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Abstract

Selection varies between categories of individuals, with farreaching ramifications: Sex-specific selection can impede or accelerate adaptation,
and differences in selection between young and old individuals are ultimately responsible for senescence. Here, we measure early- and late-
life fitness in adults of both sexes from the Drosophila genetic reference panel and perform quantitative genetic and transcriptomic analyses.
Fitness was heritable, showed positive pleiotropy across sexes and age classes, and appeared to be influenced by very large numbers of loci
with small effects plus a smaller number with moderate effects. Most loci affected male and female fitness in the same direction; relatively few
candidate sexually antagonistic loci were found, though these were enriched on the X chromosome as predicted by theory. The expression level
of many genes showed an opposite correlation with fitness in males and females, consistent with unresolved sexual conflict over transcription.
The load of deleterious mutations correlated negatively with fitness across genotypes, and we found some evidence for the mutation accumu-

lation (but not the antagonistic pleiotropy) theory of aging.
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Introduction

Genetic variation is the raw material of adaptation, yet the
majority of new mutations are deleterious (Eyre-Walker &
Keightley, 2007; Halligan & Keightley, 2009). Understanding
how genetic variation is maintained, despite erosion by
directional and stabilizing selection and the rarity of muta-
tion, is a major goal of population and quantitative genet-
ics. Heterogeneity in alleles’ fitness effects across different
environmental or genomic contexts is thought to be one
important driver of variation. Such heterogeneity can create
balancing selection, or at least slow the rate at which genetic
polymorphism is lost by weakening net selection. In dioe-
cious species, the fitness effect of an allele can differ between
males and females (e.g., Barson et al., 2015; Harper et al.,
2021; Ruzicka et al., 2019; Singh et al., 2023), which can
increase genetic diversity (Connallon & Clark, 2012, 2014;
Kidwell et al., 1977). Furthermore, sex-specific selection can
have either positive or negative consequences for adapta-
tion and the average fitness of the population (e.g., Agrawal,
2001; Bonduriansky & Chenoweth, 2009; Connallon et
al., 2010; Lorch et al., 2003; Whitlock & Agrawal, 2009).
For example, if total selection tends to be stronger on males
than females due to male-biased sexual selection, yet simi-
lar alleles/phenotypes are associated with high fitness in both
sexes, females benefit from a gene pool that has been purged
of mutations by stronger selection on males (Grieshop et
al., 2021; Whitlock & Agrawal, 2009). By contrast, for loci
where the highest-fitness allele is not the same in both sexes,
individuals inherit an excess of suboptimal alleles that were

favored by selection on their opposite-sex ancestors, a phe-
nomenon termed intralocus sexual conflict (Bonduriansky &
Chenoweth, 2009). The net effect of selection on males on
the fitness of females (and vice versa) depends on the relative
portion of genetic variance in fitness that has antagonistic ver-
sus concordant effects on males and females, which remains
poorly understood. Answering this question has ramifications
for human health (Harper et al., 2021), local adaptation to
climate change (Connallon & Hall, 2016), and the evolution
of sexual reproduction (Agrawal, 2001). Furthermore, genetic
variation influences fitness via a long causal chain of inter-
mediates (e.g., transcription, translation, development, the
phenotype, and selection), and a complete understanding of
(sex-specific) adaptation can only be reached by elucidating
these causal links.

Sex-specific adaptation shows many parallels with the evo-
lution of aging (reviewed in Maklakov & Chapman, 2019),
though these two topics are rarely studied together. Aging
is evolutionarily puzzling because one might expect lon-
ger-lived individuals to have higher fitness, yet most organ-
isms undergo senescence despite abundant genetic variation
for senescence rate (e.g., Ivanov et al., 2015; Melzer et al.,
2019). Evolutionary theories of aging rest on the existence of
a “selection shadow” (Haldane, 1941), whereby the efficacy
of natural selection starts to decline after the age at repro-
ductive maturity because alleles expressed in later life are
exposed to selection less often than alleles expressed in early
life. In the “mutation accumulation” theory, mutations with
deleterious late-life effects accumulate via genetic drift due
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to this relaxed selection, creating senescence. In the non-mu-
tually exclusive “antagonistic pleiotropy” theory, senescence
arises because of selection for alleles that elevate early-life
fitness yet reduce late-life fitness, due to the unequal efficacy
of selection across age classes. The latter theory brings to
mind intralocus sexual conflict, which similarly involves the
creation of a genetic load via antagonistic pleiotropy, while
the former is similar to the “weak form” of intralocus sexual
conflict discussed by Bonduriansky and Chenoweth (2009)
in which loci that are not expressed in one sex accumulate
more deleterious alleles. For both aging and sex-specific adap-
tation, it can be instructive to think of males and females, and
young and old individuals, as two contrasting environments
that impose selection of varying strength (and possibly sign)
on alleles that pass through them, and for maladaptation to
arise because of differences in the selection surfaces of each
environment. Measuring genetic correlations between these
environments, and detecting the loci that shape these correla-
tions, is a key goal of both research areas (Connallon & Hall,
2016; Connallon et al., 2010; Maklakov et al., 2015; Wilson
et al., 2007).

Here, we investigate these ideas by searching for geno-
typic and transcriptional predictors of adult male and female
fitness in younger and older individuals in the Drosophila
Genetic Reference Panel (DGRP; Mackay et al., 2012). We
focused on adult fitness since this life stage has the most scope
for sex differences in selection (Chippindale et al., 2001), and
because the selection shadow appears at the point of repro-
ductive maturity (Maklakov & Chapman, 2019). The DGRP
is a collection of almost entirely homozygous inbred lines,
created by inbreeding the offspring of single wild-caught
females from a site in North Carolina to create a persistent
sample of the genetic variation segregating in that popula-
tion. Whole genome sequencing and array-based expression
data are available for each DGRP line, allowing one to test
for associations between any line mean phenotype and the
genotype or average whole-body transcriptome (from males
or females) of that line. This study has multiple aims, includ-
ing to measure the genetic (co)variance of sex- and age-spe-
cific fitness, identify fitness-associated loci and transcripts,
determine the distribution of fitness effects across loci, and
estimate the relative frequency of loci and transcripts that
show concordant versus antagonistic associations with fitness
across sexes and age classes. We test various predictions, for
example, that selection on males purges the genome of dele-
terious mutations (Whitlock & Agrawal, 2009), that malad-
aptation arises due to genetic nonindependence of sexes and
age classes (Bonduriansky & Chenoweth, 2009; Maklakov &
Chapman, 2019), and that aging results from the accumula-
tion of mutations that are especially harmful in older individ-
uals (Maklakov & Chapman, 2019).

