dominance in X-linked loci.

Empirical methods

To assess whether SA loci show an elevated occurrence of
PAP, we used extant population genomic data from three
different geographic populations of a model species in SA
research: the seed beetle Callosobruchus maculatus (Sayadi
et al., 2019). We refer in full to Sayadi et al. (2019) for
methodological details. We developed a gene-specific index
of PAP in the form of log P (see SI Appendix S3.1). The
larger negative log P is for a given gene, the less consistent
segregating genetic variation is with BAP and the more
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Figure 4. Examples of individual-based simulations of the evolution of allelic values in an autosomal locus under sexually antagonistic

selection. (i), (iii) and (iv) show simulations under weak selection (0§1 =1=0;!

g analogous to Figure 1A), while (ii) is under strong

selection (J§1 =25= a(}l, Figure 1C). (i) and (ii) are for the case of no dominance (do = 0 = d), (iii) features strong sex-specific
dominance (dg = —300 and d = 300), while (iv) presents a simulation where dominance evolves, determined by two traits, do and d 4,
starting from additivity (do = 0 = d ;). The average trait value of the female and male dominance is given by the solid coloured lines with
values given in gray on the x-axis. Parameter values for each simulation are given by the location of the Roman numerals in Figure 5.

consistent it is with PAP.

Our inferential rationale follows two complimentary
paths. First, we asked whether autosomal genes more
likely to represent SA loci were also more likely to show
PAP. Here, we inspected log P in two focal gene sets in
C. maculatus: those previously identified as candidate SA
loci (Sayadi et al., 2019) and those previously found to
exhibit significant sex-specific dominance in their expres-
sion (Kaufmann et al., 2024), against reference sets (see SI
Appendix S3.2). The first focal set is relevant as it should
be enriched with SA loci and the second focal set because
it captures a set of genes associated with segregating and
sex-specific effects in the regulatory region, also known to
show sizeable genetic background effects consistent with
PAP (Kaufmann et al., 2024).

Second, we inverted the inferential logic and asked
whether genes showing the strongest signal of PAP are
enriched with functions matching known SA phenotypes.
This is made possible in seed beetles by the fact that they
represent an experimental model system for studies of sex-
specific selection, and SA phenotypes are unusually well
characterized (Arnqvist and Sayadi, 2022). Briefly, pheno-
typic selection on shared life-history traits is SA such that
females show a lower optima for a pace-of-life syndrome
(Arnqvist et al., 2022): lower metabolic rate, prolonged
juvenile development, larger body size, lower adult activity
and a longer life-span (Bilde et al., 2009; Berg and Mak-
lakov, 2012; Berger et al., 2014a,b, 2016; Arnqvist et al.,
2017; Grieshop and Arnqvist, 2018; Kaufmann et al., 2023).
We first standardized log P within populations and then
selected all outlier genes defined as showing a standardized
log P < —5 in any of the three populations. To identify

over-representation of Gene Ontology terms among these
genes, we used a hypergeometric test with a P-value cut-off
0.05 as implemented in the GOstats package v.2.46.0 (Fal-
con and Gentleman, 2007). Here, the gene universe was all
polymorphic genes showing more than one well-supported
SNP.

Results

We first present our results for the case of an autosomal
locus, and then continue to briefly describe the (very similar)
results for the X-linked case.

Evolutionary attractor. We find that the evolutionary dy-
namics due to repeated invasion and fixation of novel mu-
tant alleles initially leads toward a single allele x* (given
by Eq. S19), coding for the trait value z*, which maximizes
geometric mean survival across sexes, both for autosomal
loci (in line with previous work, e.g. Charnov, 1982; Leimar,
2001) and for X-linked loci (SI Appendix S2.4). The trait
value z* is located between the female and male optima,
at the exact midpoint under symmetric selection, or closer
to the optimum of the sex that is under stronger selection
(black dots in Fig. 1). The fact that in our model z* is
always an evolutionary attractor is somewhat sensitive to
the functional form of the map from the phenotypic trait z
to survival w (here given by Eq. S2, for a counter-example
see Flintham et al. 2023).

Evolutionary branching. Once evolution reaches the inter-
mediate allelic value, x*, one of two things can happen.
If * is uninvadable by nearby mutant alleles, then it is
an evolutionary endpoint at which a population monomor-
phic for this allele experiences stabilizing selection (Fig. 4i).
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Alternatively, if * is invadable by nearby mutant alleles,
it is a point where allelic diversification ensues through
evolutionary branching. A population monomorphic for
this allele then experiences disruptive selection, which ini-
tially results in BAP (Fig. 4ii), but can, under conditions
discussed below, generate PAPs through further branching
events (Fig. 4iii).
In SI Appendix S2.5.1, we show that the condition for
evolutionary branching can be written as
52 ‘i J )(aé + ng) (O’% + U§)3 a
g Ve TR 8 80307,
where ¢ denotes the distance between the sex-specific op-
tima. The first term on the left-hand side describes the
variance among the sex-specific phenotypic optima. Thus,
increasing differences between female and male optima facili-
tate evolutionary diversification. The second term describes
the effect of sex-specific dominance. Sex-specific dominance
facilitates evolutionary diversification if d s — dg > 0. This
condition states that alleles have a larger effect on the
trait value z in the sex where they are more beneficial.
We refer to sex-specific dominance fulfilling this inequality
as adaptive (as in Fig. 5C-E). Non-adaptive dominance
(dg — do < 0) hinders evolutionary diversification. The
effect of sex-specific dominance increases with weaker se-
lection (oé and 0(2)z large). The right-hand side of the
inequality captures the effect of selection strength that is
independent of sex-specific dominance. Under symmetry
(aé =% = 0(2),) this term simplifies to 02. In the gen-

eral case, this term is increasing in 02 and 0<23” when the

strength of selection in the two sexes is sufficiently sym-
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metric (0?2 ~ 0(23,) but decreases for strongly asymmetric

selection. The combined effect of 02 and O’é,, through the

second term on the left-hand side and the term on the
right-hand side depends on dj; — dg. Under symmetry

(O’% = 0% =02,), Condition 1 can be rewritten as
52 9
—_— > 2
1= (dy —do) o, 2]

showing that evolutionary diversification is favoured if o2 is
sufficiently small (strong selection) or dg — do sufficiently
large. If, furthermore, sex-specific dominance is absent,
Condition 1 simplifies to §2/4 > o2, which is the same
condition as found in models of resource and habitat spe-
cialisation (Slatkin, 1979; Dieckmann and Doebeli, 1999;
Kisdi and Geritz, 1999; Svardal et al., 2015; Schmid et al.,
2024).

The condition for evolutionary branching in the absence
of sex-specific dominance (d; = do) has a useful geometric
interpretation. For this, we note that the growth rate of
a rare mutant allele y invading a resident population in
which all individuals are homozygous for an allele x is given
by the Shaw-Mohler equation (Eq. S10), which is a linear
combination of the female and male survival of individuals
heterozygote for y and x. A consequence of this linearity
(Levins, 1968; Charnov, 1982; Rueffler et al., 2004) is that a
population monomorphic for the intermediate allelic value
* is uninvadable if the red curves shown in the lower panel
of Figure 1 are concave at z* (negative second derivative,
as shown in the first two panels), resulting in stabilizing
selection. Vice versa, a population monomorphic for x*
is invadable, if this curve is convex at z* (positive second

D. dg =300=-dg E.dy =0, dg =-300 F. dg, dg evolving n

Strength of selection (0‘;1)

Figure 5. The number of coexisting alleles n in an autosomal locus under sexually antagonistic selection as a function of the strength of
selection in the two sexes (05! and o 3!) derived from individual-based simulations. The simulations explore different dominance regimes,
as indicated above each panel. A. Additivity (corresponding to Fig. 2C and Fig. 3A); B. Partial dominance without sex-specificity (Fig. 2A). C.
Weak adaptive dominance reversal (Fig. 2B and D, respectively). D. Full adaptive dominance reversal (Fig. 2A and E, respectively; see
also Fig. 3C). E. Sex-limited dominance: beneficial dominance in females and additivity in males (Fig. 2A and C, respectively; see also
Fig. 3B). F. Evolving dominance. Each pixel represents the outcome of a single simulation. Roman numerals are placed at parameter
combinations for which a simulated evolutionary tree is shown in the corresponding panel in Figure 4. Hatched white lines delimit the
threshold condition for polymorphism to emerge from evolutionary branching in the absence of sex-specific dominance (Equation S24 for
dg = d ), with polymorphism evolving above and to the right of these lines. Solid white lines delimit the threshold condition for polymorphism
to emerge from evolutionary branching given dominance as indicated above each panel (Equation S24). Dashed grey lines in A-E delimit the
parameter region where the two specialist alleles can coexist, corresponding to results of Kidwell et al. (1977) (see main text for details).
In F, polymorphism evolves across the entire parameter space (just as in D) given that dominance reversal evolves, which it does after a

sufficiently long time.
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derivative, third panel), resulting in evolutionary branching
due to disruptive selection. A further consequence is that
in a population with two segregating alleles x1 < z* < x4
that emerged from evolutionary branching, the survival
of homozygotes—when averaged over the two sexes—is
higher than the average survival of heterozygotes (marginal
underdominance).

