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Genetic variance (V) in fitness related traits is often unexpectedly high,
evoking the question how Vg can be maintained in the face of selection.
Sexually antagonistic (SA) selection favouring alternative alleles in the
sexes is common and predicted to maintain Vi, while directional selection
should erode it. Both SA and sex-limited directional selection can lead to
sex-specific adaptations but how each affect Vi when sexual dimorphism
evolves remain experimentally untested. Using replicated artificial selection
on the seed beetle Callosobruchus maculatus body size we recently demon-
strated an increase in size dimorphism under SA and male-limited (ML)
selection by 50% and 32%, respectively. Here we test their consequences
on genetic variation. We show that SA selection maintained significantly
more ancestral, autosomal additive genetic variance than ML selection,
while both eroded sex-linked additive variation equally. Ancestral female-
specific dominance variance was completely lost under ML, while SA selec-
tion consistently sustained it. Further, both forms of selection preserved a
high genetic correlation between the sexes (71, ¢). These results demonstrate
the potential for sexual antagonism to maintain more genetic variance while
fuelling sex-specific adaptation in a short evolutionary time scale, and are in
line with predicted importance of sex-specific dominance reducing sexual
conflict over alternative alleles.

1. Introduction

Natural selection acts on the heritable genetic variance in fitness-related traits,
yet the additive genetic variance (V) for such traits is often unexpectedly high
[1-6]. Besides the mutation-selection balance [7,8], an answer to how genetic
variation can be maintained should lie in the strength, direction and type of
selection acting on a trait. Variable selection due to biotic and abiotic environ-
ment, population structure, genotype or sex, can all influence selection and
maintain genetic variance when different alleles are favoured in different indi-
viduals or at different time points [9]. For traits subject to sexually antagonistic
(SA) selection, alleles are selected for or against depending on the sex they
reside in. SA selection is common in nature [10] and stems from discordant
reproductive strategies in females and males [11-13]. SA selection is predicted
to maintain genetic variation through a net balancing selection across the
sexes [14-17]. Observed signatures of balancing selection at the genomic
level—such as elevated nucleotide diversity in proximity to sexually antagon-
istic genes—are compatible with this prediction [18]. Empirical evidence is
currently sparse and limited to molecular studies where SA selection is approxi-
mated indirectly from inferences of sex-biased gene expression [18,19] or where
the estimates of SA selection and balanced polymorphism are obtained from
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different populations [20]. What is especially warranted is a
direct test that allows causally connecting the effects of SA
selection on the level of maintenance of genetic variance in
a trait subject to antagonistic selection in the sexes. The theor-
etical framework is based on a single locus scenario, and its
applicability to polygenic traits remains to be tested.

How selection affects genetic variance across the sexes
depends on the degree to which shared genetic variation
affects joint phenotypic variation in the two sexes, which is
captured by the intersexual genetic correlation (ry,¢). A posi-
tive 7y, ¢ sets the stage for intralocus sexual conflict when the
sexes have different fitness optima [21,22] and can impede
independent trait evolution in the sexes [23] but see [24,25].
Following this argument, a reduction of r, ¢ has been con-
sidered as a potential prerequisite to the evolution of sexual
dimorphism [26-28]. Consistent with this, studies have
found a negative correlation between the degree of dimorph-
ism and 7, when compared across different traits [29-31].
However, the evidence is equivocal [22,32] and the conse-
quence of SA selection [33], or other forms of sex-specific
selection, on the r,, ¢ during the evolution of sexual dimorph-
ism is not well understood. Studies comparing the r,,, f across
different types of traits [30] or genes [31] focus on longer evol-
utionary time scales, but empirical studies investigating
shorter time scales relevant for the evolution of sex-specific
adaptations from standing genetic variation (from which
the 7y, ¢ is estimated) are lacking.

While theory suggests that SA selection can maintain
shared genetic variance, and therefore also the ry, ¢, SA selec-
tion by itself is not sufficient [34]: maintenance of genetic
variance through SA selection is restricted to a narrow par-
ameter space under additivity and
dominance [15,17,35]. Sex-specific differences in dominance

sex-concordant

and particularly sex-specific dominance reversal greatly
expand this parameter space and make maintenance of gen-
etic variance a likely outcome of SA selection [17,36].
However, it is not well understood how often these domi-
nance scenarios are met and the role of sex-specific
dominance in evolution has been controversial [6,36-39].
Sex-specific dominance modifiers may evolve in response to
SA selection [16] and facilitate partial resolution of sexual
conflict if alleles favoured in a given sex are dominant over
the alleles selected against in that sex [36,40]. SA selection
could also maintain genetic variance through the effect of
dominance that emerges from diminishing returns of allelic
contribution to fitness (or polygenic traits closely related to
fitness), i.e. the concavity of the fitness surface within each
sex, even without evoking dominance allelic effects for
such traits per se (e.g. [14,36,39]). Examples of sex-specific
dominance in major-effect loci across multiple species (e.g.
[41-43]) showcase that sex-specific dominance does occur
and suggests that genetic variance for such loci can persist
across different selection contexts. Polygenic dominance var-
iance reversal for fitness in C. maculatus [4] highlights the
potential for SA to maintain genetic variance genome wide.

Here we empirically quantify how additive and domi-
nance genetic variances, and the ryy are affected by
evolution of sexual body size dimorphism (SSD) by artificial
selection in a seed beetle Callosobruchus maculatus, and
specifically test whether SA selection can maintain genetic
variation at a higher level compared to sex-limited directional
selection. Body size is commonly sexually dimorphic, and
especially interesting trait given its strong association with

life-history variation, ecological adaptation and speciation [ 2 |

rates across taxa [44,45]. Fitness optima for body size are
different for the sexes in C. maculatus population used for
this study [46—48], and in the context of the artificial selection
regimes body weight solely determined fitness. This study
builds upon our recent work [24] where we described the
genetic variances associated with C. maculatus body size (elec-
tronic supplementary material, table S1) in a wild-type
ancestral population and experimentally demonstrated that
sexual size dimorphism increased under both SA selection
(toward smaller males and larger females) and male-limited
(ML) selection (toward smaller males), by 50% and 32%,
respectively. These selection forms affected male size simi-
larly (the cumulative selection differential of male size and
consequently the phenotypic response were similar in males
(electronic supplementary material, figures S1 and S2)),
while the SA selection prevented a correlational change in
female size seen under ML selection, resulting in the greater
increase in dimorphism under SA selection. We showed
that the autosomal additive genetic variance was highly
correlated between the sexes in the ancestral population
(3, = 0.924). The rapid evolution of SSD could largely be
explained by sex-limited genetic variances: the X- and par-
ticularly Y-linked additive genetic variance associated with
male size and the dominance variance associated with
female body size [24]).

Answering the question how short-term selection affects
standing genetic variance for a polygenic trait such as the
body size depends on numerous assumptions, and is ulti-
mately an empirical question yet to be answered (see
electronic supplementary material, Results). Nonetheless,
predicting broadly, sex-limited directional selection is
expected to erode additive genetic variance more quickly
than SA selection. This is because sex-limited selection can
cause an unhindered correlated response in the opposite
sex [24], driving allele frequencies underlying sex-specific
but also sex-shared additive genetic variation towards
extreme values or fixation, reducing or completely eroding
genetic variances in the sexes. SA selection can similarly
erode sex-specific additive variance but could maintain
shared additive genetic variance by favouring alternative
alleles in the two sexes [17]. Note that sex-shared variance
(covariance) and sex-limited variance may also not respond
to selection independently but could be interconnected by
pleiotropy or linkage during selection.