We predict that large numbers of genetic polymorphisms
will have weak effects on fitness, that alleles with strong
effects on fitness will be rare within populations (but each
individual will nevertheless carry many of them), and that
there will be extensive pleiotropy for fitness among sexes
and age classes (evidenced by single alleles/transcripts being
associated with fitness in multiple classes of individuals). It
is unclear a priori what fraction of loci and transcripts will
have concordant versus antagonistic associations with fitness
across sexes and age classes, since this fraction depends on
many simultaneously acting evolutionary forces (Berger et
al., 2014; Collet et al., 2016; Connallon & Hall, 2016; Flatt,
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2020; Holman & Jacomb, 2017; Innocenti & Morrow, 2010;
Long et al., 2012; Rowe & Houle, 1997; Singh et al., 2023),
so we measured this fraction using multiple complementary
methods. Furthermore, we predict an increase in the genetic
variance in fitness with age, in line with the mutation accumu-
lation theory of aging, and possibly trade-offs between early-
and late-life fitness in line with the antagonistic pleiotropy
theory. We also predict an increase in the intersex genetic cor-
relation for fitness with age because the hypothesized increase
in the number of unconditionally deleterious mutations with
increasing age should decrease the fraction of sexually antag-
onistic alleles in older individuals.

Methods

Fly stocks and husbandry

We studied 125 lines of the DGRP (Mackay et al., 2012).
All lines had been recently analyzed using EcoRI RFLP geno-
typing (following Mackay et al., 2012) to verify that their
genotypes matched expectations. All flies were reared at 25
°C in 25-mm vials containing c. 8 ml of lightly yeasted food
medium (Supplementary Table S1). We used two additional
stocks carrying the visible markers brown! and P{FRT(whs)}
G13 P{Ubi-GFP.nls}2R1 P{Ubi-GFP.nls}2R2 as standardized
mates and competitors for the DGRP flies (hereafter termed
bw and GFP).

Fitness assays

We measured fitness for adult males and females from each
DGRP line using a protocol similar to Innocenti and Morrow
(2010). We provide a concise description of the fitness assays
here, and a complete version in the supplementary material.

Fitness for both sexes was defined as the quantity of off-
spring produced by groups of five focal DGRP flies, living
in vials that also contained 10 same-sex and 15 opposite-sex
individuals of a standard, phenotypically distinguishable gen-
otype (bw females and GFP males). For females, fitness was
defined as the absolute number of offspring produced, and
for males as the proportion of offspring sired. We measured
fitness twice for both sexes: one fitness measurement was
performed on 2- to 5-day-old flies (referred to as “early-life”
fitness) and the other on 14- to 17-day-old flies (“late-life”
fitness). For context, this species becomes reproductively
mature <2 days posteclosion, female fecundity peaks at 3-5
days, and average life span in the wild is thought to be less
than a week (Flatt, 2020). DGRP flies (and their same-sex
competitors) were not replaced when they died, such that
our fitness assays incorporate variation in mortality as well
as reproduction. For both the male and female fitness assays,
we ran six replicate vials (each containing 5 DGRP flies) per
line. All DGRP flies were reared at a standardized density of
100 first-instar larvae (“L1”) per vial. To generate bw and
GFP flies, we placed fifteen 1- to 4-day-old mated females
into yeasted vials, allowed them to oviposit for 36 hr, then
collected virgin offspring on days 10-13.

Importantly, we measured fitness by counting L1 larvae
produced by the focal flies, rather than counting their adult
offspring as in most comparable studies (e.g. Innocenti &
Morrow, 2010; Ruzicka et al., 2019; Singh et al., 2023). This
was accomplished by counting GFP larvae for male fitness,
and by temporarily placing the DGRP flies into a separate
oviposition vial for 24 hr for female fitness. Counting L1
larvae prevents inter-line variation in L1-to-adult survival
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(which is considerable; Ellis et al., 2014; Rohde et al., 2016)
from confounding estimation of inter-line variation in adult
fitness traits such as adult survival, male mating success, and
female fecundity. Genetic variation in survivorship from the
zygote to the L1 stage remains a confounding factor, which
might inflate our heritability and genetic correlation esti-
mates; however, we expect this bias to be small, for example,
because offspring carry only half the DGRP flies’ alleles.

Estimating heritability and genetic correlations for
fitness traits

We calculated the proportion of variance explained by line
for each fitness trait, using the R package rptR to implement
the methods of Nakagawa and Schielzeth (2010). Specifically,
we fit a univariate mixed model with Poisson or binomial
errors (for female and male fitness, respectively), with line and
block as random effects, then found the proportion of vari-
ance explained by the DGRP line (which approximates the
broad-sense heritability; Mackay et al., 2012) and its 95%
confidence intervals. We also calculated the Pearson correla-
tions among the line means of the four fitness traits, yielding
an estimate of the genetic correlations.

