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Females and males often have markedly different mortality rates and life spans, but it is unclear why these forms of sexual dimor-
phism evolve. The unguarded X hypothesis contends that dimorphic life spans arise from sex differences in X or Z chromosome
copy number (i.e., one copy in the “heterogametic” sex; two copies in the “homogametic” sex), which leads to a disproportionate
expression of deleterious mutations by the heterogametic sex (e.g., mammalian males; avian females). Although data on adult
sex ratios and sex-specific longevity are consistent with predictions of the unguarded X hypothesis, direct experimental evidence
remains scant, and alternative explanations are difficult to rule out. Using a simple population genetic model, we show that the
unguarded X effect on sex differential mortality is a function of several reasonably well-studied evolutionary parameters, includ-
ing the proportion of the genome that is sex linked, the genomic deleterious mutation rate, the mean dominance of deleterious
mutations, the relative rates of mutation and strengths of selection in each sex, and the average effect of mutations on survival
and longevity relative to their effects on fitness. We review published estimates of these parameters, parameterize our model with
them, and show that unguarded X effects are too small to explain observed sex differences in life span across species. For example,
sex differences in mean life span are known to often exceed 20% (e.g., in mammals), whereas our parameterized models predict
unguarded X effects of a few percent (e.g., 1-3% in Drosophila and mammals). Indeed, these predicted unguarded X effects fall
below statistical thresholds of detectability in most experiments, potentially explaining why direct tests of the hypothesis have
generated little support for it. Our results suggest that evolution of sexually dimorphic life spans is predominantly attributable
to other mechanisms, potentially including “toxic Y” effects and sexual dimorphism for optimal investment in survival versus

reproduction.
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sex chromosomes, sex ratio, sexual dimorphism.

Sex differences in life span are widely observed in nature,
yet the evolutionary causes of these differences are unresolved
and subject to much debate (Maklakov and Lummaa 2013;
Bronikowski et al. 2022). Sexually dimorphic mortality rates
might have evolved because they are adaptive and reflect sex
differences in selection for traits promoting survival versus re-
production (Bonduriansky et al. 2008). Alternatively, sex differ-
ences in survival may emerge from sex differences in genetic in-
heritance (Maklakov and Lummaa 2013). For example, mater-

nal inheritance of mitochondrial genes can lead to the accumu-
lation of mutations that preferentially decrease male life span
(i.e., the “mother’s curse” hypothesis; Frank and Hurst 1996;
Gemmell et al. 2004). Or, because sex chromosomes are asym-
metrically inherited between the sexes, the deleterious muta-
tions they harbor can differentially affect female and male fit-
ness components, including survival (i.e., “toxic Y’ and “un-
guarded X” hypotheses; Trivers 1985; Marais et al. 2018; Brown
et al. 2020). These scenarios are not mutually exclusive and
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may all play some role in generating sex differences in life
span.

The unguarded X hypothesis, which posits that sexual di-
morphism in life span is a simple consequence of the different
number of X (or Z) chromosome copies that each sex inherits, is
built upon three well-established findings from evolutionary ge-
netics: (1) random mutations are far more likely to be harmful
than beneficial; (2) these deleterious mutations are maintained
at low frequencies, at an evolutionary balance between recurrent
mutation and purifying selection; and (3) fitness costs of delete-
rious mutations tend to be partially recessive (Lynch et al. 1999;
Charlesworth 2015). These conditions render haploid and inbred
individuals more susceptible to expressing harmful genetic vari-
ation than outbred and diploid individuals from the same popu-
lation. Consequently, the sex that is haploid for X- or Z-linked
genes (the “heterogametic” sex) should be more susceptible to
expressing mutations that decrease survival (all else being equal)
than the sex that is diploid for the X or Z chromosome (the “ho-
mogametic” sex). Unguarded X effects should, therefore, prefer-
entially reduce male life spans in species with X chromosomes
and female life spans in species with Z chromosomes.