Predicting the consequences of selection on the detected
female-limited dominance variance requires also considering
its effects on the opposite sex. Male limited-selection is com-
pletely blind to the effects of female dominance variance. If,
on the one hand, the loci underlying female dominance vari-
ation have additive effects on males, ML selection is expected
to push allele frequencies toward extreme values or fixation.
If, on the other hand, the underlying loci have no effect on the
male phenotype, selection on males only will leave such loci
susceptible to drift. Consequently, female-specific dominance
variance is expected to be reduced or lost under ML selection.
By contrast, because heterozygosity is necessary for domi-
nance effects to manifest themselves, and if sexual
dimorphism is facilitated by the detected female-specific
dominance, then SA selection should favour the expression
of dominance effects by driving underlying allele frequencies
to intermediate frequencies, where dominance variance is
highest [49]. If the loci underlying female dominance have
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instead no effect on the male phenotype (and are hence not
sexually antagonistic), then dominance variance is expected
to be reduced or lost in the SA selection regime as well.

Thus, unlike sex-limited directional selection, SA selection for
increased sexual dimorphism could maintain or even increase
dominance variance, in addition to maintaining the additive gen-
etic variance. No change in the ry, ¢ is necessarily predicted under
either selection regime, if SA maintains and ML selection reduces
the V4 equally in the sexes, but both forms of selection are
expected to erode the sex-linked additive genetic variances. We
test these predictions by comparing the variances between the
replicated SA and ML lines, to the ancestral levels, as well as
to the effects produced by genetic drift alone.

2. Results

(a) Sexually antagonistic selection maintains additive
and dominance variance

We conducted repeated variance decomposition analysis using
Bayesian mixed effects models before and after selection using
two independent replicate lines subjected to sexually antagon-
istic (SA), male-limited (ML) or random selection (RS) (each of
the six selection line pedigrees contains approximately 2000
individuals, so combined with the ancestral pedigree our data-
set includes 22000 individuals). First, we found that a
significant amount of autosomal additive genetic variance
remained in both sexes after selection (V3 ; & V3  for females
and males, respectively) for all lines, although the extent was
reduced compared to the ancestral population in all but one
line (RSp) (electronic supplementary material, tables S1-54).
By contrast, the sex-linked additive variance components
observed in males of the ancestral population were not main-
tained: Y-linked variance (V) for male body size [24] was
significantly reduced in all, and lost completely in most lines
(electronic supplementary material, figures S3fh, S4fh
and S5fh), and male X-linked genetic variance (Vﬁlm) was
lost in all lines (electronic supplementary material, tables S1-
S4). No X-linked additive genetic variance was detected in
females (V} o) either before or after selection in any of the lines.

Importantly, despite an overall reduction of genetic var-
iance (V) in the lines, SA selection preserved significantly
more genetic variance across the sexes and replicate lines
than ML selection (figure 1) (Vg posterior difference 95%
CI=0.096,0.279, measured as the difference between the pos-
terior distribution in the SA regime minus the posterior
distribution of the ML regime, electronic supplementary
material, figure S6). The pattern holds true whether analysing
the replicate lines together or separately (electronic sup-
plementary material, figure S7) or when analysed separately
for each sex, SA selection maintained significantly more gen-
etic variance in both females (Vg posterior difference 95%
CI=0.071,0.234; figure 2a—e) and males (Vg , posterior differ-
ence 95% CI =0.001,0.065; figure 2f-j) relative to ML selection.
When partitioning Vg to its additive and dominance com-
ponents we also found that, in line with our main
prediction, SA selection maintained significantly more addi-
tive genetic variance in both sexes when compared to ML
selection (V4 ¢ posterior difference 95% CI=0.045,0.154; VA m
posterior difference 95% CI =0.002,0.064; figure 2). Albeit stat-
istically significant only in the SAb replicate, we also find that
SA consistently maintained more between sex covariance
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Figure 1. SA selection maintained more total genetic variance (V) for body
size (across the sexes) relative to the directional selection limited to males.
Violin plots show the posterior distribution of /g in the ancestral (ANC) popu-
lation and after ten generations of artificial male-limited (ML) and sexually
antagonistic (SA) selection. *** = posterior difference 99.99% (I does not
overlap zero. Note that replicate lines a and b are presented together
because they do not significantly differ among the replicate lines within
selection regimes, replicate specific comparisons are presented in electronic
supplementary material, figure S6.

compared to ML regime (table 1). SA selection also maintained
the ancestral levels of female-specific dominance variance,
while under ML selection no signal for dominance variance
was retained in either replicate line. The mean difference
between female dominance variance in SA and ML selection
was 0.052 with approximately 93% of the posterior distri-
bution of the difference greater than 0.001 (figure 3;
electronic supplementary material, figures S3 and S4; this
result is further supported by a significant likelihood-ratio
test using an independent likelihood-based model; see elec-
tronic supplementary material, table S6). In fact, female
dominance variance was the only variance component
that was not significantly reduced by SA selection relative to
the ancestor (mean Vpy posterior difference=0.002, 95%
CI=-0.073,0.082; figure 3). We could not detect any domi-
nance variance for male body size either before or after
selection (electronic supplementary material, tables S1-54).

Standing genetic variance estimates after 10 generations
of selection were more consistent across the experimental
replicates of the sex-specific selection regimes than under
random selection, as we observed significant differences
only between the two replicate lines of the random selection
regime (RS, and RSy), for both autosomal additive variance
and female dominance variance (electronic supplementary
material, table S3). Comparisons of genetic variances between
the SA and ML regimes to each random selection replicate are
provided in the electronic supplementary material.

(b) Evolution of sexual size dimorphism did not alter

the intersexual genetic correlation
In our previous study [24] we showed that SA as well as ML
selection significantly increased SSD by 50% and 32%,
respectively, despite the potential constraint on the evolution
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Figure 2. More additive genetic variance (V4) is maintained under SA selection in (a—e) females and (f—j) males. Panels (a,f) show I} in the ancestral (ANC)
population, while (b,g) show the evolved patterns after ten generations of artificial male-limited (ML) and (c,h) of sexually antagonistic (SA) selection. Panels (d /)
and (e,j) show the posterior difference between SA-ANC and SA-ML. Indicated are the marginal posterior distributions (solid black lines), 95% credible intervals
(vertical dashed purple lines), posterior means (vertical dotted red lines) and prior distributions (solid grey lines). In panels (b,c) we additionally show the mean
variance of the ancestral population (vertical dot-dashed grey line) to guide comparison. Asterisks indicate posterior difference distributions significantly greater than
zero, i.e. where the 95% credible interval does not overlap 0 (highlighted with a vertical yellow line). Note the different scales on the x-axis and y-axis between
different plots.
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Figure 3. SA selection maintained more female dominance variance (Vp) for body size relative to the directional selection limited to males. Marginal posterior
distributions of female dominance variance in (a) the ancestral (ANC) population and in the populations after ten generations of (b) artificial male-limited (ML) and
(c) sexually antagonistic (SA) selection. Panels (d) and (e) show the posterior difference between SA- ANC and SA-ML, respectively. Indicated are the marginal
posterior distributions (solid black lines), 95% credible intervals (vertical dashed purple lines), posterior means (vertical dotted red lines) and prior distributions
(solid grey lines). In panels (b,c) we additionally show the mean variance of the ancestral population (vertical dot-dashed grey line) to guide comparison. Asterisks
indicate posterior difference distributions significantly greater than zero, i.e. where the 95% credible interval does not overlap 0 (highlighted with a vertical yellow
line). Note the different scales on the x-axis and y-axis between different plots.