Genome-wide associations with fitness

We downloaded DGRP genotypes from http://dgrp2.gnets.
ncsu.edu/ and used PLINK v1.90 (Purcell et al., 2007) to
remove variants with a minor allele frequency (MAF) below
0.05, and those with 210% of missing genotypes, then
imputed missing genotypes using “Beagle” 5.4 (Browning
et al., 2018). Next, we tested for associations between each
variant and each of the fitness traits via four linear mixed
models implemented in GEMMA (Zhou & Stephens, 2012),
using the genomic relatedness matrix to adjust for popu-
lation stratification. We defined the reference allele as the
one that was most common across the entire DGRP, such
that positive effect sizes mean that DGRP lines carrying the
minor allele have higher average fitness. We also created
an LD-pruned subset of SNPs via the PLINK command
“--indep-pairwise 100 10 0.2.” This LD-pruned subset makes
possible computationally intensive analyses using mashr (see
below), and ameliorates statistical nonindependence issues
for some downstream analyses. We used the variant anno-
tations generated by the creators of the DGRP, who used
SnpEff (Cingolani et al., 2012).

Transcriptome-wide associations with fitness

We performed a transcriptome-wide association study
(TWAS), that is, testing for associations between the line
mean expression level for each expressed transcript and
each of the four fitness traits, using expression data by
Huang et al. (2015). For each transcript-trait combination,
we fit a linear model to calculate the effect size of tran-
script abundance on the fitness trait, as well as the asso-
ciated standard error. For models involving male early- or
late-life fitness, the predictor variable was the line mean
expression level in male whole-body RNA extracts (scaled
to mean 0, variance 1), while for models of female fitness,
the predictor was the scaled line mean expression level in
female whole bodies. We used limma (Ritchie et al., 2015)
to calculate the average expression level (across individuals
of both sexes) and the average sex difference in expression
(expressed as a log ratio) for each transcript, for use in
downstream analyses.

Wong and Holman

Adjusting the GWAS and TWAS results using
multivariate adaptive shrinkage

We used the R package mashr (Urbut et al., 2019) to adjust
and analyze the summary statistics produced by GWAS and
TWAS, similarly to Boyle et al. (2017) and Urbut et al. (2021).
This package implements multivariate adaptive shrinkage
using an empirical Bayes method, and requires as input a
matrix of n effect sizes for m conditions, plus another 7 x m
matrix containing the standard errors for these effect sizes.
For the GWAS data, there were n = 4 effect sizes for each of
the m = 226,581 variants that remained after LD pruning,
while for the TWAS data, there were m=14,286 transcripts.
The main goal of mashr is to shrink the estimated effect sizes
towards zero, thereby improving precision and controlling
the number of false discoveries, while applying shrinkage in a
manner sensitive to the covariances among the 7 effect sizes
(which are estimated from the data) as well as their standard
errors. As well as returning an 7 x m matrix of adjusted effect
sizes, mashr outputs the local false sign rate for each effect
size. We used the local false sign rate (LFSR) to calculate the
probability that each variant/transcript had a same-signed
versus opposite-signed effect on female and male fitness, and
did the same for early- and late-life fitness (see next section).

Estimating the frequencies of antagonistic loci and
transcripts

We define a locus or transcript as antagonistic if its true cor-
relation with fitness has opposite signs in males and females,
or in the early- and late-life assays within a sex. To answer
the question “What fraction of the genome/transcriptome is
antagonistic?,” it is not enough to simply count the number
of loci/transcripts with opposite effect size estimates, because
half of all variants with a true effect size of zero (as well as
approximately half of variants where the effect size was mea-
sured with high uncertainty) should have opposite-signed
estimated effect sizes in males and females. Instead, one could
count the number of loci/transcripts where the effect is signifi-
cantly positive for one fitness trait and significantly negative
for another, but this approach is either too conservative or too
permissive depending on what arbitrary significance threshold
is chosen. An alternative approach would be to avoid binary
classification for each locus/transcript and instead focus on a
quantitative measure of the evidence for antagonism, which
avoids the need for an arbitrary threshold but makes inter-
pretation more nuanced. To gain a complete picture of the
proportion of candidate antagonistic loci and transcripts, we
employed various complementary threshold-based and quan-
titative measures to examine the numbers of antagonistic and
concordant loci and transcripts.

First, we simply tallied the number of loci and transcripts
which had significantly positive or negative effects on pairs of
fitness components (e.g., male and female early-life fitness, or
male early- and late-life fitness), for various different signifi-
cance thresholds from p < .01 to p < 10-7. For small p-values,
this approach is over-conservative because the false nega-
tive rate is high for any given locus/transcript, and there are
two opportunities to make a false negative error. For larger
p-values, this approach is under-conservative, leading to false
positives.

Second, we binned the mashr-adjusted effect sizes of each
locus/transcript on fitness component i into quartiles. Because
the median effect size is very close to zero (see Results),
the four quartiles represent four equally-sized sets of loci/
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transcripts with negative, weakly negative, weakly positive,
and positive estimated effect sizes respectively. We can then
tabulate the number of loci/transcripts that have (for exam-
ple) a negative effect on fitness component i and a positive
effect on component j (and vice versa) to gain insight into
the relative abundance of antagonistic and nonantagonistic
loci. Our aim was to create a simple graphical illustration
of the proportion of loci and transcripts that are potentially
antagonistic.

Third, we calculated an evidence ratio using the LFSRs
produced by mashr, yielding a quantitative measure of the
strength of evidence for concordance versus antagonism. The
LFSR can be used to calculate the probability that a locus/tran-
script has a positive relationship with fitness, P(pos), and the
converse probability that the relationship is negative, P(neg)
=1 - P(pos). We can calculate the probability that a locus/
transcript has a concordant effect on two fitness components i
and j as P(concord) = P(pos), x P(pos), + P(neg), x P(neg),, and
the probability that it has an antagonistic effect as P(antag) =
P(pos), x P(neg), + P(neg), x P(pos).. The evidence ratio is the
ratio of these two probabilities, P(concord)/P(antag). For loci
where the true effect size is zero or loci where there is high
uncertainty about the true sign of the effect size, the LFSR
tends to 50% and the evidence ratio tends to 1. An evidence
ratio of 10 indicates that the locus/transcript is 10-fold more
likely to be concordant than antagonistic, while an evidence
ratio of 0.1 indicates it is 10-fold more likely to be antagonis-
tic than concordant.