The unguarded X hypothesis is consistent with several re-
cently reported empirical patterns. Suggestive evidence for the
hypothesis comes from field surveys of adult sex ratios (which
may reflect sex differential mortality; Pipoly et al. 2015) and esti-
mates of sex-specific aging and longevity (Xirocostas et al. 2020;
Cayuela et al. 2022). Estimates of adult sex ratios are typically
skewed toward the homogametic sex (i.e., females in species with
X chromosomes; males in species with a Z; Pipoly et al. 2015;
Marais and Lemaitre 2022), as predicted by the unguarded X hy-
pothesis. Similarly, estimates of sex-specific aging and longevity
indicate that the heterogametic sex has a lower mean life span
than the homogametic sex (Xirocostas et al. 2020; Marais and
Lemaitre 2022). These sex ratio and longevity data span a rela-
tively small fraction of species, with terrestrial vertebrates over-
represented; further study will be required to evaluate whether
the reported associations between sex chromosome system and
metrics of sex-specific survival generalize across the tree of life.

Although the patterns summarized above are broadly con-
sistent with the unguarded X hypothesis, it is unclear whether
X- or Z-linkage is causal (as noted by Xirocostas et al. 2020).
Indeed, taxonomic surveys (as above) can test for correlations
between sex chromosome systems and sex-specific survival,
but cannot exclude other plausible contributors. For example,
a strong Y- or W-linked genetic basis of mortality, as sug-
gested by recent Drosophila experiments (Brown et al. 2020;
Nguyen and Bachtrog 2021), could generate taxonomic patterns
that parallel those predicted by the unguarded X (Sultanova et al.
2020). Moreover, the sex determination system of a species can
potentially affect the evolution of traits that are pertinent to mor-
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tality, which may lead to co-evolved associations between the
sex chromosome system and sex-specific patterns of survival and
longevity. Species with X versus Z chromosomes may, for exam-
ple, be differentially prone to evolving traits that increase male
mating success and decrease male survival (Reeve and Pfennig
2003; Albert and Otto 2005).

Because a range of environmental or evolutionary variables
may systematically differ between species carrying an X versus
a Z chromosome, direct experimental tests for unguarded X ef-
fects are essential for evaluating the hypothesis. One experimen-
tally testable prediction of the unguarded X is that inbreeding
depression should have a weaker effect on the heterogametic sex
(which cannot be inbred for the X or Z) compared to the ho-
mogametic sex (which can). Although Vega-Trejo et al. (2022)
recently showed (using meta-analysis) that inbreeding depres-
sion is generally higher in females than males (also see Carazo
et al. 2016; Sultanova et al. 2018), this pattern is independent
of the sex chromosome system. Moreover, as the authors note,
there are other reasons aside from sex linkage why inbreeding
depression may differentially affect the sexes, including intrinsic
sex differences in the effects of mutations on fitness components
(e.g., Whitlock and Agrawal 2009). Direct experimental tests of
the unguarded X hypothesis—carried out in Drosophila where
manipulative experiments of the effect of X-linked homozygosity
on fitness components are feasible—have likewise failed to iden-
tify even marginal unguarded X effects (see Eanes et al. 1985;
Brengdahl et al. 2018; Narayan et al. 2022).

Here, we argue that there is a more fundamental reason to
doubt that unguarded X effects contribute substantially to sexu-
ally dimorphic life spans. Building upon prior theory (e.g., Wer-
ren 1993; Charlesworth and Charlesworth 1999; Pipoly et al.
2015), we present a simple model that shows that the magnitude
of the unguarded X effect depends on several evolutionary param-
eters that previous studies have estimated, including the genomic
deleterious mutation rate, the fraction of the haploid genome that
is X- or Z-linked, the average dominance of deleterious muta-
tions, sex biases in mutation and selection, and the average effects
of mutations on individual fitness components (e.g., survival and
longevity) relative to their effects on total fitness. All of these
parameters have been estimated in Drosophila, where we pre-
dict that unguarded X effects generate sex differences in life span
on the order of 3% or less. Furthermore, available data on sex
chromosome sizes, mutation rates, and fitness effects, which we
review, imply that unguarded X effects in other taxa should gen-
erally be of similar magnitude to those predicted for Drosophila.
The magnitude of our estimates is too small to explain the large
sex differences in life span that are often documented in animals
(e.g., mammals, where females live on average ~20% longer than
males; Lemaitre et al 2020). Hence, although unguarded X effects
should contribute to sex differences in life span, other factors are
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Table 1.