The hatched white curves in Figure 5 show the combina-
tions of female and male strength of selection at which the
curves in the lower panel of Figure 1 change from concave
to convex. Consequently, in the absence of sex-specific
dominance (dy = do, Figure 5A, B) allelic diversification
is only possible above and to the right of the hatched white
curves, and the alleles in the resulting BAP are maintained
by balancing selection where the fitness of homozygote indi-
viduals, when averaged over the two sexes, is greater than
that of heterozygotes.

Condition 1 indicates that the parameter region allowing
for allelic diversification increases with increasing adaptive
sex-specific dominance (dy — do > 0). This is shown in
Figure 5C-E, where polymorphism can emerge also below
and to the left of the hatched white line. To understand
this, we again make use of a geometric argument. Under
sex-specific dominance, heterozygote females and males
carrying the same two alleles show different trait values
z. Thus, the combination of female and male survival of
such heterozygotes is no longer placed on the curves in the
lower panel of Figure 1 but either above (if sex-specific
dominance is adaptive) or below (if sex-specific dominance
is maladaptive). As an example, the filled grey dots in
the lower panel indicate female and male survival under
full adaptive dominance reversal (dQ large negative and d
large positive) for individuals heterozygote for the alleles
coding for the female and male optimal phenotype. Thus,
in a population with two segregating alleles z1 < z* < x4
that code for the two sex-specific optimal phenotypes or
phenotypes in between these optima, the survival of ho-
mozygotes, when averaged over the two sexes, is lower than
the average survival of heterozygotes (marginal overdomi-
nance): heterozygous individuals enjoy an average survival
that no single allele can achieve in homozygous individuals.
Adaptive allelic diversification in the presence of sex-specific
dominance for combinations of female and male selection
strengths that lie below and to the left of the white hatched
lines in Figure 1 is thus driven by marginal heterozygote ad-
vantage: heterozygous individuals enjoy an average survival
that no single allele can achieve in homozygous individuals.
Moreover, with dominance reversal, heterozygote advantage
also appears in the parameter region above and to the right
of the hatched white lines in Figure 1C-F.

Even if only one sex experiences beneficial dominance
and the other sex additive allelic effects, as illustrated in
Figure 3B, allelic polymorphism can emerge in most of the
parameter space (Fig. 5E). This is most easily explained
for the case of full dominance. A population monomorphic
for z* can then be invaded by any mutant allele more

Siliestam et al.

optimal for the sex exhibiting additivity: the mutant allele
initially always occurs in a heterozygote, experiencing equal
survival to the resident homozygote in the sex with adaptive
dominance and higher survival in the sex with additivity.
More generally, for sex-specific dominance to promote al-
lelic diversity, a reversal of dominance is not necessary; it is
sufficient that one sex experiences more adaptive dominance
than the other. This means that allelic polymorphism is
promoted even if one sex exhibits detrimental dominance
(dg > 0 or dy < 0), provided the other sex experiences
stronger adaptive dominance to satisfy d, — do > 0.

Allelic polymorphisms. Through individual-based simula-
tions, we determine the final number of coexisting alleles,
shown by the colour code in Figure 5, and their distribution
in trait space. We first describe our result concerning the
final number and conclude with some observations about
the distribution.

We find that in the absence of sex-specific dominance,
evolution results in at most two coexisting alleles (BAP),
which occurs if the branching condition is met (above and
to the right of the hatched white line in Fig. 5A B; one
simulation in A shows three coexisting alleles, which is due
to transient dynamics). This is because under marginal
underdominance, one allele becomes specialized for each of
the two sexes.

In contrast, in the presence of adaptive sex-specific dom-
inance, we find that consecutive evolutionary branching
events (as illustrated in Fig. 4iii) can result in more than two
coexisting alleles (PAP, below and to the left of the hatched
white lines but above and to the right of the solid white lines
in Fig. 5C,D). Allelic diversity increases with increasing
strength of sex-specific dominance (compare Fig. 5C with
D). Furthermore, if sex-specific dominance is symmetric,
allelic diversity is higher for symmetric and weak selection,
while if sex-specific dominance is asymmetric, allelic diver-
sity is higher when selection is stronger in the sex with
weaker sex-specific dominance (compare Fig. 5D with E).
High allelic diversity in these cases emerges because under
marginal overdominance, each additional new rare allele
initially enjoys the high marginal viability of heterozygotes.
With each successive branching event, the proportion of
homozygotes diminishes, thereby reducing the segregation
load due to low fitness homozygotes. For instance, with
ten equally frequent alleles, only 10% of individuals would
be homozygous. Our findings echo the results of Kimura
and Crow (1964), who show that under equal and high
survival of heterozygotes in combination with equal and
low survival of homozygotes, an arbitrary number of alleles
can be maintained.

Adaptive sex-specific dominance does not result in more
than two coexisting alleles if selection is strong and sym-
metric (as in Fig. 1C; above and to the right of the white
hatched lines in Fig. 5C-F). In this case, the marginal sur-
vival of heterozygotes carrying two alleles on opposite sites
of x* drops sharply with increasing distance from the sex
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specific optima. Thus, the condition for coexistence out-
lined by Kimura and Crow (1964) is then violated because
the heterozygote carrying the two maximally specialized
alleles has a significantly higher marginal survival than any
other heterozygote.

We now describe some observations about the distribu-
tion of allelic values in trait space. Figure S1 shows the
maximum difference in allelic value between all coexisting
alleles. Generally, the maximum difference is similar to the
distance between the sex-specific phenotypic optima (as
in Fig. 4ii-iv; yellow and green areas in Fig. S1). Results
deviate from this rule if alleles act additively in at least
one of the sexes (red areas in Fig. S1). For the case of
additivity in both sexes, this result can be understood as
follows. Here, only one allele reaches a sex-specific optima,
generating a homozygote with optimal phenotype for one
sex. For equal and strong selection in the two sexes, this
allele occurs with frequency 3/4. However, the other, rarer
allele evolves far beyond the optima for the other sex, such
that the heterozygote, instead of the other homozygote,
shows the optimal phenotype (as in Fig. 4v). This gener-
ates a higher frequency of 15/32 of high marginal survival
genotypes, instead of 1/4, which would have been achieved
by two alleles of equal frequency at the two optima. Anal-
ogous results have been found by Kisdi and Geritz (1999)
in a model investigating allelic evolution in a population
occupying two habitats.

The simulations in Figure 4iii,iv show that allelic values
are eventually spread evenly across the trait space. This
is representative for most parameter space in which PAPs
evolve. Counterexamples are shown in Figure S3vi-viii.
While we generally find only two coexisting alleles for pa-
rameter combinations above and to the right of the white
hatched lines in Figure 5, panel (vi) corresponds to the
small parameter region where allelic diversification results
in PAPs. Panel (vii) and (viii) show that the distribution
of allelic values can be highly skewed when adaptive domi-
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nance is present in one sex while alleles act additively in
the other sex.

Evolving dominance. We here consider a scenario in which
dominance in each sex (do and dg) is determined by
a separate modifier locus. These modifier loci coevolve
with the locus determining the trait value z. Any mu-
tation at the modifier loci that renders dominance more
adaptive—corresponding to lower do-values or higher d -
values—increases survival in the affected sex of individ-
uals heterozygous in the trait locus. Consequently, such
mutations are always selected for in populations that are
polymorphic in the trait locus. The modifier loci have no
effect in individuals homozygous in the trait locus, and are
therefore effectively neutral in monomorphic populations.