As well as plotting the evidence ratios to illustrate the evi-
dence for antagonistic and concordant effects, we used the
log2-transformed evidence ratios in downstream statistical
analyses investigating the characteristics of candidate antag-
onistic loci and transcripts. To improve model fit and balance
statistical power with the risk of misclassification, we arbi-
trarily defined loci/transcripts as antagonistic if their evidence
ratio was in the bottom 1% of the total sample, and nonan-
tagonistic otherwise. We then ran a binomial generalized
linear model with this classification as the response variable
and evaluated the effects of various predictor variables using
likelihood ratio tests.

Results

Heritability and genetic correlations between
fitness traits

Figure 1 illustrates the variance and covariance in line means
for the four fitness traits. There was evidence for significantly
nonzero heritability for fitness in all sexes and age classes, and
the two female fitness measures had significantly higher her-
itability than the two male fitness measures (Supplementary
Table S2). For males, heritability was significantly higher
for late-life compared to early life fitness, while for females,
heritability did not differ significantly between age classes
(Supplementary Table S2).

All pairs of fitness traits showed significantly positive genetic
correlations, except for female early-life fitness and male late-
life fitness, which showed a nonsignificant positive correla-
tion (Supplementary Table S3). Genetic correlations between
early- and late-life fitness within each sex were strongly posi-
tive but significantly less than unity, while genetic correlations
between male and female fitness measurements were some-
what lower (Supplementary Table S3). The genetic correlation
between male and female fitness was slightly more positive
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when calculated using the late-life (» = .32) compared to ear-
ly-life (r = .23) fitness measurements, but this difference was
not statistically significant (difference in r = .09, bootstrapped
95% Cls: -0.06 to 0.23). Furthermore, the genetic correlation
between early- and late-life fitness was significantly higher in
males (r = .86) compared to females (r = .77) (difference in 7:
.098, bootstrapped 95% Cls: 0.008 to 0.22).

Significant variants identified by GWAS

We identified 79 loci (with each “locus” defined either as one
SNP/indel, or a group of nearby SNPs/indels in 100% linkage
disequilibrium) that were significantly associated with at least
one fitness measure with p < 10~ (Supplementary Table S4).
These variants overlapped numerous coding and noncoding
genes, including S-hydroxytryptamine (serotonin) receptor
1A (5-HT1A), rhomboid-5, and roundabout 3. Some of these
variants had estimated fitness effects that were opposite in
sign in males and females, though none of these putatively
sexually antagonistic loci were significant in both sexes with
p <107,

Supplementary Table S5 gives a breakdown of the numbers
of significant loci using various significance thresholds and
tallies the number of loci that significantly affected two or
more fitness traits for each significance threshold (providing a
very conservative test for pleiotropy). At the p < .01 level, 30
loci had a positive association with fitness in one sex and a
negative association in the other sex, compared with 547 loci
with sexually concordant effects significant at p < .01. At p <
.001, there were no antagonistic loci and 10 concordant loci.
There were no age antagonistic loci even at the p < .01 level,
while many loci had concordant effects across age classes
(Supplementary Table S5).

The genetic architecture of fitness

Figures 2A and B plot the estimated effects—from GWAS
with the effect sizes adjusted using multivariate adaptive
shrinkage (see Methods)—of each of the 1,207,357 variants
on the four fitness traits. The associated Manhattan plot
(Figure 2C) shows the distribution of these effects across loci
and chromosomes.

Consistent with the positive genetic correlations calculated
from the phenotypic line means, we observed positive cova-
riance between all four sets of variant effect sizes (Figures 2A
and B). This result indicates that alleles that were positively
(or negatively) associated with one fitness trait tended to have
a similar association with the other three traits as well. The
vast majority of loci had small adjusted effect sizes, though
many had large adjusted effect sizes on one or more fitness
traits.

The mean and median variant effect size was close to zero
yet significantly negative for all four fitness traits, indicating
that the minor allele was most often associated with lower
fitness and the major allele with higher fitness (Supplementary
Table S6). Furthermore, the largest effect sizes were observed
for loci where the minor allele was the one associated with
reduced fitness (as indicated by the asymmetry around x = 0
in Figures 2A and B).

Inspired by Boyle et al. (2017), we ordered all of the loci
by the fitness effect of the minor allele, placed them in bins of
1,000, and then calculated the average effect size for male- and
female early-life fitness for all the loci in each bin (using the
unadjusted GWAS effect sizes). There was a very tight correla-
tion between the average effects of the variants in each bin on
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Figure 1. Correlations among estimated line means for fitness between sexes and age classes. The line means were estimated from mixed models that
account for block effects and the nonindependence of our early- and late-life fitness measurements. Gray ellipses show where 95% of genotypes are
expected to fall in bivariate trait space, and histograms show the variation in line means.

male and female fitness (Figure 3). Besides further illustrating
the positive intersex genetic correlation for fitness, this finding
implies that fitness is highly polygenic or “omnigenic” (Boyle
et al.,2017). Our male and female fitness measurements were
collected in independent assays, and so Figure 3 allows small
but genuine associations between genotype and fitness to be
distinguished from statistical noise, despite the low power
of our study (and all GWASs) to detect loci with sufficiently

small effect sizes. To see why, consider the alternative possi-
bility that fitness is oligogenic, such that the heritability and
genetic correlations we observed stem from a modest number
of large-effect loci, and almost all the nonzero effect sizes in
Figures 2A and B reflect statistical imprecision rather than
true weak effects. The plot in Figure 3 would then be flat in
the center (since the small nonzero effects on females would
be spurious, and thus uncorrelated with the male effects) with
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Figure 2. (A, B) The mashradjusted effect sizes of 1,207.357 polymorphic loci on male and female early- and late-life fitness. The data have been binned
into hexagons, with the color and contour lines indicating the number of loci in each bin. Positive effect sizes indicate that the minor allele is associated
with higher fitness and the major allele with lower fitness. (C) A pair of Manhattan plots, showing the chromosomal position and -Log,; p-value (from
linear mixed model GWAS using GEMMA) for each locus's effect on female (top) and male (bottom) early-life fitness.