Effect of the ith X-linked locus on sex-specific survival and overall fitness.

X-Linked Genotype

AA A Aa, — aa, a
Female fitness 1 1 — hysgi 1 —syi
Male fitness 1 - | = Ss
Female survival 1 L — hysgio; 1 —spio;
Male survival 1 - s i O

Parameters include female and male selection coefficients (s¢;, sm i), the dominance coefficient (h;), and the effect of the mutation on survival relative to its

effect on overall fitness (¢, am,i, Where, e.g., ar; = 1 under pure viability selection and «¢; = 0 under pure fecundity selection).

likely to be more important in explaining conspicuous patterns of
sexual dimorphism for aspects of survival.

A Model of the Unguarded X

We consider a simple model for the evolution of unguarded X ef-
fects arising from a large number of loci maintained at mutation-
selection balance. The focus of the unguarded X hypothesis is on
fitness components relevant to mortality in each sex, including
survival to reproductive maturity and longevity, and we therefore
focus on these fitness components in our model. We present ex-
plicit results for the case of male heterogamety assuming that the
Y chromosome is degenerate (i.e., XX/XY or XX/XO sex chro-
mosome systems, where males are haploid for X-linked genes)
and the X chromosome is functionally diploid in females (e.g.,
in mammals with random X inactivation; Deng et al. 2014). Our
results are easily reframed to cases of female heterogamety (Z
chromosome systems with a degenerate W), by simply reversing
the sex labels in our models.

Following previous theory (e.g., Haldane 1937; Connal-
lon 2010), and assuming strong selection relative to mutation
Qi+ Wi K 287,ihi + Sp.i, where Wy ; and w,, ; represent the
female and male mutation rates for the ith locus, s¢; and s,,; are
the selection coefficients, and A4; is the dominance coefficient;
Table 1), the equilibrium frequency of a deleterious a allele at
the ith X-linked locus is

~ 2““f,i + Wm,i

. 1
2Sf,ihi + Sm,i ( )

Px.i
The contribution of the locus to mean survival or
longevity of females and males, respectively, will be w;; ~
I —2h;sy 0y ipx,i and Wy, ; = 1 — s, ;0 i Px i, Where a;; repre-
sents the effect of the deleterious mutation on the fitness com-
ponent of the jth sex relative to its effect on overall fitness (see
Charlesworth 2015; Table 1).
Following Charlesworth and Charlesworth (1999), we as-
sume that loci have multiplicative effects on fitness and fitness

components. With ny X-linked loci at mutation-selection balance,

the mean value of the female fitness component with respect to
the X-linked loci will be

ny

2 i m,i
ZZthlOL/, ad e ), (2)

Wrx ~e
X Xp( 2h1 /1+Smt

and the mean value of the male fitness component will be

ny

2 »
Zslnlan‘ll M/I_I—MII)' (3)

Wm ~
X eXP( 2hsf1+sml

The unguarded X effect can be quantified by taking the ratio
of equations (2) and (3):

= ny
SX exp (Z (sm.idm,i - 2hisf,io‘fi)

m,X i—1

2”“/,1‘ + W, i (4)
Zhisf,i + Sm.i ’

Unguarded X effects contribute to lower survival or
longevity in the heterogametic sex when equation (4) exceeds
unity (W x /W, x > 1), which requires that the summation is
positive.