Table 1. Posterior estimates of the intersexual covariance (COV“?) for each selection line on the diagonal, as well as the posterior difference in the covariance
between each selection line below the diagonal. Shown are the [posterior mode] and (95% credible interval). Significant posterior differences (i.e. 95% credible

interval does not overlap zero) are highlighted in bold.

SAa
Sha COV2Sha
(697.4]
(412.6,1046.4)
Sab OVISAa — COViSA
[~3302]
(—8393,863)
Mla (OV2SAa — COVEMLa
g9
(—122.78,639.)
Mb  COVSAa— COVMLD
[108.0]

(—300.5,483.4)

of SSD posed by a high intersexual autosomal genetic corre-
lation in the ancestral population (rj ;= 0.925). Here we
tested whether this evolution of SSD has changed the r; .
We could not detect any significant reduction in r7, ( between

SAb

.
043

(776.6,1448.6)

COV4SAb — COV4La

[627.8]

(237.4,1027.8)
(OV3SAb — COVAMLb

[465.9]
(73.8,885.6)

butions

MLa MLb
COV2MLa

—
(267.1,678.6)

(OVIMLa — COVAIMLb ~ COVEMLb
(—1483] [624.7]

(—476.6,139.4) (420.7/873.4)

any of the selection lines and the ancestral population,
measured as the posterior difference between the ry ¢ distri-
(electronic supplementary material, table S5).
Furthermore, we observed no correlation between the

Y8YTTTOT (06T § 0S5 Y 20id  qdsi/jeusnol/bio-buiysigndAianosiedol H



[JANC []Rs, [l Rs, ML, ML, [ SA, []8A,

1.00
0.75
{é” 0.50

0.25

1.4 1.6

1.8 2.0

so[4]
Zm

Figure 4. Posterior distributions of the autosomal intersexual genetic correlation plotted against the level of observed sexual dimorphism before (ANC) and after
selection (RS, SA, ML). Indicated are the posterior mode (black triangle) and the 95% credible interval (horizontal, black lines).

degree of SSD and r?n’f (F15=0.5492, p=0.49; figure 4),
despite variation in both.

The intersexual genetic correlation is often calculated from
quantitative genetic analysis without sex-linked and dominance
variance partitioning which can bias the genetic correlation
estimate [24,50,51] (hereafter indicated with an asterisk, r;‘n,f).
When we calculated o from our data, we observed a mean
increase in r;,  after selection across all selection lines relative
to the ancestor, significantly so in the lines SA, and ML,
(electronic supplementary material, figure S8, table S5).

3. Discussion

Here we demonstrate that, compared to male-limited selec-
tion, SA selection can maintain higher levels of both
autosomal additive and dominance genetic variance during
short-term evolution of sexual dimorphism. By combining
direct estimation of genetic variance before and after body
size evolution under SA and ML selection, our study allows
us to draw a causal connection between the nature
of selection, the type of phenotypic evolution, and their
consequences for genetic variances, while controlling for
demography. Our previous study, where the selection lines
were established, showed that sexual size dimorphism
increased by approximately 20% more under SA than ML
selection owing to differences in female response [24]. The
cumulative strength of selection and consequently the pheno-
typic response was similar in males under both regimes
(electronic supplementary material, figures S1 and S2). The
greater reduction in additive genetic variation in both sexes
under ML selection relative to SA is thus probably a result
of the female-correlated response to directional selection on
males not seen under SA selection [24]. This has important
ramifications for understanding how genetic variation for
sexually selected traits can be maintained (i.e. the lek paradox
[52]). Tt is possible that traits evolving under sexual selection
in one sex are in fact subject to SA selection even when they

appear static in the opposite sex, which can help to explain
how unexpectedly high genetic variation is maintained.
Body size is a classical polygenic trait, but our results
suggest that in addition to many small effect loci there are
likely a few large effect loci that underlie the body size vari-
ation. Large effect loci are a likely cause for the observed
differences between the RS replicates as well as the consist-
ency between the replicate lines under SA and ML
selection. Despite the stochastic nature of genetic drift, drift
should not affect replicates differently when the underlying
number of loci is very high, as would be expected under
infinitesimal model (i.e. the effect of drift on each locus
only has a vanishingly small effect on the overall genetic var-
iance), but can do so in the presence of large effect loci. Under
selection, the stochastic effect of drift on large effect loci is
likely secondary to the effect of selection itself. However,
given both the persistence of V% for male body size even
under strong directional selection, and that the selection
response never plateaued in our experiment [24], our results
further suggest that at least part of the genetic variance is due
to many small effect loci and thus the number of underlying
loci is still likely to be large (see SI Results for more details).
Maintenance of genetic variation in SA loci is explicitly
predicted under sex-specific dominance [17,36]. In line with
this theoretical expectation, we found that dominance var-
iance for female body size was fully maintained under SA
selection, but eroded under the directional ML selection. As
the only detectable source of female-specific genetic vari-
ation, dominance variance was likely targeted by SA
selection. Note however that dominance variance estimated
from the pedigrees after selection have the caveat of being
potentially confounded with maternal effects (V) (see
methods). Regardless of sex, including selection lines where
we found no dominance variance, Vyg was found to be
zero (posterior mode =0) in all cases. More importantly, in
the ancestral population — where dominance estimates were
not confounded with Vg — we could not detect any maternal
effects distinguishable from zero in either sex. In order for
confounding effects of Vg to explain our result of
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maintained female dominance, maternal effects specific to
females would need to have arisen in the SA lines. We there-
fore believe that a more parsimonious explanation is that SA
lines simply maintained the ancestral dominance variance
and Vg remained indistinguishable from zero.

Sex-specific dominance variance both on the X [53] and on
the autosomes [4,14,16] has been considered a partial resol-
ution to intra-locus sexual conflict, but the role of sex-specific
dominance in facilitating the evolution of sexual dimorphism
is not yet clear. While there is support for sex-specific domi-
nance for sexually antagonistic traits [4,41,54] empirical tests
of how SA selection affects sex-specific dominance have been
lacking. Our result, which suggests a complete maintenance
of female-specific dominance for body size under SA selection,
showcases how such dominance can contribute to the main-
tenance of total genetic variance in fitness-related traits.
Future work is targeted to identify the genetic basis to this
variation. Given that heterozygosity is a necessary condition
for dominance allelic effects to manifest themselves as domi-
nance variation, male-limited selection may have reduced
female-specific dominance by reducing allelic variation in the
population, and consequently heterozygosity. The fact that
the dominance signal was lost even in one of the random selec-
tion lines suggests further that SA selection is especially
powerful for maintaining dominance variance.