steep inflections at each end (caused by the few large-effect
loci). The fairly straight slope that we see instead suggests
that a very large number of loci (all with MAF > 0.05) affect
fitness—typically in both sexes in the same direction—with
effect sizes ranging from tiny to moderate. We speculate that
the nonlinearity visible in Figure 3A may be explained by a
growing proportion of sexually antagonistic loci moving left
from zero along the x-axis, due to the preferential removal by
selection of female-harming alleles that do not have a counter-
vailing beneficial effect on male fitness. However, contrary to
this interpretation, Figure 3A does not have a corresponding
plateau to the right of the x-axis, as predicted if female-ben-
eficial alleles that are detrimental in males go to fixation less
easily than female-beneficial alleles that do not harm males.
Inspired by Singh et al. (2023), we calculated the mutation
load of each DGRP line as the total number of candidate

deleterious mutations. We defined these candidates as alleles
with 0 < MAF < 0.05 in the DGRP as a whole (implying
selection against them), and which also had a relatively major
mutational effect (defined as an insertion, deletion, or non-
synonymous substitution inside a coding sequence, as well as
gains and losses of start codons) as opposed to a relatively
minor effect (modifying an intron, synonymous site, or UTR/
flanking/intergenic region). There was a negative correlation
between all four fitness traits and mutation load across DGRP
lines (Figure 4A-D), which differed significantly from zero
for female late-life fitness and was borderline significant for
the other traits (Figure 4E; Supplementary Table S7). There
was a nonsignificant trend for mutations to more strongly
correlate with late-life fitness compared with early-life fit-
ness, in both sexes (Figure 4F; Supplementary Table S7).
There was no detectable difference in how strongly mutation
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traits.

load correlated with male and female fitness (Figure 4F;
Supplementary Table S7).

Significant transcripts identified by TWAS

For many transcripts, mean expression level appeared to be
correlated with at least one fitness measure across lines. Using
a threshold of p < .01, 517 transcripts correlated signifi-
cantly with at least one fitness trait (Supplementary Dataset
S1); there were 6 transcripts if using p < 10, and 1 tran-
script (from the gene rudimentary, involved in pyrimidine
biosynthesis) if using p < 10-° (Supplementary Table S8). A
number of transcripts showed opposite relationships with

male and female fitness (e.g., 26 transcripts if using p < .05;
Supplementary Table S8), such that expression level correlates
positively with fitness in one sex and negatively for the other
sex. There were no age-antagonistic transcripts at any thresh-
old examined (Supplementary Table S8).

Estimated frequencies of antagonistic variants and
transcripts

Figure SA-B and C-D (and Supplementary Tables S9 and
S10) tabulate the relative numbers of loci and transcripts,
respectively, falling into each of the four effect size quar-
tiles for males and females. Quartile 1 contained the most
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example, the largest red area in (A) illustrates the number of loci whose effect size for female early-life fitness was in quartile 1 (i.e., the 25% most

negative effects), which were also in quartile 1 for male early-life fitness.

“negative” associations (i.e., those where the minor allele, or
lower gene expression, was associated with reduced fitness),
while quartile 4 contained the most “positive” associations
(i.e., those where the minor allele, or elevated gene expres-
sion, was associated with higher fitness).

Only a small proportion of loci fell into quartile 1 for their
association with male fitness and quartile 4 for their asso-
ciation with female fitness (or vice versa), suggesting that
sexually antagonistic loci are quite rare. Specifically, of the
208,987 loci examined (i.e., an LD-pruned set with MAF
> 0.05), 129 (0.062%) had a “negative” association with
female early-life fitness and a “positive” association with
male early-life fitness, while a similar number (103, 0.049%)
had a positive association with female early-life fitness and a
negative association with male early-life fitness. Thus, by this
measure, the frequency of candidate sexually antagonistic loci
in this sample is 0.11%. When calculated using the associa-
tions with late-life fitness, the frequency of candidate sexually
antagonistic loci was somewhat lower (0.067%). This 1.6-
fold difference was statistically significant (x> = 21.7, df = 1,
p < .0001), suggesting that a higher proportion of loci have
sexually antagonistic effects on early-life fitness compared to
late-life fitness.

By contrast, a much higher proportion of transcripts had
opposite associations with fitness (Figures 4C and D). For
early-life fitness, 1,380/14,286 transcripts (9.66%) were in
quartile 1 in one sex and quartile 4 in the other, while for
late-life fitness it was 1,341 transcripts (9.39%); there was
no significant difference in the proportion of antagonistic loci
between early- and late-life (3> = 0.58, df = 1, p = .44).

There was essentially no evidence for age antagonism when
tabulating loci falling into opposite effect size quartiles. None
of the 208,987 loci tested were in quartile 1 in their effect on
early-life fitness and quartile 4 for their effect on late-life fit-
ness, for either sex (Supplementary Table S11). Similarly, none
of the 14,286 transcripts were in quartile 1 in their effect on
early-life fitness and quartile 4 for their effect on late-life fit-
ness (Supplementary Table $12).

Figure 6 shows the distribution of evidence ratios, illustrat-
ing the numbers of loci for which concordant or antagonistic
effects were more likely, as well as the relative strength of
evidence over the alternative scenario. Figure 6A indicates
that there were many loci showing strong evidence for a con-
cordant effect on fitness across sexes and age classes (e.g., a
50-fold higher probability relative to antagonism). A smaller
number of loci showed some evidence for sexually antago-
nistic effects, though the largest evidence ratios for candidate
antagonistic loci were comparatively small (e.g., a fourfold
probability difference relative to concordance). Given that
many sexually concordant loci were confidently detected,
this result implies that loci with strong sexually antagonis-
tic effects are probably rare. However, we cannot rule out
the existence of some (perhaps many) sexually antagonistic
loci with weak to moderate fitness effects (whose evidence
ratios would be close to 1), since these cannot be confidently
distinguished from weak-effect concordant loci without high
statistical power. No loci showed evidence of age antagonistic
effects.