BASELINE PREDICTIONS FOR THE UNGUARDED X

If we assume that the rates and effects of mutations are equal
between the sexes (i.e., s; = §,,; and ay; = oy, ;), and that &;, b ;,
and o, are independently distributed across X-linked loci, then

8var (h) )
(1+20)°))

which is derived using a Taylor series expansion, to second order

equation (4) simplifies to

W, 1—2h
IX N exp <3de ( — +

m,X 1 + 2]’1

in h; — h, where h is the mean and var(h) is the variance of the
dominance coefficients of deleterious mutations; & is the aver-
age effect of mutations on the fitness component relative to over-
all fitness; and Uy = % nxE[2W ¢ ; + Wy i] is the total deleterious
mutation rate per X chromosome.

If we further assume that deleterious mutations are gener-
ally partially recessive (0 < h; < 0.5), which is consistent with

mutation-accumulation data (Manna et al. 2011; Charlesworth
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2015), then terms of var(h) will be small enough to neglect (see
the Supporting Information), and equation (5) simplifies to

V, a(1—2h
VY/‘X%eXp<3UXOL()>'

1+2h ©

mX

Thus, the magnitude of the unguarded X effect should in-
crease with the X-linked deleterious mutation rate (Ux) and the
mean effect of mutations on the fitness component relative to
their effects overall fitness (&). The unguarded X effect should
decrease with mean dominance of deleterious mutations (%). For
the extreme case in which mutations are completely recessive
(h; = 0), and purifying selection is entirely based on mutational
effects on viability (& = 1, corresponding to the unlikely scenario
where mutations do not affect reproductive fitness components),
equation (6) simplifies to exp(3Uy ), which represents an upper
limit for the unguarded X effect that was previously derived by
Pipoly et al. (2015).

SEX DIFFERENCES IN SELECTION AND THE
UNGUARDED X

Our baseline model (eq. 6) should provide reasonable predic-
tions for unguarded X effects provided mutations have similar
effects on fitness and the fitness components of each sex. We can
think of three plausible ways that this assumption may be vio-
lated. First, at least some deleterious mutations have sex-limited
fitness effects (e.g., mutations underlying sterility are typically
sex limited; Connallon and Clark 2011). Second, stronger sex-
ual selection on one sex (e.g., males) can give rise to systematic
sex differences in the strength of purifying selection against dele-
terious mutations (Whitlock and Agrawal 2009; Grieshop et al.
2021). Third, several studies argue that a lack of dosage compen-
sation, which pertains to some taxa with strongly heteromorphic
sex chromosomes, might dampen the phenotypic effects of muta-
tions in the heterogametic (e.g., Charlesworth et al. 1987; Hitch-
cock and Gardner 2020; Rayner et al. 2021). As we will show,
each of these factors tend, if anything, to dampen unguarded X
effects, particularly in male-heterogametic species.

First, consider the case of sex-limited selection against dele-
terious mutations. Because we have no reason to expect sex dif-
ferences in the number of loci affecting viability, we consider
the unrealistic but illuminating case where half of X-linked loci
have female-limited fitness effects and the other half have male-
limited effects (current data, nevertheless, imply that most mu-
tations decrease fitness of both sexes; e.g., Mallet et al. 2011;
Sharp and Agrawal 2013). In this idealized case, equations (2—4)
simplify to Wy x ~ exp(—%Uxo'cf), W, x & exp(—%UX&m), and
Wix /Wi x exp(%Ux(&m —dy)). The latter expression sug-
gests that unguarded X effects will vanish, regardless of the
dominance of deleterious mutations, when @&,, = d . Although
unguarded X effects could persist when viability-related fitness
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components are more important (relative to total fitness) for
males than for females (i.e., Wyx /W, x > | when &, > a,),
stronger sexual selection in males should, if anything, tend to
disproportionately decrease the relative contribution of viability-
related fitness components to male fitness. If so, we expect a
higher X-linked load for the survival or longevity in females com-
pared to males (i.e., Wy x/W,, x < 1 when &,, < dy), thereby re-
versing the unguarded X effect.