The increase in sexual size dimorphism under male-lim-
ited selection shows, however, that
dominance variance is not necessary for dimorphism to

female-specific

evolve. The response of dimorphism to male-limited selection
can be explained by the sex-linked variance in males, particu-
larly on the Y chromosome detected in the ancestral
population, which was further demonstrated with genetic
crosses [24]. The Y chromosome effectively acts as one
major effect locus due to its non-recombining nature and seg-
regating variation becomes easily fixed [55]. The effect of drift
is also greater on sex-linked variation due to the lower effec-
tive population sizes of the X and Y relative to the autosomes
[56]. As expected from theory, both forms of sex-specific
selection (and RS) largely eroded the X and Y chromosome-
linked variances limited to males.

Under the assumption that loci harbouring sex-shared and
sex-specific variance are not linked, SA selection should
specifically maintain sex-shared variance. The differences
between SA and ML regimes should therefore be most pro-
nounced when comparing the sex-shared variances (i.e. the
between sex covariance). Albeit consistent in this direction,
the difference in covariance we detected is not as large as
seen in Vg or V,, suggesting that SA selection also maintained
more sex-limited genetic variance compared to ML. This indi-
cates linkage of sex-shared and sex-specific genetic variances
during the artificial selection. In principle, sex-shared and
sex-specific genetic variances could be connected through
pleiotropy, e.g. if a growth regulating locus affects both sex-
shared and sex-specific tissues and thus contributes to sex-
shared as well as to sex-specific variance. Alternatively, proxi-
mity of loci contributing to each type of variance could cause
linkage. Whether sex-specific variances maintained due to
linkage would persist over longer evolutionary times scales
under SA selection depends on their underlying cause, but if
caused by selection, linkage disequilibrium is expected to
eventually break down over extended periods of time.

The amount of shared genetic variance remained high
during 10 generations of selection and we could not detect

a significant reduction in any of the selection lines compared [ 7 |

with the ancestral population (electronic supplementary
material, table S5). Nor could we find any association
between and the degree of change in sexual size dimorphism
(figure 4). This further suggests that sexual size dimorphism
has increased due to selection on genetic variances specific to
each sex rather than a reduction in the genetic correlation
between the sexes at the shared autosomal loci. Sex-specific
selection is expected to erode sex-specific variance over
time [57]. While the loss of for example sex-linked variance
should not impact the estimates of autosomal rran,f, it could,
in fact, increase T g @S the loss of sex-specific genetic variance
is expected to disproportionally affect the denominator (total
additive genetic variance) and not the numerator (covariance,
see SI: Posterior estimate calculations) of the genetic corre-
lation [50]. This is what we also see in our lines (electronic
supplementary material, table S5).

The idea that selection for increased sexual dimorphism
has the potential to maintain and even increase the 7y, has
been discussed before [25,32,33]. But our findings are also
in contrast with previous studies that have compared the
degree of sexual dimorphism between different traits, and
found that the 7y is lower for more dimorphic traits [30].
The 1 ¢ is also lower for genes with more sexually dimorphic
expression [31]. The patterns across studies are not equivocal
[31,33], and differences may arise from the way the ry, is cal-
culated, but also due to the fact that studies comparing the
"ms across genes [31] or higher organismal phenotypes
[30,58] that vary in dimorphism are likely to pick up the
differences among traits that arise from sex-specific genetic
architectures [51]. These include for example sex differences
in gene expression, sex-linkage or sex-limited duplication
events [59-61], which have evolved over very long evolution-
ary time scales. By addressing how sexual dimorphism can
evolve in a single trait from standing genetic variation our
study shows instead how the 7, estimates are essentially
unaffected over a short time scale and are not correlated
with the degree of sexual dimorphism.

4. Conclusion

Our results experimentally show that sexually antagonistic
selection can maintain autosomal additive genetic variance
longer than sex-limited directional selection, which more
easily erodes variation. The shared genome is a prerequisite
for genetic variation to be maintained under SA selection, but
also the reason why genetic variation is lost in both sexes due
to directional selection even if only one sex is under selection.
Our results additionally shed new light on the historic debate
over the role of dominance variation evolution [62], by showing
how trait evolution under SA selection can indeed maintain sex-
specific dominance variance. Understanding further how such
dominance variation may evolve and contribute to sexual
dimorphism is an exciting future research direction.

5. Methods
(a) Study organism

The seed beetle Callosobruchus maculatus is a highly amenable
study organism to use in tests of the quantitative genetic under-
pinnings of sex-specific phenotypic evolution, as it shows

~
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heritable variation in the degree of sexual size dimorphism. As a
pest of legume seed pods, female C. maculatus oviposit directly
onto seeds in which the larvae conclude their development and
emerge as mature adults after 21-25 days under benign con-
ditions (29°C, 50% RH and a 12:12 light:dark cycle [63]). C.
maculatus is an aphagous capital breeder and can complete
their reproductive cycle relying only on resources gathered as
larvae within the seeds.

The C. maculatus population used to establish the selection
lines for this study was created by mixing 41 isofemales lines
established from wild-collected beetles. The isofemale lines
were founded by randomly pairing virgin beetles collected
near Lome, Togo in 2010. More detailed information about the
founding populations is presented in [24].

(b) Quantifying the effect of sex-specific selection on
genetic body size variance

In this study, we experimentally tested how two different forms
of sex-specific selection, sexually antagonistic (SA) selection for
larger females and small males (i.e. increasing the naturally
occurring SSD) and sex-limited selection for small males (ML),
as well as drift due to random selection, affected different genetic
variance components associated with body size evolution during
10 generations of artificial selection. To do this, we compared the
lines after selection to each other, to random selection, and to the
ancestral population prior to the selection period. For this, we
capitalized on data on the ancestral population presented in
[24], where we described the genetic variance in body size in
each sex in the ancestral population and show that different arti-
ficial selection regimes yield different phenotypic responses.

(i) Pedigree design and artificial selection

Here we provide an overview of the quantitative genetic and arti-
ficial selection methods applied to the ancestral population.
Further details can be found in [24]. An extensive quantitative gen-
etics experiment including 8022 individuals of the ancestral
population was carried out prior to the present study, where we
characterized the genetic variances of body size in a C. maculatus
population before selection (ie. in the ancestral population)
using a pedigree design adapted from [61] specifically useful for
quantifying X-linked and dominance variances. We then used
the offspring of this quantitative genetics experiment as the basis
to start 10 generations of artificial selection under different selec-
tion regimes, where we applied sexually antagonistic selection
(SA), male-limited directional selection (ML) or random selection
(RS), respectively. In each selection regime we selected the top 8
families out of 56 families based on the following criteria: 8
families with the highest degree of SSD (measured as the ratio
between average female and male body weight) for the SA lines,
8 families with the smallest average male body weight (i.e. no
selection on females) for the ML lines, and 8 randomly selected
families for the drift lines. Within each selection regime, selected
families were crossed fully factorially, but excluding full sib cross-
ings, resulting in 56 new families in the next generation. Each
selection regime was replicated twice (hereafter, replicates A and
B). After the last generation of selection, the top 8 families,
chosen using the same criteria as before, were pooled within
each selection regime and continued as a panmictic population,
building the basis for the follow-up quantitative genetics exper-
iment presented in this study where we tested the genetic
variances for body size in each population after selection.