Figure 6B reveals that for the transcriptome data, there was
considerably more evidence for sexual antagonism: many
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transcripts, and essentially zero age antagonistic loci or transcripts.

transcripts had strong evidence ratios favoring antagonism
(e.g., 31 transcripts had evidence ratios below 1/20). There
were also many transcripts showing strong evidence in favor
of a sexually concordant (or age concordant) relationship
with fitness, and again essentially none showing evidence for
age antagonistic effects.

Characteristics of candidate antagonistic loci and
transcripts

We used a binomial GLM to evaluate the effects of three pre-
dictor variables on the probability that a locus fell in the top
1% candidate sexually antagonistic loci, as determined by the
evidence ratio for early-life fitness. The three predictors were
“chromosome arm” (a S-level factor), MAF (a continuous
variable in [0.05, 0.5]), and “mutation type” (a 2-level factor
describing whether or not the variant had a major effect, as
defined in the section on mutation load). Mutation type was
not significant (%*> = 0.0, df = 1, p = .97), but there was a
significant difference between chromosomes (Figure 7A; x? =
11.28, df = 4, p = .024), such that loci on the X chromosome
were more likely to rank among the top 1% candidate sexu-
ally antagonistic loci (e.g., when compared with chromosome
2L; log odds ratio (LOR) = -0.26, p = .0012, 2R: LOR =
-0.14,p =.073 or 3L: LOR = -0.13,p = .080). There was also
a strong positive effect of MAF, such that loci with a common
minor allele were more likely to rank among the top 1% can-
didate sexually antagonistic loci than those with a rare minor
allele (y?> = 630, df = 1, p < .0001). However, we stress that
this correlation with MAF is expected even under the null
hypothesis that selection has not shaped allele frequencies, for
statistical reasons (viz., loci with low MAF cannot have very
high evidence ratios, since their fitness effects are measured

less precisely). Nevertheless, MAF is included in the model to
control for differences in average MAF when estimating the
effects of chromosome and mutation type.

We used a similar binomial GLM to evaluate the effects
of three predictor variables on the probability that a locus
ranked among the top 1% candidate sexually antagonistic
transcripts. The predictors were the chromosome from which
the transcript was expressed (a S-level factor), the mean
expression level (averaged over sexes and DGRP lines), and
the mean absolute expression bias between sexes (where zero
indicates no sex bias and positive numbers indicate unequal
expression between sexes). There was a negative effect of
mean expression level (Figure 7B; LOR = -0.52,df = 1, p =
.0036); chromosome (y? = 3.57, df = 4, p = .47) and sex bias
in expression (x*> = 0.04, df = 1, p = .83) were not significant
and were dropped from the full model.

Finally, we ran a GO:Biological Process enrichment test on
the list of transcripts analyzed by TWAS (using the Wilcoxon
method, implemented in the R package GOfuncR), with
genes ordered by their log intersex evidence ratios (at the ear-
ly-life stage; i.e., the variable in the top left of Figure 5B).
This test searches for GO terms that are enriched among the
genes which produced the transcripts with strongly negative
log evidence ratios (i.e., the top candidate antagonistic tran-
scripts) and also strongly positive evidence ratios (i.e., the
top candidate concordant transcripts). Using a significance
threshold of FWER < 0.05 (family-wise error rate, computed
by permuting the GO graph to adjust for multiple testing),
we found no GO terms enriched among the candidate antag-
onistic transcripts. However, a number of GO terms were sig-
nificant among the candidate concordant transcripts (Table
$13), including “gene expression,” “cytoplasmic translation,”
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and “peptide biosynthetic process.” This finding suggests that
variation in the expression levels of genes that are involved in
basic, essential cellular functions correlates with variation in
fitness across genotypes, concordantly in both sexes.

Discussion

Before discussing the results, it is prudent to highlight some
limitations of our study. The genetics of fitness depends on
the evolutionary history of the population and on how fit-
ness is measured. The DGRP was created by 20 generations
of full-sib inbreeding from the offspring of single wild-caught
females, which is expected to purge some mutations that have
strong fitness effects when homozygous. Furthermore, at least
for alleles with strong fitness effects, selection might purge
sexually concordant alleles more readily than antagonistic
ones (Connallon & Clark, 2012), and the small, high-related-
ness populations used to create inbred lines might change the
relative efficacy of selection on male- and female-beneficial
antagonistic alleles (cf., Li Richter & Hollis, 2021; Pizzari et
al., 2015). Using inbred lines might therefore cause underes-
timation of the genetic variance in fitness and mismeasure-
ment of the prevalence of sexual antagonism, the distribution
of fitness effects, and the relative sizes of male and female
genetic variance in fitness. Furthermore, it is unknown how
closely the fitness traits we measured correlate with fitness in
the wild, though as discussed below there are multiple lines
of evidence that our fitness measures are sufficiently well-cor-
related with fitness in the wild to provide useful insights.
Additionally, since DGRP lines are homozygous, we cannot
separate additive from nonadditive genetic effects, and the
allelic fitness effects we report might be different in hetero-
zygous flies (probably lower, since harmful alleles tend to be
at least partly recessive; Agrawal & Whitlock, 2011; Ruzicka
et al., 2021).