Second, consider the more plausible case of sex-differential
purifying selection, where mutations similarly affect viability in
each sex (0tf; S7; = Qp,; Sim,; in our models), but sexual selection
leads to stronger purifying selection in males (s,,; > sy;). Follow-
ing the same approach that we used to derive equation (6) and
assuming, for simplicity, that that the ratios 8 = s,,i/s;i = cti/Otp,i
are constant across loci, the unguarded X effect becomes

W 3Uxa; (1 —2h
m,X ﬁ"’ 2h

which, by definition, must have a smaller magnitude than our
baseline model (eq. 6) whenever purifying selection is stronger
in males (i.e., B > 1). To the extent that sexual selection in-
creases B, unguarded X effects on survival and longevity should
be dampened. Overall, we expect sexual selection to decrease the
magnitude of the unguarded X effect in species with XX/XY (or
XX/XO0) sex chromosome systems. However, the reverse may be
true in species with Z chromosomes, in which loci with sex-
limited mutational effects and stronger purifying selection in
males than females may accentuate “unguarded Z” effects rel-
ative to our baseline model (eq. 6).

Third, consider a scenario in which a lack of dosage com-
pensation systematically reduces the hemizygous fitness effects
of X-linked mutations relative to their effects in homozygous
state, as some previous theoretical models have assumed (e.g.,
Charlesworth et al. 1987; Hitchcock and Gardner 2020). Al-
though mutation accumulation data are needed to validate this
assumption, evaluating how it should affect predictions about the
direction and magnitude of the unguarded X effect is straightfor-
ward (see the Supporting Information, including Fig. S1). Un-
der such conditions, we show that the range of dominance coeffi-
cients that will generate an unguarded X effect becomes more re-
strictive in species lacking dosage compensation relative to those
with dosage compensation. Moreover, the magnitude of the un-
guarded X effect, when it does occur, is dampened in species that
lack dosage compensation, except in the unlikely scenario where
all deleterious mutations are completely recessive.
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Unquarded X Effects Predicted from
Theory and Mutation Data

All of the key parameters in our unguarded X model (Uy, h, ar,
a,,, B) have been estimated in Drosophila, and a subset have also
been estimated in other taxa. We first review what we currently
know about these parameters (we have greatly benefitted from
relatively recent reviews that focus on one or more of these pa-
rameters; see Manna et al. 2011; Charlesworth 2015). We subse-
quently use these estimates to predict the likely contribution of
the unguarded X to observed sex differences and life span.

X-LINKED AND Z-LINKED DELETERIOUS MUTATION
RATES

The total X-linked or Z-linked deleterious mutation rate, Uy,
depends on three factors that vary among species: (1) the hap-
loid genomic deleterious rate (Uy), which is most accurately
estimated using modern genomic approaches (see below); (2)
the proportion of the haploid genome that is X-linked (Pyx) or
Z-linked (Pz), which has been estimated from karyotype data
and annotated, whole-genome sequences (e.g., Ross et al. 2005;
Stiglec et al. 2007; Sultanova et al. 2020); and (3) the ratio of
male to female mutation rates (R, = |X,,/fty ), which can be
estimated from the sequences of parent-offspring trios or from
molecular evolution data (e.g., Ellegren 2007; Hedrick 2007).
Taking these factors into account, the total X-linked deleterious
mutation is

2(2+R,)
Uy = —% UyPx, 8
X 3(1+Ru) HEX (®)
and the Z-linked deleterious mutation rate is
2(1+2R,)
U;=————>UyP;. 9
z 3 (1 +Ru) HEZ 9

In species (like Drosophila) where sex biases in mutation
are trivial, equations (8) and (9) reduce to Uy = Uy Px and U =
Uy P;. In species with strongly male-biased mutation rates, Uy

and Uy approach the following limits: Rlim Uy = % Uy Py and
w00 -
lim Uz =3

UyP;.
R,—00
Genomic deleterious mutation rate estimates are primarily
based on autosomal sequences, where the mutation rates of each
sex receive equal weighting. For example, with n functional sites
on the autosomes the haploid genomic deleterious mutation rate

will be Uy = Z 5(Wfi + W) = nft, where |1 = Z(Mf + W)
is the mean mutatlon rate per nucleotide site (Keightley 2012;
Lynch et al. 2016). Uy can be estimated using genome sequence
data (Kondrashov and Crow 1993; Haag-Liautard et al. 2007),
in which n is based on estimates of genome size and the pro-
portion of sites that are evolutionarily conserved, and fi is esti-
mated by sequencing mutation-accumulation lines or pedigrees.