In scenarios of strong symmetric selection, to the right
and above the dashed white line in Figure 5F, we know
from Figure 5A B that a polymorphism in the trait locus
evolves even in the absence of sex-specific dominance. Once
a polymorphism is present, adaptive dominance reversal
invariably evolves and the evolutionary outcome in this pa-
rameter region therefore closely resemble that in Figure 5D,
where adaptive dominance reversal is assumed from the
start.

In regions to the left and below the dashed white lines
in Figure 5F, evolutionary branching is not expected with-
out sex-specific dominance, and the trait locus evolves
towards the intermediate allelic value x*. At the same time,
sex-specific dominance is favoured only in the presence of
polymorphism in the trait locus. This interdependence
creates a feedback loop where allelic monomorphism in the
trait locus becomes stochastically unstable. On the one
hand, mutation-drift dynamics introduces polymorphism
around x*, which then selects for alleles increasing adaptive
sex-specific dominance. On the other hand, since alleles
coding for dominance are selectively neutral in populations
monomorphic for the trait locus, such alleles can drift to

Strength of selection (a(;l)

Figure 6. The number of coexisting alleles n in an X-linked locus under sexually antagonistic selection as a function of the strength of
selection in the two sexes (051 and a;,l) derived from individual-based simulations. The simulations explore different dominance regimes,
as indicated above each panel. A. Additivity (corresponding to Fig. 2C and Fig. 3A). B. Partial dominance in females (Fig. 2B). C. Full
dominance in females (Fig. 2A). D. Evolving dominance. Each pixel represents the outcome of a single simulation. Solid white lines delimit
the threshold condition for polymorphism to emerge from evolutionary branching (Eq. S26), with polymorphism evolving above and to the
right of these lines. Dashed grey lines delimit the parameter region where the two specialist alleles can coexist, corresponding to results of

Kidwell et al. (1977) for the X-linked case.
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fixation, which then can select for polymorphism in the
trait locus. These scenarios may require long periods of
time before the coevolutionary process takes off. This is
particularly true under asymmetric conditions where se-
lection is weak in one sex and strong in the other, since
then dominance has to drift to appreciable levels before
polymorphism can evolve. This can be seen to the left and
below the solid white lines in Figure 5C, where for polymor-
phism to evolve it is required that d; — do > 20. These
parameter regions correspond to simulations in Figure 5F
where simulation runs ended before polymorphism in the
trait locus evolved (seen as dark blue pixels).

Dominance can also evolve via another route. Before the
population becomes monomorphic for z*, BAPs consisting
of two alleles x1 and z2 on opposite sites of * can occur
(Fig. S4A). These alleles are maintained by balancing se-
lection until a new mutant allele closer to x* invades and
replaces one or both existing alleles, leading to the eventual
loss of BAP and stabilization of the population at z*. The
emergence and subsequent loss of such transient BAP can
be observed in Figure 4i within the time interval between
10° and 108. This phase of transient BAP is a window of op-
portunity for the evolution of adaptive dominance reversal.
If this indeed occurs, then selection on the two coexist-
ing alleles can change from stabilizing to disruptive (see
(Fig. S4), starting the coevolution of sex-specific dominance
and trait polymorphism, as illustrated in Figure 4iv.

Coexistence of specialist alleles. We also investigate the
conditions under which two specialist alleles can coexist,
disregarding input of intermediate alleles by mutation. This
static approach allows us to align our model with the classic
results presented by Kidwell et al. (1977). In our model,
the allele optimal in each sex yields homozygotes with a
survival probability of 1 in that sex and a reduced survival
of 1 — si in the other sex (thus, k = @ or k = &', where
sk is given by the intersection of the hatched vertical lines
and the coloured lines in the upper panel of Fig. 1 and
can be calculated as s = 1 —exp (—1/(207)), see Eq. S2).
We note that our model differs from the above-mentioned
study in that we model dominance as acting at the level of
the phenotypic trait z, rather than directly at the level of
viability w. Despite this difference, the dashed gray lines in
Figure 5A and C, delimiting the combinations of female and
male selection strength allowing for the coexistence of spe-
cialist alleles, correspond closely to the findings presented
in Figure 1 and 3F of Kidwell et al. (1977).

Importantly, the capacity for specialist alleles to coexist
is neither necessary nor sufficient for the emergence of
allelic polymorphism at an evolutionary branching point:
the parameter region where allelic polymorphism arises is a
subset of the parameter region where specialist alleles can
coexist in Figure 5A-D, while the opposite holds true in
Figure 5E.
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X-linked loci. Figure 6 is analogous to Figure 5 and sum-
marises the results for the case of sexually antagonistic
selection acting in an X-linked locus. The condition for
evolutionary branching is given by Equation S26 in the
Supplementary Information and corresponds to the solid
white lines in Figure 6A-C. These results show that the
condition for the emergence of allelic polymorphism is more
stringent in X-linked loci compared to autosomal loci, par-
ticularly in the absence of adaptive dominance. The reason
is that in the case of X-linked loci, male adapted alleles oc-
cur with probability 2/3 in females and males can inherent
such loci only from their mother where they cause reduced
survival if homozygous or in the absence of adaptive sex-
specific dominance. Note, however, that since dominance is
only expressed by females, allelic polymorphism is favoured
whenever do < 0, corresponding to female beneficial alle-
les being dominant in females. If polymorphism evolves,
the final number of alleles is similar to the autosomal case
(Fig. 6D).

Empirical results

The distribution of the signal for PAP (log P) differed
significantly between focal and reference gene sets, both for
candidate SA loci (Kolmogorov-Smirnov tests; California:
x?2 = 12.19, P < 0.001; Brazil: x2; = 22.04, P < 0.001;
Yemen: y%; = 37.87, P < 0.001) and for genes with sex-
specific dominance in expression (California: x2?; = 11.74,
P =0.003; Brazil: x?; = 7.69, P = 0.021; Yemen: x?; =
14.32, P < 0.001). Analyses accounting for variation in
gene length and the number of SNPs per gene yielded very
similar results (see SI Appendix S3.2). More importantly,
inspection of the typical value of log P across the gene sets
showed that the signal for PAP was overall stronger in both
candidate SA loci and those showing sex-specific dominance
in expression, relative to other genes (Fig. 7).

Our set of outlier genes, showing the strongest evidence
for PAP, included 64 genes in total, of which nine also
showed shared polymorphism across all three populations.
For these nine genes, we performed a BLASTn search
against the NCBI non-redundant nucleotide database, with
default parameters and without filtering for low complex-
ity regions. Potential hits were then manually curated.
Seven genes yielded no significant hits. One matched a
gene annotated as a zinc finger protein gene and one a
circadian period protein gene. The latter is noteworthy
given that circadian period genes are essential for biological
clock functions, involving locomotor activity and the timing
of eclosion, which are both known to be under SA selection
in C. maculatus (Arnqvist and Tuda, 2010; Berger et al.,
2014a). The functional enrichment analysis of the full set of
64 genes identified a series of significantly overrepresented
Gene Ontology (GO) terms (see SI Appendix S3.3). These
included an over-representation of genes involved in a va-
riety of metabolic processes. Strikingly, four out of five
significant GO terms for cellular components are directly
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Figure 7. The strength of the signal for PAP in gene sets in three different populations of seed beetles. The figure shows the average of the
median log P value with 95% BCa confidence interval, based on 9999 bootstrap replicates. Here, larger negative values are more consistent
with PAP. A. Candidate SA loci relative to reference gene sets. B. Genes showing significant sex-specific dominance in expression (SSD)
relative to reference gene sets. Numbers represent the number of genes in each set.

involved in ATP production. Similarly, a majority of the
significant GO terms for biological processes are directly
involved in energy metabolism, such as ATP production,
carbohydrate metabolism, carbohydrate biosynthesis and
other key metabolic processes.