(ii) Pedigree design for this study
To reach comparable sample sizes to the quantitative genetic
pedigree analyses conducted for ancestral generation we split

the line replicates into two blocks. The present quantitative gen-
etics experiments for all three selection regimes of replicate A
were started in parallel after one generation of panmictic
mating after selection. One generation later (i.e. after two gener-
ations of panmictic mating), the breeding design for the selection
regimes in replicate B were started as well. We performed the
quantitative genetics experiment for each selection regime and
replicate as described below.

Similar to the quantitative genetics experiment using in the
ancestral population, we used a pedigree design adapted from
[61] spanning 3 generations, GF, P and F1, in order to partition
dominance, additive sex-linked and additive autosomal var-
iances for each sex and the cross-sex covariance. Note that,
unlike in the ancestral pedigree used in [24], in the present
study (due to logistic constrains) we had to create slightly
reduced pedigrees by omitting the double first cousins. While
these types of relatives are important for partitioning out poten-
tial confounding of maternal effects (Vi) on Vp as well as VX
estimates, which we now cannot do, we note that in the ancestral
dataset we could demonstrate that there is no effect of Vg on
body size in either sex (i.e. the posterior mode of Vg is indistin-
guishable from zero in both sexes) (electronic supplementary
material, table S1). Hence, we believe that we can accurately par-
tition dominance and X-linked variances. Note also that any
confounding maternal effects in the present pedigrees would
need to be female-specific and to have occurred only after selec-
tion, in order to account for the results we observe (.e.
maintenance of ancestral levels of female-specific dominance
under SA selection). All adults were collected as virgins by iso-
lating the host seeds 5 days prior to emergence of the adult
beetles. To ensure the virgin status of the beetles and to rule
out potential larval resource competition, we only isolated
beans with one egg laid on them and thus only one growing
larva inside. Additionally, to keep the conditions consistent
across all experiments, we measured all individuals within 24 h
of their emergence using a set of three micro scales and kept
the populations density controlled starting two generations—
with the great-great-grandparents (GGGP)—before quantifying
the first experimental individuals. All crosses were done by pair-
ing a mature virgin female with a mature virgin male in a 1.5 ml
Eppendorf for one hour, the only exception to this was in the par-
ental crossing scheme (see below) where we crossed males to
multiple females (i.e. males were no longer virgins after the
first mating). Thereafter, we transferred the mated females into
individual Petri dishes prepared with 18 g V. radiata beans for
24 h of oviposition. Both crossing and oviposition were done
under benign conditions in a climate chamber.

To initiate the quantitative genetic experiments, randomly
collected adult C. maculatus (GGGP) from the panmictic popu-
lation were transferred to a new set of V. radiata beans for
oviposition. As in the ancestral population, adult beetles were
removed 48 h later to unify the age of the following great-grand-
parental generation (GGP) and to control and equalize density
across all regimes. GGP individuals were collected as virgins
and randomly crossed to create 120 GP families. Note that
beyond controlling for age and density, the panmictic mating
as well as the random paring of GGGP and GGP generations
serves two crucial purposes in our experiment: (i) minimizing
potential relatedness structure which would violate assumptions
of the animal model and (ii) removing potential build-up linkage
disequilibrium that can bias additive genetic variance to be over-
estimated [64].

GP generation: From each GP family we selected one individ-
ual at random but balanced for sex, yielding 120 unrelated
beetles, 60 females and 60 males, respectively. Males and females
were randomly crossed to give rise to 60 P families.

P generation: For each parental family we randomly selected
1 male and 4 females. Each male was sequentially crossed to 4
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randomly selected females of different parental families, giving
rise to 4 half-sib families.

In total we measured approximately 2000 beetles in each
regime and replicate (detailed sample sizes can be found in the
respective electronic supplementary material, tables).

(c) Quantitative genetics analysis

To detect potential changes in genetic variances due to the
response to artificial selection we analysed the pedigrees of
each artificial selection and drift line with the animal model
(mixed effect model) in the software R, v. 3.4.0 [65]. We used
the same animal model framework as described in [24] for the
ancestral population, where we modelled body size as a bivari-
ate, normally distributed trait in a GLMM with Gaussian errors
and an identity link function using the R package MCMCglmm
[66]. Using this model allowed us to partition the observed phe-
notypic body size variation into: autosomal additive genetic
variance (V4), cross-sex autosomal additive covariance (COV)
and the associated intersex genetic correlation (r,,f); sex-specific
X-linked additive genetic variances (V) and Y-linked additive
variance (VX); dominance variances (Vp); and maternal environ-
ment (V). In this manuscript, we present our results using
parameter expanded, uninformative priors but we also explored
other prior conditions in order to validate the robustness of our
model. Additive, dominance and X-linked (co)-variance relation-
ships were calculated using the R package NADIV [67]. In the
animal model, the estimation of the covariance for dominance
and additive X-linked variance were fixed to zero a priori. The
R code of our models is provided in the SI. In addition to the
Bayesian framework we also used a likelihood based method
to verify our findings with a different method and explore
model comparison using the software ASReml R 4.0. All calcu-
lations of associated statistics such as sex specific heritabilities
and 7, ¢ are in the supplementary information.

We created posterior differences between marginal posterior
distributions of the replicate lines to compare the genetic var-
iance component estimates against the ancestral population, as
well as within and across selection regimes. Additionally, we
compared the male-female covariance estimates between the
replicates of the SA and ML regimes. The posterior difference

itself is a posterior distribution and statistical inference can be
drawn similarly as for all posterior distributions (i.e. primarily
via 95% CI). After verifying that there were no significant differ-
ences between the replicate lines within the SA or the ML
selection regimes, we estimated the genetic variance components
for each selection regime (i.e. including both A & B replicate lines
in the same model) to compare the effects of SA versus ML selec-
tion on genetic variance by creating a posterior difference
distribution between the regimes. Additionally, we also present
individually the posterior difference distribution comparison
across all SA and ML replicate lines to demonstrate the
consistency of our findings (electronic supplementary material,
figure S7).

Data accessibility. All data generated and analysed in this study are
published on the Dryad repository [68].

Data for the ancestral population are published on the Dryad
repository [69].

Supplementary data are provided in the electronic supplemen-
tary material [70].
Authors” contributions. P.K.: data curation, formal analysis, investigation,
methodology, project administration, resources, software, visualiza-
tion, writing—original draft, writing—review and editing; J.M.H.:
data curation, investigation, writing—review and editing; E.L:
conceptualization, funding acquisition, investigation, project admin-
istration, supervision, writing—original draft, writing—review
and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.

Funding. Work for this study was funded by grants from the Swedish
Research Council (grant no. 2019-05038) and Carl Trygger
Foundation (grant no. CTS-18:163) to E.I.