| B Birds , = Mammals \ Other species
20|, (n=42) 1 (n=66) I (n=10)
v 1 1 1
% 1 1 ! | M Amphibians
g 15 : : : B Arachnids
2 1 1 1 | M Insects
o 1 1 1 i
< 10, . | Reptiles
= 1 1 1
B 1 1 1
=} 511 1 1
£ 1 I 1 1
I I
oMby | at :
1 1 1
2 4 6 8 2 4 6 8 2 4 6 8
Ratio of mutation rates (R, = flm /i)

Figure 1. Curated published estimates of species-specific sex-
biased mutation rates, expressed as the ratio of male to female
rates (R, = [im/ILf). Results were compiled by surveying the pri-
mary literature, including preprints (for details, see the main text
and the Supporting Information). We focused on the subset of es-
timates in which sex-biased mutation rates could be calculated for
individual species or species lineages rather than groups of related
species. In cases where there were multiple estimates for a species,
we took the average (we excluded a single outlier of R, ~ 20 from
humans; Wilson Sayres et al. 2011). This process yielded a total
of 118 species-specific estimates (numbers per species group are
shown in the figure) from 29 studies (17 mammal, six bird, six
other). The vertical broken lines denote equal rates of mutation
between the sexes (R, = 1); values exceeding one are male biased
Ry > 15 im > iig).

Current estimates of Uy range from ~0.5 in Caenorhabditis el-
egans, Drosophila, and mice (Denver et al. 2004; Haag-Liautard
etal. 2007; Uchimura et al. 2015) to Uy ~ 1.1 in humans (Keight-
ley 2012; Dukler et al. 2021). Recent work suggests that Uy
is likely to be higher in species with relatively small historical
effective population sizes (Lynch et al. 2016; e.g., humans and
many other terrestrial vertebrates), and the human estimates may
thus be tentatively regarded as near the upper end of Uy among
species. Nevertheless, it is currently difficult to generalize about
the distribution of Uy among species, and further empirical at-
tention to the issue is warranted.

Most species fall somewhere along a spectrum of modest-
to-strong male-biased mutation rates (R, > I; Fig. 1), in which
%UHPX < Uy <UyPxy and UyP;, < Uz < %UHPZ, so that male-
biased mutation should somewhat dampen X-linked mutation
rates and elevate Z-linked rates. We compiled estimates of male-
biased mutation rate from peer-reviewed articles and preprints
up to February 9, 2022, by searching Google Scholar and the

EERT3

Web of Science using key phrases: “sex-biased mutation,” “male-

99 99 6

biased mutation,” “mutation rate,” “substitution rate,” and “male-
driven evolution.” Where available, we recorded point estimates
of R, upper and lower bounds for the estimate (e.g., confidence
intervals), the species or lineage associated with the estimate,

and the method and primary source from which estimates were
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derived (the entire dataset is provided in the Supporting Informa-
tion). We excluded studies that were unlikely to be informative
for genome-wide sex biases in mutation (i.e., estimates calcu-
lated exclusively using disease-affecting loci or using organelle
genomes) and those whose estimates were later corrected (e.g.,
Labuda et al. 2010; Lohmueller et al. 2010). Overall, we col-
lected 206 estimates, from 48 studies and 147 species or lineages.
The vast majority of estimates were from mammalian (46.3% of
all estimates) and avian taxa (44.4%), and were calculated using
the molecular evolutionary method (91.2%) proposed by Miyata
etal. (1987). The data (Fig. 1) suggest that, typically, | <R, <4
for mammals and 1 < R, < 3 in birds. Although fewer estimates
are available for other taxa, the full dataset indicated that most
species should fall withinthe 1 < R, < 4range,and1 <R, <3
for Drosophila species.