Discussion

We present the first model investigating the joint evolution
of allelic diversity and sex-specific dominance for a shared
phenotypic trait where males and females have different
optima. Our analyses of this SA pleiotropy in part confirm
previous modelling efforts, showing that additivity and
equal dominance between the sexes can generate a stable
bi-allelic dimorphism only when selection is relatively strong
and symmetric between the sexes (e.g., Kidwell et al., 1977;
Connallon and Clark, 2012; Arnqvist et al., 2014; Flintham
et al., 2023), but they also generate a series of novel insights.
We show that sex-specific dominance for the shared trait
evolves readily when allowed (as in Spencer and Priest,
2016), and this has several important implications.
Sex-specific dominance for trait expression significantly
widens the parameter space under which polymorphism
evolves and is maintained. Importantly, full adaptive dom-
inance reversal—where alleles are fully dominant in one
sex and fully recessive in the other in a manner aligned
with selection—is not required for this effect. Instead, poly-
morphism is promoted whenever adaptive dominance is
sex-specific, such as when alleles exhibit additivity in one
sex and some degree of dominance in the other (see also
Brud, 2023). Similarly, in an analysis of the effects of
marginal overdominance resulting from temporally fluctuat-
ing selection, Wittmann et al. (2017) found that relatively
minor differences in context-specific adaptive dominance

for traits under fluctuating selection are sufficient to pro-
mote the maintenance of polygenic polymorphism. The fact
that our model predicts the emergence of sex-specific domi-
nance is, although consequential, perhaps not surprising:
the evolution of adaptive dominance is expected whenever
a polymorphism is maintained as it increases heterozygote
fitness (Fisher, 1931).

The degree to which the evolution of dominance is con-
strained has been a matter of some debate (Otto and
Bourguet, 1999; Grieshop et al., 2024). Grieshop et al.
(2024) demonstrated that sex-specific dominance can evolve
through allelic polymorphisms in transcription factors,
whenever allelic variants exhibit differential binding efficien-
cies and sex-specific expression levels (Box 1 in Grieshop
et al., 2024). More generally, dominance can emerge from
a variety of non-linearities at any level of the genotype-
to-phenotype map (GPM) (Billiard et al. 2021, see also,
Wright 1929, 1934; Kacser and Burns 1981; Otto and Bour-
guet 1999; Gilchrist and Nijhout 2001; Veitia 2003; Manna
et al. 2011). Such non-linearities, when combined with
sex-specific gene expression, are predicted to lead to sex-
specific dominance (Reid, 2022). Because non-linearities
occur at many levels of the GPM (Ferrell, 2002; Das et al.,
2009; Veitia et al., 2013; Zhang et al., 2013) and sex-specific
expression is widespread (Ellegren and Parsch, 2007), sex-
specific dominance may be common. In our model, we adopt
a mathematical approach designed to facilitate analytical
tractability, rather than relying on a specific mechanism
(as those described by Reid, 2022; Grieshop et al., 2024).
Our approach uses two parameters (dQ and d ;) to describe
the degree and direction of dominance in each sex (Eq. Al
in Appendix 1), which allows us to gain insights into how
sex-specific dominance differences (dg — d) affects the
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evolutionary outcome.

Unlike previous theory studying the implications of sex-
specific dominance, our model is not restricted to BAP.
This relaxation offers substantial novel insights. In much
of the parameter space, we show that a locus under SA
selection can recruit more than two segregating alleles such
that polymorphism becomes polyallelic. The general mech-
anism promoting PAP is quite intuitive. Under marginal
overdominance due to sex-specific dominance, a novel al-
lele can invade in a BAP background simply because it is
initially rare and will thus find itself expressed in a het-
erozygous state most of the time. In theory, it is well known
that marginal overdominance generally tends to promote
the evolution and maintenance of PAP (e.g., Kimura and
Crow, 1964; Siljestam and Rueffler, 2023) and this should
be true also for loci under SA selection (Gavrilets and Wax-
man, 2002; Haygood, 2004). Our analyses show that, given
enough time and large population size, a large number of
SA alleles can indeed emerge and coexist in a population.
We note that PAP greatly reduces segregation load, often
referred to as gender load in this context (Rice and Chip-
pindale, 2002), as the fraction of the population that is
homozygous decreases with an increasing number of alleles.

Although a few cases of PAP have been documented in
candidate SA genes (Barson et al., 2015; Schmidt et al.,
2010; Hawkes et al., 2016; Wagstaff and Begun, 2005; Lonn
et al., 2017), relevant empirical data is somewhat limited
due to the technical limitations of short read sequencing
data and, not the least, the practical problems involved
in the detection of segregating low-frequency variants. We
introduce a simple method to estimate the empirical sup-
port for PAP in samples of sequencing reads from pools of
individuals (ST Appendix S3.1), which we suggest provides a
cost-efficient way to assess genome-wide signals of PAP. We
employ this method in a seed beetle species, an established
model system for SA selection, and show that the signal for
PAP is elevated in genes that should represent the scenario
modelled here - candidate SA loci and genes that show
sex-specific dominance in their expression. Further, genes
showing the strongest hallmarks of PAP were significantly
enriched with gene functions related to metabolic "pace-of-
life" phenotypes shared between the sexes and known to
be SA in this system (e.g., Berger et al., 2016; Arnqvist
et al., 2022). We suggest that these findings provide at
least provisional support for the predictions of our model.

In this context, regions that affect gene expression are
particularly interesting. Pronounced sexual dimorphism in
gene expression is near ubiquitous in gonochorists (Ellegren
and Parsch, 2007) and both theory (Connallon and Knowles,
2005; Rowe et al., 2018; Tosto et al., 2023) and empirical
data (Innocenti and Morrow, 2010; Hollis et al., 2014; Wong
and Holman, 2023) suggest that regions affecting gene ex-
pression are often under, or have at least experienced a
history of, SA selection. This could be true for regions
affecting either sex-specific transcription or those affecting
sex-specific splicing (Telonis-Scott et al., 2009; Rogers et al.,

Siliestam et al.

2021; Singh and Agrawal, 2023). Moreover, several stud-
ies have documented widespread sex-specific dominance in
gene expression (Wayne et al., 2007; Meiklejohn et al., 2014;
Puixeu et al., 2023; Mishra et al., 2022; Kaufmann et al.,
2024), suggesting that regulatory regions may be enriched
with loci showing segregating SA genetic variation. Several
genomic regions with putative regulatory functions, such
as mini- and microsatellites, show pronounced PAP and
sometimes appear to be under balancing SA selection (e.g.,
Lonn et al., 2017). When superimposed on our results, these
observations suggest that a sizeable fraction of standing
SA genetic variance for fitness (Connallon and Matthews,
2019) may actually be caused by PAP in regulatory loci
(Wright et al., 2018; Kaufmann et al., 2024).

Another insight from our model is that the evolution of
sex-specific dominance promotes the maintenance of poly-
morphism even when selection is relatively weak. Although
this confirms similar findings in previous models (e.g., Kid-
well et al., 1977; Connallon and Clark, 2012; Arnqvist et al.,
2014), the fact that weak selection conditions are partic-
ularly prone to generate PAP is a novel finding that may
seem counterintuitive. It results from weak selection being
more permissive to a greater allelic diversity maintained by
heterozygote advantage: under strong selection, the highest
fitness heterozygote essentially outcompetes others, leaving
the population in a state of BAP.

In contrast to previous theoretical evaluations of sexu-
ally antagonistic pleiotropy (Connallon and Clark, 2014;
Flintham et al., 2023), sex-specific dominance does not
emerge from curved fitness functions in our model. Instead,
we assume that dominance occurs for trait expression (see
also Wittmann et al., 2017) and we also allow sex-specific
dominance to evolve. Although dominance reversal for fit-
ness is indeed predicted under curved fitness landscapes
(Fry, 2010; Manna et al., 2011; Connallon and Chenoweth,
2019), most documented cases of sex-specific dominance
involve dominance effects on phenotypes. This is true for
age at maturation in salmon (Barson et al., 2015), mor-
phology in water striders (Fairbairn et al., 2023), immune
function in fruit flies (Geeta Arun et al., 2021), migratory
behaviour in rainbow trout (Pearse et al., 2019) and tran-
script abundance in fruit flies (Wayne et al., 2007; Puixeu
et al., 2023; Mishra et al., 2022) and beetles (Kaufmann
et al., 2024). This suggests that documented cases of sex-
specific dominance for fitness components (Grieshop and
Arnqvist, 2018; Mérot et al., 2020) may to a large extent
emerge from underlying differences in dominance for trait
expression, which we believe substantiates our approach.