Overall, there was extensive evidence for genetic effects on
fitness and positive pleiotropy across fitness components. All
four fitness traits showed significant broad-sense heritability,
with greater heritability for female fitness than male fitness

(perhaps implying stronger past selection on males; Whitlock
& Agrawal, 2009), and greater heritability for male late-life
fitness than male early-life fitness. Furthermore, there were
positive genetic correlations between male and female fitness,
and between early- and late-life fitness. Additionally, many
loci had nonzero estimated effect sizes for one or more fitness
traits in genome-wide association tests, with 79 significant
loci significant at p < 10-°. Most of these loci lay within or
near genes, including 5-HT1A (a serotonin receptor), rhom-
boid-5 (epidermal growth factor receptor signaling), and
roundabout 3 (nervous system and gonad development).
There was positive covariance in GWAS effect sizes between
fitness components, as predicted if alleles commonly have
positive pleiotropic effects on male and female fitness, and on
early- and late-life fitness.

At least three of our findings suggest that loci with sexu-
ally antagonistic effects are rare, and age-antagonistic loci are
rarer still, at least among loci with MAFs greater than 0.05.
First, the observed positive genetic correlations between male
and female fitness, and between early- and late-life fitness,
imply that sex- and age-concordant genetic variance in fitness
exceeds antagonistic fitness variance. The sign of a genetic cor-
relation is determined by the relative abundance of positively
and negatively pleiotropic loci, as well as the MAFs and effect
sizes of those loci (e.g., Roff, 1996). Antagonistic genetic poly-
morphisms are theoretically expected to have higher MAFs
and sex-specific effect sizes than concordant ones (all else
equal), because concordant polymorphisms experience stron-
ger net directional selection which depletes genetic variation.
Their predicted inflated MAFs and effect sizes mean that sex-
ually antagonistic loci should have a disproportionately large
influence on the genetic (co)variance in fitness. Therefore, our
finding that concordant genetic variance in fitness neverthe-
less exceeds antagonistic variance implies that concordant loci
substantially outnumber antagonistic loci. This conclusion is
perhaps unsurprising, since most new non-neutral mutations
probably have unconditionally deleterious (i.e., sexually con-
cordant) effects (Eyre-Walker & Keightley, 2007); however,
some studies have nevertheless found evidence of pervasive
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sexual antagonism (e.g., Chippindale et al., 2001). Second,
using multivariate shrinkage models and a quartile binning
method, we estimated the percentage of sexually antagonistic
loci to be on the order of 0%-1%, and age-antagonistic loci
on the order of 0%. Third, when we computed evidence ratios
for each locus from a multivariate model of GWAS effect
sizes, very few loci were classified as being more likely to be
sexually antagonistic (compared with sexually concordant),
and among the few loci that were, none were classified as
being sexually antagonistic with high confidence.

We also found evidence that selection, as approximated
by our lab-based fitness assays, has shaped allele frequencies
in the wild population from which the DGRP was created
(as estimated from the allele frequencies in the DGRP). First,
alleles that were associated with lower fitness in our GWAS
tended to be the minor allele in the DGRP, as expected if
the selection surface created by our assays is similar to that
imposed by conditions in the wild. Similarly, we found a neg-
ative correlation between a DGRP line’s load of putatively
deleterious mutations (partly defined as those that are rare
in the wild) and its fitness in our lab-based assays. Second,
the largest absolute effect sizes that we observed tended to
be negative, indicating that minor alleles with strong, nega-
tive fitness associations outnumber minor alleles with strong,
positive fitness associations. Third, we did not find any loci
showing very clear associations with fitness, as quantified by
the p-value; the lowest GWAS p-values were p < 10-7. Though
this partly reflects limited statistical power, some similarly
powered DGRP studies have detected very strong associa-
tions (e.g., p < 10-2), illustrating that the DGRP does contain
genetic polymorphisms with major effects on other pheno-
typic traits, which can be confidently detected using similar
sample sizes to ours. Phenotypic traits for which associations
at p < 10?° have been found in the DGRP include resistance
to insecticides (Duneau et al., 2018; Green et al., 2019) and
viruses (Magwire et al., 2012), and the composition of the
cuticular hydrocarbon profile (Dembeck et al., 2015) and
microbiome (Everett et al., 2020). It is notable that all of these
traits are putatively under weak selection compared to the fit-
ness traits studied here (at least in populations where the rele-
vant insecticides and viruses are absent), which might explain
the existence of polymorphisms with major phenotypic effect
for these traits (Mousseau & Roff, 1987). We are unaware
of any counterexamples, i.e., phenotypes that are probably
under strong selection in all environments (e.g., body size,
fecundity), for which major effect loci have been found in
the DGRP; a formal literature review is in preparation. We
therefore speculate that our failure to detect segregating
alleles with very strong effects on fitness, at least among loci
with MAF > 5%, may reflect their genuine absence as a result
of past selection, rather than a false negative due to limited
power.

Although our results suggest that genetic polymorphisms
with strong fitness effects are rare, the data suggest that fit-
ness is affected by vast numbers of polymorphic loci. Figure 3
illustrates that even for groups of loci with an extremely small
estimated mean effect on female fitness, their mean effect on
male fitness was predictable despite being estimated from
independent experiments. Replicating effect sizes like this
should only be possible if large numbers of loci have small
but genuine positively pleiotropic effects on both traits (Boyle
et al., 2017). This conclusion regarding the distribution of fit-
ness effects agrees with estimates from empirical studies using

Wong and Holman

a different method, namely comparing nucleotide substitu-
tion rates at putatively neutral versus non-neutral loci (Eyre-
Walker & Keightley, 2007). Molecular evolution studies also
suggest that most mutations have a weak, deleterious effect
on fitness; for example, one concluded that no more than
16% of mutations were effectively neutral in Drosophila,
and the majority of the remaining 84% were weakly delete-
rious (Eyre-Walker & Keightley, 2007). Our conclusion also
accords with GWAS-based findings from other taxa, includ-
ing a recent analysis of birth weight (a trait closely correlated
with fitness) in red deer, which concluded that this trait is
highly heritable and polygenic, yet no large-effect loci were
found (Gauzere et al., 2023). It is also clear from first princi-
ples that fitness should be affected by large numbers of loci,
since fitness depends on many other highly polygenic traits,
such as morphology, condition, and life history strategy. Our
finding that fitness variation is closely related to the load of
deleterious mutations also aligns with arguments that fit-
ness is a large mutational target (e.g., Rowe & Houle, 1997,
Whitlock & Agrawal, 2009), and that natural populations
carry a large genetic load (Bertorelle et al., 2022).