Acknowledgements. We thank J. Liljestrand-Rénn, R. Augusto and
M. Jonsson for help in the laboratory and M. E. Wolak for helpful
discussions regarding the data analysis. We also thank the
beetle research group at Uppsala University for discussions, and
A. Husby and two anonymous reviewers for valuable comments
on an earlier draft of the manuscript. The computations were enabled
by resources in project SNIC 2019/8-55 provided by the Swedish
National Infrastructure for Computing at UPPMAX, partially
funded by the Swedish Research Council.

selection. Mineola, NY: Dover Publications.

NJ: Princeton University Press.

References
Barton NH, Turelli M. 1989 Evolutionary quantitative 7. Lande R. 1975 The maintenance of genetic 13. Fairbairn DJ. 2013 Odd couples: extraordinary
genetics: how little do we know? Annu. Rev. Genet. variability by mutation in a polygenic character with differences between the sexes in the animal
23, 337-370. (doi:10.1146/annurev.ge.23.120189. linked loci. Genet. Res. 26, 221-235. (doi:10.1017/ kingdom. Princeton, NJ: Princeton University Press.
002005) 50016672300016037) 14. Fry JD. 2010 The genomic location of sexually
Houle D. 1989 The maintenance of polygenic 8. Turelli M. 1984 Heritable genetic variation via antagonistic variation: some cautionary comments.
variation in finite populations. Evolution (NY) 43, mutation-selection balance: Lerch’s zeta meets the Evolution (NY) 64, 1510-1516. (d0i:10.1111/j.1558-
1767-1780. (d0i:10.1111/j.1558-5646.1989. abdominal bristle. Theor. Popul. Biol. 25, 138-193. 5646.2009.00898.x)
th02625.x) (doi:10.1016/0040-5809(84)90017-0) 15. Connallon T, Clark AG. 2014 Balancing selection in
Mitchell-Olds T, Willis JH, Goldstein DB. 2007 Which 9. Connallon T, Hall MD. 2016 Genetic correlations species with separate sexes: Insights from Fisher's
evolutionary processes influence natural genetic and sex-specific adaptation in changing geometric model. Genetics 197, 991-1006. (doi:10.
variation for phenotypic traits? Nat. Rev. Genet. 8, environments. Evolution (NY) 70, 2186-2198. 1534/genetics.114.165605)
845-856. (doi:10.1038/nrg2207) (doi:10.1111/ev0.13025) 16.  Spencer HG, Priest NK. 2016 The evolution of sex-
Grieshop K, Amaquist G. 2018 Sex-specific dominance ~ 10. Cox RM, Calsbeek R. 2009 Sexually antagonistic specific dominance in response to sexually
reversal of genetic variation for fitness. PLoS Biol. selection, sexual dimorphism, and the resolution of antagonistic selection. Am. Nat. 187, 658—666.
16, 1-21. (doi:10.1371/journal.pbio.2006810) intralocus sexual conflict. Am. Nat. 173, 176-187. (doi:10.1086/685827)
Barton NH, Keightley PD. 2002 Understanding (d0i:10.1086/595841) 17. Kidwell JF, Clegg MT, Stewart FM, Prout T. 1977
quantitative genetic variation. Nat. Rev. Genet. 3, 11. Darwin C. 1871 The descent of man, and selection in Regions of stable equilibria for models of
11-21. (doi:10.1038/nrg700) relation of sex. London, UK: John Murray. differential selection in the two sexes under random
Fisher RA. 1958 The genetical theory of natural 12. Arnquist G, Rowe L. 2005 Sexual conflict. Princeton, mating. Genetics 85, 171-183. (doi:10.1093/

genetics/85.1.171)

Y8YTTT0T 06T g 20S Y 20id  qdsi/jeusnol/bi0-buiysiigndfianosiesol H


http://dx.doi.org/10.1146/annurev.ge.23.120189.002005
http://dx.doi.org/10.1146/annurev.ge.23.120189.002005
https://doi.org/10.1111/j.1558-5646.1989.tb02625.x
https://doi.org/10.1111/j.1558-5646.1989.tb02625.x
http://dx.doi.org/10.1038/nrg2207
http://dx.doi.org/10.1371/journal.pbio.2006810
http://dx.doi.org/10.1038/nrg700
http://dx.doi.org/10.1017/S0016672300016037
http://dx.doi.org/10.1017/S0016672300016037
http://dx.doi.org/10.1016/0040-5809(84)90017-0
https://doi.org/10.1111/evo.13025
http://dx.doi.org/10.1086/595841
https://doi.org/10.1111/j.1558-5646.2009.00898.x
https://doi.org/10.1111/j.1558-5646.2009.00898.x
http://dx.doi.org/10.1534/genetics.114.165605
http://dx.doi.org/10.1534/genetics.114.165605
http://dx.doi.org/10.1086/685827
http://dx.doi.org/10.1093/genetics/85.1.171
http://dx.doi.org/10.1093/genetics/85.1.171

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

Dutoit L, Mugal CF, Bolivar P, Wang M,
Nadachowska-Brzyska K, Smeds L, Yazdi HP,
Gustafsson L, Ellegren H. 2018 Sex-biased gene
expression, sexual antagonism and levels of genetic
diversity in the collared flycatcher (Ficedula
albicollis) genome. Mol. Ecol. 27, 3572-3581.
(doi:10.1111/mec.14789)

Sayadi A, Martinez Barrio A, Immonen E, Dainat J,
Berger D, Tellgren-Roth C, Nystedt B, Amqvist G.
2019 The genomic footprint of sexual conflict. Nat.
Ecol. Evol. 3, 1725-1730. (do0i:10.1038/541559-019-
1041-9)

Ruzicka F, Hill MS, Pennell TM, Flis I, Ingleby FC,
Mott R, Fowler K, Morrow EH, Reuter M. 2019
Genome-wide sexually antagonistic variants reveal
long-standing constraints on sexual dimorphism in
fruit flies. PLoS Biol. 17, €3000244. (doi:10.1371/
journal.pbio.3000244)

Bonduriansky R, Chenoweth SF. 2009 Intralocus
sexual conflict. Trends Ecol. Evol. 24, 280-288.
(doi:10.1016/j.tree.2008.12.005)

Bonduriansky R, Rowe L. 2005 Intralocus sexual
conflict and the genetic architecture of sexually
dimorphic traits in Prochyliza xanthostoma (Diptera:
Piophilidae). Evolution (NY) 59, 1965—1975. (doi:10.
1111/j.0014-3820.2005.tb01066.x)

Lande R. 1980 Sexual dimorphism, sexual selection,
and adaptation in polygenic characters. Evolution
(NY) 34, 292-305. (doi:10.2307/2407393)
Kaufmann P, Wolak ME, Husby A, Immonen E. 2021
Rapid evolution of sexual size dimorphism
facilitated by Y-linked genetic variance. Nat.