Classic theory suggests that the X-chromosome should
be enriched with SA loci (Rice, 1984), although subsequent
models have shown that this is not necessarily true under
sex-specific dominance reversal (Fry, 2010). Moreover, em-
pirical data is somewhat ambiguous (Dean and Mank, 2014;
Ruzicka and Connallon, 2020). Our analyses show that the
conditions favouring polymorphism under additive genetic
effects are more restrictive in X-linked loci compared to
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autosomal loci (compare Fig. 6A with Fig. 5A). However,
in the presence of dominance, conditions for polymorphism
can be less restrictive in X-linked loci (compare Fig. 6B
with Fig. 5B). Generally, dominance without sex-specificity
may be common and less constrained than the evolution
of sex-specific dominance. Since dominance in X-linked
loci is equally effective in promoting PAPs as adaptive
sex-specific dominance in autosomal loci (compare Fig. 6C
with Fig. 5D), the X-chromosome may be enriched with
polymorphic SA loci for this reason alone.

Generally, the evolution of context-specific dominance re-
quires time. Since balancing selection increases the lifespan
of alleles and promotes intermediate frequency polymor-
phism, it sets the stage for more persistent selection for
adaptive dominance in heterozygotes (Fisher, 1931; Otto
and Bourguet, 1999). Once adaptive context-specific dom-
inance evolves, this introduces or strengthens marginal
overdominance and thus further promotes the maintenance
of allelic diversity. For SA loci, our model predicts a dy-
namic scenario in which novel mutations appear and can be
maintained for some time through marginal overdominance
in a population. Whether such transient polymorphisms are
then lost or survive as evolutionary stable polymorphisms
depends on whether adaptive sex-specific dominance sub-
sequently evolves. Our simulations clearly illustrate this
coevolutionary process (e.g. Figurediv). We suggest that
time will thus sift novel SA mutations, retaining those
showing adaptive sex-specific dominance either from the
outset or acquired through subsequent evolution. As a
result, standing SA genetic variation for fitness, which is
often sizeable (Connallon and Matthews, 2019), should at
any point in time be enriched with loci showing PAP.

Appendix 1

In this appendix, we specify the function zx(x;, ;) that describes
how allelic values in combination with a dominance parameter
determines the phenotype. We let the trait value z; of an
individual carrying alleles z; and z; for sex k € {@,d} be given
by
0 edrTi 4 ednTi

zi(zi, i) = i In (f)
Here, x; and z; are allelic values, and § denotes the distance
between the sex-specific phenotypic optima, which scales the
function such that x = —0.5 and = = 0.5 defines the alleles
coding for the female and male optimal phenotypes, respectively.
The dominance parameter di governs the degree and direction
of dominance for sex k € {@,d}.

Since this equation is not defined for d = 0, we replace the
right-hand side with its limit for d — 0, namely §(z; + z;)/2.
Hence, when d = 0 the two alleles act additively. Equation Al
defines a dominance hierarchy for any two alleles, as shown in
Figure 2.
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a function of the strength of selection in the two sexes (o-s;1 and a;,l) derived from individual-based simulations. Each panel in this figure
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Figure S3. Individual-based simulations showing the evolution of allelic values at an autosomal locus under sexually antagonistic selection.
Parameter values for each simulation are given by the location of the Roman numerals in Figure S1. (v) Under additive allelic effects
(do = 0 = d) and strong selection (oo = 2.5 = 0, as in Fig. 1C), we find a BAP with one allele specialized for one sex while the
other allele evolves a value overshooting the optimum for the other sex. See text in the main part for further explanations. (vi) Under full
adaptive dominance reversal (do = —300 and d = 300, as in Fig. 3) and strong selection (oo = o, = 2), two allelic clusters evolve,
each centered around one of the sex-specific optima. Note, that polymorphism emerges far away from the evolutionary branching point
at 2™ = 0. The reason is that under increasingly strong adaptive sex-specific dominance, smaller and smaller allelic differences allow for
coexistence due to marginal overdominance. Asymmetric allelic distributions emerge under asymmetric dominance (full dominance in one
sex and additivity in the other, as in Fig. 3B) and asymmetric selection. (vii) shows results for o' = 2.5 and o} = 1 (as in Fig. 1B) and (viii)
forog = 0.75,045 = 2.5. In (vii), an allelic cluster around one sex-specific optimum cooccurs together with one allele that overshoots the
optimum for the other sex. In (viii), we find a PAP that is tightly clustered around one sex-specific optimum. This occurs whenever allelic
diversification occurs in a parameter region where the two specialist alleles cannot coexist (below the grey hatched line in Fig. S1E).

0.5

-0.5¢ .
-0.5 0 05 -05 0 0.5

X1 X1

Figure S4. Effect of adaptive sex-specific dominance on the emergence and coexistence of BAP. Panels show the set of allelic values 1
and z» that can invade each other and therefore coexist in a protected polymorphism (BAB, blue regions). Arrows indicate the direction
of selection acting on the two alleles in a BAB. See Geritz et al. (1998) for details about how to construct these plots. Plots are derived
using the same parameters as indicated by the symbol (i) in Figure 5, thus under sufficently weak selection such that evolutionary branching
is not possible. In the absence of sex-specific dominance (dg = 0 = d ), the allele =™ is the expected evolutionary endpoint. Figure 4i
shows an individual-based simulation with this outcome. That figure also shows a transient BAP within the time interval between 10° and
105. A. Such polymorphism is possible because two alleles z1 < z* < x2 with 2* — |z1| and z* — |x2| sufficiently similar can invade
each other. However, such a BAB is transient because alleles closer to 2™ can invade and replace the ancestral allele, as indicated by the
direction of the arrows. B. For the same parameters but with adapative sex-specfic dominance (dg = —5, d; = 5), the allele ™ becomes
an evolutionary branching point. As a result, alleles that can coexist in A but experience stabilizing selection, now experience disruptive
selection, as indicated by the arrows. The reason is that sex-specifc dominance gives heterzygotes a marginal survival that no single allele
can achieve when homozygous.
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s2. Mathematical analysis

We investigate whether selection at a locus subject to sex-
ually antagonistic selection favours a single allele or leads
to polymorphism. Our study encompasses both the case of
autosomal and X-linked loci. We here address this question
through evolutionary invasion analysis using the adaptive
dynamics framework (Metz et al., 1992; Geritz et al., 1998;
Doebeli, 2011).

S2.1. Survival. In our model, selection acts on a trait that
affects survival. Specifically, an individual’s survival proba-
bility wy, for sex k € {Q, 5}, is determined by its phenotype
2. The phenotype 2, is coded by the two alleles x; and z;
according to

6 edkwi _’_edkivj
zi(xi,25) = —1In () .

i 5 [S1]

Here, § denotes the distance between the sex specific op-
tima and dj, the degree and direction of dominance. We
call dominance sex-specific if d; # do. For dy — oo, we
obtain complete dominance of the allele associated with
the larger trait value, resulting in z(z;, z;) = max(z;, ;).
Conversely, dr — —oo results in complete dominance of
the allele for the smaller trait value, leading to zx(z;, x;) =
min(z;,z;). For a homozygote genotype, Equation S1 re-
sults in zx(z,z) = dz. In the case of heterozygotes, the
phenotype z; falls between x; and z;, and its exact value
is determined by the dominance relationship between x;
and z;. As Equation S1 is not defined for d = 0, we replace
in this case the right-hand side with its limit for d — 0,
namely 0(z; + x;)/2. Hence, for d = 0 the two alleles act
additively. For an X-linked locus, males are hemizygous,
possessing only one allele inherited from their mother. For
this case, we assume that the relationship between allelic
value and phenotypic trait is also direct, z(z) = ox.
Survival probability (or viability) is modelled as a Gaus-
sian function of the difference between an individual’s phe-
notype z and the sex-specific optimal phenotype dx,

2
). S2]

Here, o) determines the width of the Gaussian curve for

(0r — 21(T4,75))
20%

Wk (T4, £j) = Wmax €XP (—

sex k, and wpax denotes the survival reached by an optimal
phenotype. For hemizygous males, the viability function
simplifies to

W3 (T) = Winax €XP (—W> , [S3]

20(2)z
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where z(z) = dz. Note, that wmax is omitted from all sub-
sequent calculations, as it cancels out in both Equation S7
and Equation S8.