Although sexually antagonistic loci appear to be rare, we
found that the X chromosome contained more loci with a
comparatively high evidence ratio favoring antagonism rela-
tive to the autosomes. The X is predicted to be a hotspot for
sexually antagonistic polymorphisms, at least under certain
assumptions (Fry, 2010; Rice, 1984; Ruzicka & Connallon,
2020, 2022). Our result is consistent with this idea, echoing
some but not all previous findings in Drosophila and other
species (reviewed in Ruzicka & Connallon, 2020). We also
found that candidate antagonistic loci had higher than aver-
age MAFs. This result is also consistent with theory, because
antagonistic loci are generally expected to be under relaxed
directional selection or balancing selection (Connallon
& Chenoweth, 2019; Connallon & Clark, 2012, 2014;
Zajitschek & Connallon, 2018). However, the observed cor-
relation between MAF and the evidence for sexual antag-
onism might be a statistical artifact, because it is easier to
detect sexual antagonism for loci which have high MAF, such
that our data do not provide a reliable test of this prediction.
Experimental evolution would provide a more powerful test:
one could identify a sexually antagonistic locus, set up rep-
licate populations carrying either high or low frequencies of
the male-beneficial allele, and compare the allele’s evolution-
ary trajectories in each population to theoretical predictions
(Jardine, 2022).

Regarding the evolution of aging, none of our results
matched predictions from the antagonistic pleiotropy theory.
No loci or transcripts had clearly opposing associations with
early- and late-life fitness, and the frequency of age-antago-
nistic loci and transcripts was estimated as 0%, although we
cannot rule out the existence of loci with age-antagonistic
fitness effects (especially weak ones) with high confidence.
Furthermore, the genetic correlation between early- and
late-life fitness was high but significantly lower than unity,
suggesting some loci have variable effects on fitness (in mag-
nitude, and perhaps also sign) in different age categories.
We also found that the positive genetic correlation between
early- and late-life fitness was weaker in females than males,
as expected if there is a genetically-based trade-off between
female fecundity and late-life fitness (e.g., Partridge et al.,
2005). By contrast, some results matched predictions from the
mutation accumulation theory. First, in males, the heritability
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of late-life fitness was significantly higher than for early-life
fitness (as found in some other study systems, e.g., Pettay
et al., 2008), as predicted if mutations that impair late-life
but not early-life fitness are under relaxed selection. Second,
we found a statistically significant decline in the proportion
of loci that are putatively sexually antagonistic between the
early- and late-life fitness measurements, and the intersex
genetic correlation for fitness became nonsignificantly more
positive with age. These results are what one would predict
if Haldane’s “selection shadow” relaxes selection on alleles
with harmful, sexually concordant effects in later life stages,
while alleles with harmful, sexually concordant effects on ear-
ly-life fitness are purged. Third, we found that the negative
correlation between mutation load and fitness became non-
significantly stronger with age, as expected if aging unmasks
deleterious mutations that have little or no effect on early-life
fitness. This result aligns with a recent finding that deletion
mutations tend to have stronger negative fitness effects with
increasing age in Drosophila (Brengdahl et al., 2023).

In the “TWAS” analysis of gene expression, the correla-
tion between male-specific mean expression level and mean
male fitness was opposite in sign to the correlation between
female-specific mean expression level and mean female fit-
ness for many transcripts, across DGRP lines. Innocenti
and Morrow (2010) similarly found many putative sexually
antagonistic transcripts in a microarray study of 15 hemi-
clonal lines. Although caution is warranted because this is a
correlational result based on genotype mean expression levels
in whole bodies, this finding implies that over- or underex-
pression of some transcripts (relative to the average expres-
sion level for that sex) might elevate fitness in one sex and
lower it in the other. If true, this would suggest that genetic
polymorphisms that affect gene expression (eQTLs; Huang
et al., 2015) would be sexually antagonistic under some
circumstances, for example if one allele at an eQTL has an
unconditionally positive effect on expression yet the opti-
mum expression level differs between sexes. eQTLs have long
been hypothesized to be battlegrounds for intralocus sexual
conflict (Connallon & Knowles, 2005; Ellegren & Parsch,
2007; Mishra et al., 2022), though to our knowledge we
currently lack strong experimental evidence that this is the
case; our results provide further circumstantial evidence. It
is also notable that sexually antagonistic transcripts appear
much more common than sexually antagonistic loci. One
speculative explanation is that there are relatively few eQTLs
with major, additive effects on expression, and instead the
eQTLs’ effects are sensitive to the genetic or environmental
context (GxG, GxE, or GxGxE effects; Huang et al., 2015),
resulting in a stronger correlation between the transcriptome
and fitness (across homozygous genotypes) than between sin-
gle-locus genotype and fitness. Such nonadditive effects could
arise if, for example, the effect on expression of mutations in
trans-acting expression regulators (such as transcription fac-
tors) depends upon sequence variation in cis-regulatory ele-
ments (such as promoters and enhancers), such that the one
allele of the trans element creates a male-beneficial expression
profile in some genetic backgrounds and a female-beneficial
profile in others.

In conclusion, we find that selection is largely aligned
across sexes and age classes. Genetic variation for fitness is
plentiful, and comprises large numbers of relatively common
alleles with weak effects, as well as rare alleles with larger
effects. We expect that in this population, selection on males
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causes a correlated response in female traits that is overall
beneficial for female fitness (Whitlock & Agrawal, 2009)
and that selection on young individuals mitigates senescence
(Maklakov & Chapman, 2019), though loci with effects that
differ in magnitude and sometimes sign across sexes or age
categories are likely to exist.
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