Ecol. Evol. 5, 1394-1402. (doi:10.1038/s41559-
021-01530-2)

Reeve JP, Fairbairn DJ. 2001 Predicting the evolution
of sexual size dimorphism. J. Evol. Biol. 14,
244-254. (doi:10.1046/j.1420-9101.2001.00276.x)
Delph LF, Gehring JL, Frey FM, Arntz AM, Levri M.
2004 Genetic constraints on floral evolution in a
sexually dimorphic plant revealed by artificial
selection. Evolution (N. Y) 58, 1936—1946. (doi:10.
1111/j.0014-3820.2004.th00481.x)

Stewart AD, Pischedda A, Rice WR. 2010 Resolving
intralocus sexual conflict: Genetic mechanisms and
time frame. J. Hered. 101, 94-99. (d0i:10.1093/
jhered/esq011)

Stewart AD, Rice WR. 2018 Arrest of sex-specific
adaptation during the evolution of sexual
dimorphism in Drosophila. Nat. Ecol. Evol. 2,
1507-1513. (doi:10.1038/s41559-018-0613-4)

Cox RM, Cox CL, McGlothlin JW, Card DC, Andrew
AL, Castoe TA. 2017 Hormonally mediated increases
in sex-hiased gene expression accompany the
breakdown of between-sex genetic correlations in a
sexually dimorphic lizard. Am. Nat. 189, 315-332.
(doi:10.1086/690105)

Poissant J, Wilson AJ, Coltman DW. 2010 Sex-
specific genetic variance and the evolution of sexual
dimorphism: a systematic review of cross-sex
genetic correlations. Evolution (NY) 64, 97-107.
(doi:10.1111/}.1558-5646.2009.00793.x)

Griffin RM, Dean R, Grace JL, Rydén P, Friberg U.
2013 The shared genome is a pervasive constraint

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

on the evolution of sex-biased gene expression.
Mol. Biol. Evol. 30, 2168-2176. (doi:10.1093/
molbev/mst121)

Delph LF, Steven JC, Anderson IA, Herlihy CR, Brodie
ED. 2011 Elimination of a genetic correlation
between the sexes via artificial correlational
selection. Evolution (NY) 65, 2872-2880. (doi:10.
1111/j.1558-5646.2011.01350.x)

McGlothlin JW, Cox RM, Brodie ED. 2019 Sex-specific
selection and the evolution of between-sex genetic
covariance. J. Hered. 110, 422-432. (doi:10.1093/
jhered/esz031)

Prout T. 2000 How well does opposing selection
maintain variation? In Evolutionary genetics: from
molecules to morphology (eds RS Singh, (B
Krimbas), pp. 157-181. Cambridge, UK: Cambridge
University Press,

Rose MR. 1982 Antagonistic pleiotropy, dominance,
and genetic variation. Heredity (Edinb). 48, 63-78.
(doi:10.1038/hdy.1982.7)

Connallon T, Chenoweth SF. 2019 Dominance
reversals and the maintenance of genetic variation
for fitness. PLoS Biol. 17, 1-11. (doi:10.1371/
journal.pbio.3000118)

Wolak ME, Keller LF. 2014 Dominance genetic
variance and inbreeding in natural populations. In
Quantitative genetics in the wild (eds A Charmantier,
D Garant, LEB Kruuk), pp. 104—127. Oxford, UK:
Oxford University Press.

Wright S. 1934 Physiological and evolutionary
theories of dominance. Am. Nat. 68, 24-53.
(doi:10.1086/280521)

Wright S. 1929 Fisher's theory of dominance. Am.
Nat. 63, 274-279. (doi:10.1086/280260)

Grieshop K, Ho EKH, Kasimatis KR. 2021 Dominance
reversals, antagonistic pleiotropy, and the
maintenance of genetic variation. bioRxiv.

Barson NJ et al. 2015 Sex-dependent dominance at
a single locus maintains variation in age at maturity
in salmon. Nature 528, 405-408. (doi:10.1038/
nature16062)

Johnston SE, Gratten J, Berenos C, Pilkington JG,
(lutton-Brock TH, Pemberton JM, Slate J. 2013 Life
history trade-offs at a single locus maintain sexually
selected genetic variation. Nature 502, 93-95.
(doi:10.1038/nature12489)

Rédei GP. 1962 Supervital mutants of

Arabidopsis. Genetics 47, 443-460. (doi:10.1093/
genetics/47.4.443)

Fairbaim DJ, Blanckenhorn WU, Székely T (eds).
2007 Sex, size and gender roles: evolutionary studies
of sexual size dimorphism. Oxford, UK: Oxford
University Press.

Cooney (R, Thomas GH. 2021 Heterogeneous
relationships between rates of speciation and body
size evolution across vertebrate clades. Nat. Ecol. Evol.
5, 101-110. (doi:10.1038/s41559-020-01321-y)
Berger D, Grieshop K, Lind MI, Goenaga J, Maklakov
AA, Amquist G. 2014 Intralocus sexual conflict and
environmental stress. Evolution (NY) 68,
2184-2196. (doi:10.1111/evo.12439)

Berger D, Martinossi-Allibert 1, Grieshop K, Lind MI,
Maklakov AA, Amqist G. 2016 Intralocus sexual

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

conflict and the tragedy of the commons in seed
beetles. Am. Nat. 188, E98—E112. (d0i:10.1086/
687963)

Berg EC, Maklakov AA. 2012 Sexes suffer from
suboptimal lifespan because of genetic conflict in a
seed beetle. Proc. R. Soc. B. 279, 4296-4302.
(doi:10.1098/rspb.2012.1345)

Falconer DS, Mackay TFC. 1996 Introduction to
quantitative genetics, 4th edition. Harlow, UK:
Longman.

Cowley DE, Atchley WR. 1988 Quantitative genetics
of Drosophila melanogaster. 11. Heritabilities and
gemetic correlations between sexes for head and
thorax traits. Genetics 119, 421-433. (doi:10.1093/
genetics/119.2.421)

Hushy A, Schielzeth H, Forstmeier W, Gustafsson L,
Quarnstrom A. 2013 Sex chromosome linked genetic
variance and the evolution of sexual dimorphism of
quantitative traits. Evolution (NY) 67, 609-619.
(doi:10.1111/}.1558-5646.2012.01806.x)

Borgia G. 1979 Sexual seleciton and the evolution of
mating systems. In Sexual selection and reproductive
competition in insects (eds Blum, MS, Blum NA), pp.
19-80. New York, NY: Academic Press.

Rice WR. 1984 Sex chromosomes and the evolution
of sexual dimoprhism. Evolution (NY) 38, 735-742.
(doi:10.1111/j.1558-5646.1984.tb00346.x)

Posavi M, Gelembiuk GW, Larget B, Lee CE. 2014
Testing for beneficial reversal of dominance during
salinity shifts in the invasive copepod Eurytemora
affinis, and implications for the maintenance of
genetic variation. Evolution (NY) 68, 3166—3183.
(doi:10.1111/ev0.12502)

Bergero R, Charlesworth D. 2009 The evolution

of restricted recombination in sex chromosomes.
Trends Ecol. Evol. 24, 94-102. (doi:10.1016/j.tree.
2008.09.010)

Charlesworth B, Charlesworth D. 2000

The degeneration of Y chromosomes. Phil.

Trans. R. Soc. Lond. B. 355, 1563—1572. (doi:10.
1098/rsth.2000.0717)

Lynch M, Walsh B. 1998 Genetics and analysis of
quantitative traits. Sunderland, MA: Sinauer
Associates.