Without loss of generality, we define the female and male
optima as 0y = —d/2 and dg = /2, respectively, where J
gives the distance between these optima. As a consequence,
sex-specific dominance is adaptive if d» > do since under
this condition in each sex the allele that has a value closer
to the sex-specific optimum has a larger effect on the trait
value z.

S2.2. Allele frequency dynamics. Our analysis assumes a
large population of fixed size N under Wright-Fisher popu-
lation dynamics with mutation and selection (Fisher, 1930;
Wright, 1931). We denote the allele frequencies among

y Pn and q1,492,- - -
tively, in a population with n alleles x1, ..., xy.

female and males as py, po, . .. , qn, TESpEC-

Individuals produce, independent of their genotype, a
large and equal number of female and male offspring, allow-
ing genotype frequencies among offspring to be determin-
istically predicted by the allele frequencies of the parents.
Mating is random and each offspring is assigned a random
mother and father from the parent generation. The ex-
pected frequency of offspring with a genotype comprising
the alleles x; and x; is then given by Hardy-Weinberg pro-
portions, (piq; +p;q:)/2, before viability selection. Viability
selection is sex- and genotype-specific, and the resulting
sex-ratio can deviate from 1:1. Viability of an individual car-
rying the alleles x; and x; is determined by the sex-specific
survival probability functions wg(z;,z;) for females and
Wy (x4, 2;) for males (see Eq. 52 and Fig. 1 in the main
part). For the case of X-linked loci, a hemizygote male,
possessing only a single allele x;, viability is defined by
the function w4 (2;) (see Eq. S3). Finally, N surviving off-
spring are randomly sampled to represent the adults in the
subsequent generation. For our analytical result below, we
assume N to be sufficiently large for this to be deterministic,
but for the simulations (Figs. 4, 5 and 6), stochasticity is
introduced by random multinomial sampling of N surviving
offspring, which constitute the adult population of the next
generation.

The expected frequencies of an allele x; in the subsequent
generation, collected in the column vector p; with entries p}
and ¢}, are determined by the matrix recursion p; = A;p;,
which we also write as

pi\ _ [ai bi\ [P
a) \e di) \a)’

[54]
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For an autosomal locus, the matrix entries are

1

a; = % ;qug(xi7xj), [SHa]
1

b; = % Xj:png(xj, Zi), [S5D]
1

¢ = @ zj: q;W (4, xj)v [S5c]

[S5d]

1
di = @ zj:pj’woz (:Uj,xi),

where wg and w represent the population mean viability
among females and males, respectively.

For an X-linked locus, where males are hemizygous pos-
sessing only one allele inherited from their mother, the
expected frequency of male offspring carrying allele x; is
directly given by the allele frequency among the adult fe-
males, p;. Consequently, the entries of the matrix A; for an
X-linked locus are

1
1
b; = ﬁ Zj:png(xj, xi), [S6D]
o = YolTi), [S6¢]
Wa
d; =0 [S6d]

S2.3. Adaptive dynamics.

§2.3.1. Invasion fitness. In our evolutionary invasion analy-
sis, we consider a large resident population monomorphic
for allele z, to which we iteratively introduce an initially
rare mutant allele y = z + €. As long as the mutant allele
remains rare, meaning its frequencies p, and g, are negligi-
ble, the recursion equation for an autosomal locus (Egs. S4,
and S5) simplifies to

p; _ 1 f f Dy
qu 2 ma  Ma Qy .

Similarly, for an X-linked locus, the recursion equation
(Egs. 54 and S6) becomes

p; :1 f f Py
qy 2\2mx 0) \q, )~

Here, the matrix entry f = wo(y,z)/we(z,z) repre-

[S7]

[S8]

sents the relative survival of a female carrying the mu-

Supplementary to Siliestam et al.

tant allele, and the entries ma = wy (y,2)/ws (v, ) and
mx = Wz (y)/ws (v) represent the relative survival of male
mutants for autosomal and X-linked loci, respectively.

A rare allele y increases in frequency if the dominant
eigenvalue A(y,x) of the matrix A on the right-hand side
of Equations S7 and S8 is larger than one. Following Metz
et al. (1992) and Metz (2008), we refer to A(y, x) as invasion
fitness. This eigenvalue is given by

Tr(A) + /Tr(A)2 — 4Det(A)

Ay, z) = 5 [S9]
In the autosomal case, we obtain
N = fAmat V(f+ma)? -0
L 4
_ ft+ma
2
1 fwely,r )
_( o(¥:7)  woly w)>’ S10]
2 wg(x,x) W (7, 2)

which we recognize as the Shaw-Mohler equation (Shaw
and Mohler, 1953).
For an X-linked locus, we obtain

Ay, z) = L2V +8m)
) 4 *

[S11]
In this case, invasion criterion A(y, z) > 1 simplifies to

My, z) > 1

— f+Vf?P+8fmx >4

— 2+ 8fmyx > 16 — 8f + f?
= figﬁi>1. [S12]

We denote the fitness proxy given by the left-hand side in
the last inequality as A(y,z). Using the definitions for f
and my, we obtain
5 [+ fm
Mgy = LI
_ 1wg(y,x)
2 wo (7, T)

(1 + 2a (y)) . [S13]
W ()
Since A(y, ) ; 1 <= Ay, z) § 1, we can use A(y, ) for

all further calculations concerning X-linked loci.

S2.4. Singular points. Given that mutations have small
effect (y = x4 e with € small), the direction of evolutionary
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change is given by the selection gradient

D) = Oy, x)

S14
Dy lys [514]

(Geritz et al., 1998). If mutations occur infrequently, a
mutant allele y either goes extinct or reaches an equilibrium
frequency before the next mutant appears. Furthermore, if
D(x) # 0 and still assuming small mutational effects, then
invasion of y implies extinction of x (Dercole and Rinaldi,
2008; Priklopil and Lehmann, 2020). Iterating this process
results in a trait substitution sequence of allelic values,
giving the long-term evolutionary dynamics (Champagnat
et al., 2006).

To determine the selection gradient for an autosomal
locus, we substitute Equation S10 into Equation S14, re-

sulting in

D(.’L’) — 1 <8W [S15)

_ gwo’ (y7m)>
2 \ Oy wo(z, )

Iy wg (z, )

y=x

Utilizing the derivatives of the survival function provided
in section S2.6 below, and substituting Equation S32 into
Equation S15, we derive the selection gradient for an auto-
somal locus as

2 — T X
D@:i<m2_gm;>

ey 79

5 /1
=T (2(0% — oé,.) — x(a% + O’?);.)) . [S16]
For an X-linked locus, we obtain
» _ 65\(y7 I)
_ouwglna)) 10 wg() a
Oy wo(z,z) ly=s ~ 20y wy(x) ly=

Substituting Equations S32 and S34 into Equation S17,
we see that the selection gradient for the X-linked locus is
equal to two times the selection gradient for the autosomal
case,

[S18]

The evolutionary dynamics come to a halt once an allelic
value z* is reached where the selection gradient equals
zero, D(z*) = 0 or D(z*) = 0, respectively. We refer to
such allelic values as singular allelic values. Thus, we find a
unique singular allelic value x*, which, due to Equation S18,

Supplementary to Siliestam et al.

is the same for autosomal and X-linked loci. It is given by

2
0O — O
J
R [S19]
J

N |
+ON|+O N

Under symmetric selection strength (O’éQ = 02},2), the sin-
gular allelic value simplifies to * = 0, representing the
midpoint between the two sex-specific optima.

We note that the selection gradient D(z) for the autoso-
mal case and D(z) for the X-linked case can be expressed
as

D(z) = D(x)/2 = ¢ (x), [520]

where

[$21]

g(z) = %ln (\/wg(x,x)w@ (;U,x)) .

Thus, selection acts to increase geometric mean survival
averaged, both for autosomal (Charnov, 1982; Leimar, 2001)
and X-linked loci.

S2.5. Classification of the singular point. Singular allelic
values z* can be attractors or repellers of trait substitution
sequences (Geritz et al., 1998; Doebeli, 2011). Values z*
that are attractors are referred to as convergence stable.
Furthermore, singular allelic values #* can be invadable
or uninvadable by nearby mutants. Values z* that are
both convergence stable and uninvadable are evolution-
ary endpoints (also called continuously stable strategies),
while values z* that are convergence stable and invadable
are evolutionary branching points where adaptive allelic
polymorphism can emerge.

Since our model has a unique singular point z* in a one-
dimensional trait space (z € R), z* is either convergence
stable or, if it is not convergence stable, the evolutionary
dynamics approach —oco or 4+oc0. Since in the latter case,
survival of both sexes approaches zero, we can conclude
that x* is convergence stable. The same conclusion can be
reached by noting that

02 (1 1
g”(.’L’) = —Z (2 + 2) < 0.
79 g

By determining whether z* is invadable, we can distin-

[$22]

guish evolutionary endpoints from evolutionary branching
points.

§2.5.1. Invadability. The evolutionary singular allele x* can
be invadable or uninvadable, which is determined by the
sign of the second-order partial derivative with respect to
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the mutant trait y,

Ay, x)

57 [S23]

y=xr=x* ’
If this derivative is positive, then x* is a local fitness mini-
mum and can be invaded by nearby mutants while a neg-
ative second derivative indicates a local fitness maximum
and z* cannot be invaded by nearby mutants. Singular al-
lelic values that are both convergence stable and invadable
are evolutionary brancing points, where polymorphism can
emerge (Geritz et al., 1998; Doebeli, 2011). To simplify
notation, we assume from now on that all derivatives are

evaluated at y = x = x*.

Autosomal locus. For an autosomal locus, we obtain

2

Py, z) 1 <§;2w9(y,x)

o2 2 wo (7, T) W (T, x)
B R VY
80,%
ke{Q,0}
2 02 + o2 o2 +02)3
:i—i_(do”_dg?)(g Oz)_(92207')
4 8 80900Z

The second equality is obtained by using the second-order
partial derivative of wy with respect to y, as given in Equa-
tion S33, and the last step follows from using the expression
for * as given by Equation S19.

In summary, the condition for evolutionary branching

(see Condition 1 in the main part) is given by

?Ay, )
D2 ly—oear >0 <~
52 (a% + 0'(2)7.) (O’% + o’?)z)3
i (dg —do) 3 . [S24]

2 2
7

2

Under symmetry (o% =0 = UZ;,)7 condition 524 can be

rewritten as (Condition 2 in the main part)

52 5

Under symmetry and in the absence of sex-specific domi-
nance, condition S25 simplifies further to 62/4 > o2.

X-linked locus. For an X-linked locus, an analogous calcu-

lation results in

7B rok) (o} +ah 0+l
4 " 40202 [526]
7%
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as condition for evolutionary branching. The terms in
this condition are analogous to the corresponding terms in
condition S24. The difference is that the second term on the
left-hand side depends only on do. Dominance facilitates
evolutionary diversification if it is adaptive (dg < 0) and
hinders diversification otherwise. The right-hand side of
the inequality, capturing the effect of selection strength
that is independent of dominance, is slightly different, and
under symmetry (O’% =0= 0(2),) it simplifies to 362. Under
this symmetry, inequality S26 simplifies to

52 5

In the absence of dominance (dg = 0), this conditions fur-
ther simplifies to §2/4 > 302, indicating that the condition
for evolutionary diversification at an evolutionary branching
point is significantly more stringent at an X-linked locus
compared to an autosomal locus.

S2.6. Derivatives of the phenotype and survival func-
tions. In this section, we present derivatives for the pheno-
typic trait function z (Eq. S1) and the viability functions
wy, (Egs. S2 and S3), used in the calculations detailed above.

S§2.6.1. Derivatives of the phenotype function. The partial
derivative of the phenotype function z(y, z) with the re-
spect to the mutant allele y equals

8zk(y,x) B igln edky +ede
dy ©dy Oy 2

edry
= oy o [S28]
When evaluated at y = x, Equation S28 simplifies to
T ‘y:z =5 [S29]

The second partial derivative of zx(y, 2) with respect to y,
evaluated at y = x, equals

azzk(yax)’ _ 2 <
0y?  ly=z Y

edry
edry + edkf”) ‘y:r
edkyedkx
=i+ )

=k S30]

y==

S§2.6.2. Derivatives of the survival functions. The partial
derivative of the survival function wy(y,x) with respect
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to y equals

au%@hx>eaexp<<5k2kuhx»2>7

oy Oy 203
61@ - Zk(?Jy .’L') azk(ya {E)
= wi(y,x , S31

which, when evaluated at y = z, becomes

8wk(y7 J?) _ o —x 8zk(y, .13)
5‘y y=x - Wk (x, l‘) 0']% ay y=x
0 —
= Wk (fﬂ, :E) go_zxv [S32]
k

where we use that zx(z,2) = dz and Equation S29.
The second partial derivative of wg(y,x) with respect
to y, evaluated at y = x, equals

52 , 1 0 9 !
B Tl CURCEETTE e [
1 (Owi(y.x 1 d
= 207 (% .1/:1(51@ - @) = ukls2) + kak(x" )% - I)>
O — ) + (0 — x)dio — o

1
4o},

For a hemizygote, the derivative of the survival function
w (y) with respect to y is
og — Y
= wg(y) 5 (534
g

dwd (y)
dy

The second derivative of w4 (y) equals

aQUJOz (y)
Oy?

N2
L (W R L <y>)
d Jd
do—y)2—0
g () 32 J [$35]
Jd
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s3. Population genomic data

S3.1. Signals of polyallelic polymorphism in PoolSeq data. The pool-seq data analysed in this contribution derives
from Sayadi et al. (2019) (ENA accession PRJEB30475, NCBI accession PRJNA503561) and consists of resequencing of
200 individuals from each of three different populations. We refer to Sayadi et al. (2019) for detailed methodological
information. Pool-seq data contains large amounts of short-read data from multiple individuals sequenced as a pool
and is widely used to infer SNP frequencies in populations (e.g., Schlotterer et al., 2014). However, because data is
not phased, it is difficult to distinguish bi- from polyallelic polymorphism using pool-seq data. In order to do so, we
used a simple inferential logic designed to provide a comprehensive signal representing how consistent read-count data is
with there being only two segregating alleles (i.e., biallelic polymorphism) in a given locus. We used the log P from a
chi-squared test of the null hypothesis that the read count distribution between the minor and the major base is the
same across all SNPs within a gene, as is expected if only two alleles are present in a given population (see Figure S5).
The more negative log P is for a given gene, thus, the less consistent data is with biallelic polymorphism and the more
strongly it suggests polyallelic polymorphism.

The pipeline for read-trimming, read-mapping and SNP-calling was very stringent, to avoid false SNPs, mis-mapping
and ambiguously mapped reads (Sayadi et al., 2019). Here, we included only genes with two or more well-supported
SNPs. Yet, our inferential logic is not free from potential problems, deriving from e.g. gene-specific mapping errors,
unequal coverage and other unknown complications. However, given the fact that the data is based on a high-quality
genome assembly, stringent filtering of read-quality and strict parameters during mapping to avoid falsely mapped reads
(Sayadi et al., 2019), the metric used here (log P) should carry a true signal of polyallelic polymorphism when averaged

acCross many genes.