Matthews G, Hangartner S, Chapple DG, Connallon
T. 2019 Quantifying maladaptation during the
evolution of sexual dimorphism. Proc. R. Soc. B.
286, 20191372. (doi:10.1098/rspb.2019.1372)
Ellegren H, Parsch J. 2007 The evolution of sex-
biased genes and sex-biased gene expression. Nat.
Rev. Genet. 8, 689-698. (doi:10.1038/nrg2167)
Connallon T, Clark AG. 2011 The resolution of sexual
antagonism by gene duplication. Genetics 187,
919-937. (doi:10.1534/genetics.110.123729)
Fairbaim DJ, Roff DA. 2006 The quantitative
genetics of sexual dimorphism: assessing the
importance of sex-linkage. Heredity (Edinb). 97,
319-328. (doi:10.1038/sj.hdy.6800895)

Wade MJ, Goodnight CJ. 1998 Perspective: The
theories of Fisher and Wright in the context of
metapopulations: when nature does many small
experiments. Evolution (NY) 52, 1537-1553.
(doi:10.1111/j.1558-5646.1998.tb02235.x)

Y8YTTT0T 06T g 20S Y 20id  qdsi/jeusnol/bi0-buiysiigndfianosiesol E


http://dx.doi.org/10.1111/mec.14789
http://dx.doi.org/10.1038/s41559-019-1041-9
http://dx.doi.org/10.1038/s41559-019-1041-9
http://dx.doi.org/10.1371/journal.pbio.3000244
http://dx.doi.org/10.1371/journal.pbio.3000244
http://dx.doi.org/10.1016/j.tree.2008.12.005
https://doi.org/10.1111/j.0014-3820.2005.tb01066.x
https://doi.org/10.1111/j.0014-3820.2005.tb01066.x
https://doi.org/10.2307/2407393
http://dx.doi.org/10.1038/s41559-021-01530-z
http://dx.doi.org/10.1038/s41559-021-01530-z
http://dx.doi.org/10.1046/j.1420-9101.2001.00276.x
http://dx.doi.org/10.1111/j.0014-3820.2004.tb00481.x
http://dx.doi.org/10.1111/j.0014-3820.2004.tb00481.x
http://dx.doi.org/10.1093/jhered/esq011
http://dx.doi.org/10.1093/jhered/esq011
http://dx.doi.org/10.1038/s41559-018-0613-4
http://dx.doi.org/10.1086/690105
https://doi.org/10.1111/j.1558-5646.2009.00793.x
http://dx.doi.org/10.1093/molbev/mst121
http://dx.doi.org/10.1093/molbev/mst121
https://doi.org/10.1111/j.1558-5646.2011.01350.x
https://doi.org/10.1111/j.1558-5646.2011.01350.x
http://dx.doi.org/10.1093/jhered/esz031
http://dx.doi.org/10.1093/jhered/esz031
http://dx.doi.org/10.1038/hdy.1982.7
http://dx.doi.org/10.1371/journal.pbio.3000118
http://dx.doi.org/10.1371/journal.pbio.3000118
http://dx.doi.org/10.1086/280521
http://dx.doi.org/10.1086/280260
http://dx.doi.org/10.1038/nature16062
http://dx.doi.org/10.1038/nature16062
http://dx.doi.org/10.1038/nature12489
https://doi.org/10.1093/genetics/47.4.443
https://doi.org/10.1093/genetics/47.4.443
http://dx.doi.org/10.1038/s41559-020-01321-y
https://doi.org/10.1111/evo.12439
http://dx.doi.org/10.1086/687963
http://dx.doi.org/10.1086/687963
http://dx.doi.org/10.1098/rspb.2012.1345
https://doi.org/10.1093/genetics/119.2.421
https://doi.org/10.1093/genetics/119.2.421
https://doi.org/10.1111/j.1558-5646.2012.01806.x
https://doi.org/10.1111/j.1558-5646.1984.tb00346.x
https://doi.org/10.1111/evo.12502
http://dx.doi.org/10.1016/j.tree.2008.09.010
http://dx.doi.org/10.1016/j.tree.2008.09.010
http://dx.doi.org/10.1098/rstb.2000.0717
http://dx.doi.org/10.1098/rstb.2000.0717
http://dx.doi.org/10.1098/rspb.2019.1372
http://dx.doi.org/10.1038/nrg2167
http://dx.doi.org/10.1534/genetics.110.123729
http://dx.doi.org/10.1038/sj.hdy.6800895
https://doi.org/10.1111/j.1558-5646.1998.tb02235.x

63. Amgvist G, Tuda M. 2010 Sexual conflict and the
gender load: correlated evolution between
population fitness and sexual dimorphism in seed
beetles. Proc. R. Soc. B 277, 1345-1352. (doi:10.
1098/rspb.2009.2026)

64. Walsh B, Lynch M. 2018 The infinitesimal model and
Its extensions: evolution and selection of quantitative
traits. Oxford, UK: Oxford University Press.

65. R Core Team. 2020 R: a language and environment
for statistical computing. Vienna, Austria:

R Foundation for Statistical Computing.

66.

67.

68.

Hadfield JD. 2010 MCMC methods for multi-
response generalized linear mixed models: the
MCMCglmm R package. J. Stat. Softw. 33, 1-22.

(doi:10.18637/js5.v033.i02) 69.

Wolak ME. 2012 Nadiv: an R package to create
relatedness matrices for estimating non-additive
genetic variances in animal models. Methods

Ecol. Evol. 3, 792-796. (doi:10.1111/.2041-210X. 70.

2012.00213.x)
Kaufmann P, Howie JM, Immonen E. 2023 Data
from: Sexually antagonistic selection maintains

genetic variance when sexual dimorphism evolves. m
Dryad Digital Repository. (doi:10.5061/dryad.
931zcrjm4)

Kaufmann P, Immonen E. 2021 Rapid evolution of
sexual size dimorphism facilitated by Y-linked
genetic variance data set. Dryad Digital Repository.
(doi:10.5061/dryad.dfn2z350x)

Kaufmann P, Howie JM, Immonen E. 2023 Data from:
Sexually antagonistic selection maintains genetic
variance when sexual dimorphism evolves. Figshare.
(doi:10.6084/m9.figshare.c.6461940)

Y8YTTT0T 06T g 20S Y 20id  qdsi/jeusnol/bi0-buiysiigndfianosiesol


https://doi.org/10.1098/rspb.2009.2026
https://doi.org/10.1098/rspb.2009.2026
http://dx.doi.org/10.18637/jss.v033.i02
http://dx.doi.org/10.1111/j.2041-210X.2012.00213.x
http://dx.doi.org/10.1111/j.2041-210X.2012.00213.x
http://dx.doi.org/10.5061/dryad.931zcrjm4
http://dx.doi.org/10.5061/dryad.931zcrjm4
https://doi.org/10.5061/dryad.dfn2z350x
http://dx.doi.org/10.6084/m9.figshare.c.6461940

	Sexually antagonistic selection maintains genetic variance when sexual dimorphism evolves
	Introduction
	Results
	Sexually antagonistic selection maintains additive and dominance variance
	Evolution of sexual size dimorphism did not alter the intersexual genetic correlation

	Discussion
	Conclusion
	Methods
	Study organism
	Quantifying the effect of sex-specific selection on genetic body size variance
	Pedigree design and artificial selection
	Pedigree design for this study

	Quantitative genetics analysis
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding

	Acknowledgements
	References