12 10 9 14 13 11 11 12 12
A T A C G C C G
| |
A |
C G G T A C G A T
66 62 56 70 67 79 62 60 73
6 10 9 41 36 36 40 37 39
A T T A C G C C G
| |
B | |
C G G T A C G A T
70 73 69 44 46 37 49 48 51

Figure S5. Two hypothetical cases of read-count distributions over a gene with 9 SNPs (blue bars), the upper representing the minor
base count and the lower the major base count, illustrating how read-count distributions was used to infer how consistent the data is
with two alleles being present among reads from a sequenced pool of individuals. In A, the distribution of counts is similar across SNPs
which is highly consistent with two segregating alleles with a minor allele (A-T-T-A-C-G-C-C-G) occurring at a frequency of about p =
0.15 (x3 = 1.18, P = 0.997). In B, the distribution of counts is more variable and is highly inconsistent with two segregating alleles
(x% = 88.64, P = 8.77 x 10~ 19). In this particular case, the data is consistent with, for example, an allele A-T-T-A-C-G-C-C-G occuring at
about p = 0.1, an allele C-G-G-A-C-G-C-C-G at about p = 0.35 and an allele C-G-G-T-A-C-G-A-T at about p = 0.55.
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S3.2. Gene sets. We interrogated two focal sets of genes for the overall signal of polygenic polymorphism (log P), drawn
from previous work in this species. The first focal set is composed by 149 loci previously identified by Sayadi et al. (2019)
as candidate sexually antagonistic loci. The second set is composed by 582 transcripts that were found to show significant
sex-specific dominance in expression by Kaufmann et al. (2024). The overlap in gene identity between the two focal
sets was marginal (6 genes). In both cases, the focal sets were compared with all other polymorphic genes (with two or
more well-supported SNPs) and, in both cases, we predict that our focal sets should show a stronger signal of polygenic
polymorphism than the reference genes. We used two different non-parametric tests. First, we compared the distribution
of log P in focal and reference sets using Kolmogorov-Smirnov two-sample tests, based on both raw log P values and
residual log P values. The latter were residuals from population-specific regression models of log P using the number of
SNPs per gene and gene length (both standardized within population) as well as their interaction as predictor variables.
This was done to compare gene sets after accounting for covariation between log P and other properties of genes. Second,
we used resampling tests to estimate the median log P in each gene set, represented by the average median value and its
95% bias-corrected and accelerated confidence interval based on 9999 bootstrap replicates.

The results of the analyses of raw log P are given in the main text. As for raw log P, the distribution of residual log P
generally differed significantly between reference and focal gene sets, both for candidate SA loci (KS tests; California:
X3 = 26.74, P < 0.001; Brazil: x3 = 24.82, P < 0.001; Yemen: x3 = 10.86, P = 0.004) and for genes with sex-specific
dominance in expression, although significantly so only in two out of three populations (California: y2 = 6.2, P = 0.045;
Brazil: x4 = 4.55, P = 0.103; Yemen: x3 = 7.86, P < 0.020). Genstat v.18.1.0.17005 was used for all statistical analyses.
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S3.3. Functional enrichment analysis.

Supplementary to Siliestam et al.

Table S1. Functional enrichment of 64 genes showing a standardized log P < —5 in any of the three populations, against a universe of all

polymorphic genes.

GOCCID P-value OddsRatio ExpCount Count Size Term

1 GO0:0045263  0.007822652  254.16667 0.007838014 1 4 proton-transporting ATP synthase complex coupling factor F(o)

2 GO:0045259  0.015604402  108.64286 0.015676029 1 8 proton-transporting ATP synthase complex

3 GO0:0033177  0.019479972  84.38889 0.019595036 1 10 proton-transporting two-sector ATPase complex proton-transporting domain

4 G0:0044425  0.03427625 Inf 0.975832789 3 498 membrane part

5 GO:0016469  0.042519966  35.88095 0.043109079 1 22 proton-transporting two-sector ATPase complex
GOBPID P-value OddsRatio ExpCount Count  Size Term

1 GO0:0005978  0.008313086 205 0.008333333 1 3 glycogen biosynthetic process

2 GO0:0009250  0.008313086 205 0.008333333 1 3 glucan biosynthetic process

3 G0:0044042 0.011070644  136.619048  0.011111111 1 4 glucan metabolic process

4 GO0:0005977  0.011070644  136.619048  0.011111111 1 4 glycogen metabolic process

5 GO:0006112  0.011070644  136.619048  0.011111111 1 4 energy reserve metabolic process

6 GO:0006073 0.011070644  136.619048  0.011111111 1 4 cellular glucan metabolic process

7 GO0:0033692  0.013821491 102.428571 0.013888889 1 5 cellular polysaccharide biosynthetic process

8 GO0:0000271  0.013821491 102.428571 0.013888889 1 5 polysaccharide biosynthetic process

9 GO0:0044264  0.01656564 81.914286 0.016666667 1 6 cellular polysaccharide metabolic process

10 GO:0009987  0.021743002  Inf 4961111111 8 1786  cellular process

1 GO0:0034637  0.0220339 58.469388 0.022222222 1 8 cellular carbohydrate biosynthetic process

12 GO:0005976  0.0220339 58.469388 0.022222222 1 8 polysaccharide metabolic process

13  GO:0044763 0.02351814 5.71183 2.763888889 6 995 single-organism cellular process

14  GO:0015985  0.02475804 51.142857 0.025 1 9 energy coupled proton transport down electrochemical gradient

15 GO:0015986  0.02475804 51.142857 0.025 1 9 ATP synthesis coupled proton transport

16 GO:0006754  0.02475804 51.142857 0.025 1 9 ATP biosynthetic process

17  GO:0015980 0.030186407  40.885714 0.030555556 1 11 energy derivation by oxidation of organic compounds

18  GO:0044249 0.03111107 4.995825 1.341666667 4 483 cellular biosynthetic process

19 GO:1901576  0.032445586  4.921649 1.358333333 4 489 organic substance biosynthetic process

20 GO:0016051  0.032890662  37.155844 0.033333333 1 12 carbohydrate biosynthetic process

21 GO0:0009168  0.032890662  37.155844 0.033333333 1 12 purine ribonucleoside monophosphate biosynthetic process

22 GO:0009127  0.032890662  37.155844 0.033333333 1 12 purine nucleoside monophosphate biosynthetic process

23 GO:0006259  0.035408622  8.449541 0.308333333 2 111 DNA metabolic process

24  GO:0009142  0.035588317  34.047619 0.036111111 1 13 nucleoside triphosphate biosynthetic process

25 GO:0009145 0.035588317  34.047619 0.036111111 1 13 purine nucleoside triphosphate biosynthetic process

26  GO:0009201  0.035588317  34.047619 0.036111111 1 13 ribonucleoside triphosphate biosynthetic process

27 GO:0009206  0.035588317  34.047619 0.036111111 1 13 purine ribonucleoside triphosphate biosynthetic process

28 GO:0044711  0.036001873  8.369697 0.311111111 2 112 single-organism biosynthetic process

29 GO:0009156  0.038279386  31.417582 0.038888889 1 14 ribonucleoside monophosphate biosynthetic process

30 GO:0009058  0.039669764  4.576699 1.441666667 4 519 biosynthetic process

31 GO:0009124  0.040963882  29.163265 0.041666667 1 15 nucleoside monophosphate biosynthetic process

32 GO:0006139  0.041227019  4.512476 1.458333333 4 525 nucleobase-containing compound metabolic process

33 GO:0007165  0.04471132 5.068421 0.852777778 3 307 signal transduction

34 GO:0006725  0.045009297  4.368224 1.497222222 4 539 cellular aromatic compound metabolic process

35 GO:0044700 0.045849014  5.013029 0.861111111 3 310 single organism signaling

36 GO:0023052 0.045849014  5.013029 0.861111111 3 310 signaling

37 GO:0007154  0.046231702  4.994805 0.863888889 3 311 cell communication

38 GO:0046129  0.04631321 255 0.047222222 1 17 purine ribonucleoside biosynthetic process

39 GO0:0042451  0.04631321 255 0.047222222 1 17 purine nucleoside biosynthetic process

40 GO:0046483 0.046411008 4.318519 1511111111 4 544 heterocycle metabolic process

41 GO:1901360  0.047839722  4.269725 1.525 4 549 organic cyclic compound metabolic process

42  GO:0006091  0.04897807 23.991597 0.05 1 18 generation of precursor metabolites and energy
GOMFID P-value OddsRatio ExpCount Count Size Term

1 GO0:0003676  0.000162235  4.878353 3.9312135 12 699 nucleic acid binding

2 GO0:0004373  0.011217687  183.84 0.01124811 1 2 glycogen (starch) synthase activity

3 G0:0008144  0.011217687  183.84 0.01124811 1 2 drug binding

4 G0:0017025 0.011217687  183.84 0.01124811 1 2 TBP-class protein binding

5 GO0:0046527 0.011217687 183.84 0.01124811 1 2 glucosyltransferase activity

6 G0:0008408  0.03329117 36.736 0.03374432 1 6 3'-5" exonuclease activity
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