EFFECTS OF DELETERIOUS MUTATIONS ON
VIABILITY, LONGEVITY, AND FITNESS

Representative data on the dominance coefficients of deleteri-
ous mutations have been obtained from mutation-accumulation
experiments using model organisms (e.g., Drosophila, C. ele-
gans, and Saccharomyces cerevisiae). Although there are many
case studies of dominance associated with segregating polymor-
phisms, these are generally unfit for purpose because they rep-
resent a biased sample: such loci have been filtered by natural
selection and are undoubtedly enriched for alleles with unusu-
ally large (and, thus, empirically discernible) phenotypic effects.
Focusing on mutation-accumulation results, the Drosophila data
suggest a mean dominance coefficient of 1 & 0.25 (Charlesworth
2015). A meta-analysis of estimates spanning four decades, and
including data from Drosophila, C. elegans, and S. cerevisiae,
yields a similar conclusion (% & 0.25 with a plausible range of
0.18 < h < 0.36; see Manna et al. 2011). Moreover, these results
conform closely to theoretical predictions for the dominance of
deleterious mutations arising in populations that have evolved to
an optimum (Manna et al. 2011).

Estimates of & for several fitness components have been ob-
tained from Drosophila mutation-accumulation experiments (re-
viewed in table S8 of Charlesworth 2015), including estimates for
juvenile viability (i.e., egg-to-adult survival, where a, ~ @, ~
0.3) and longevity (where 0.1 < ay ~ @,, < 0.2). Estimates of
a are typically much lower than one-half, consistent with stud-
ies of standing genetic variation that show substantially weaker
genotypic effects on viability components relative to total fitness
(e.g., Wilton and Sved 1979; Eanes et al. 1985). Although we
lack estimates of & from vertebrates, the Drosophila estimates
for viability and longevity may very well exceed those of verte-
brate taxa; these longer lived species are likely to have lower rates
of preadult mortality relative to Drosophila yet high variances in
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reproductive success among adults, which should cause & to be
smaller for vertebrate viability.

Finally, sex differences in the overall strength of purifying
selection (which affects B in eq. 7) have been estimated in sev-
eral insect studies, although the most powerful tests have focused
on Drosophila. Their results suggest that new deleterious muta-
tions tend to harm both sexes, with the strength of purifying selec-
tion likely to range from equal between the sexes to roughly 50%
stronger in males than females (f ~ 1.5; Mallet et al. 2011; Sharp
and Agrawal 2013; Singh and Agrawal 2022). Recent work fur-
ther suggests that sex biases in purifying selection are influenced
by both the mating system and extrinsic environmental factors
that may vary over time, space, or among taxa (Long et al. 2009;
Yun et al. 2018).

PREDICTING THE MAGNITUDE OF UNGUARDED X
EFFECTS IN Drosophila AND OTHER SPECIES

In Drosophila melanogaster, the X represents upward of 20% of
the genome (Py ~ 0.2) and mutation rates are approximately
equal between the sexes (R,, ~ 1), which (given Uy ~ 0.5;
Haag-Liautard et al. 2007) suggests an X-linked deleterious mu-
tation rate of Uy = 0.1. Assuming % ~ 0.25, and using & = 0.3
(Charlesworth 2015) and 8 = 1 (the approximate lower bound
for sex-specific purifying selection; see above), we estimate that
the unguarded X should lead to a 3% elevation in female rela-
tive to male viability or life span (W x/W,, x =~ 1.03; Fig. 2).
Parameterization using lower values of & and higher values of
B decreases the magnitude of the unguarded X effect for D.
melanogaster (e.g., given & = 0.1 and B8 = 1.5, which are plau-
sible, Wy x /Wy, x & 1.0075, corresponding to a sex difference of
less than 1%). These small predicted unguarded X effects will
become even smaller if a substantial fraction of mutations have
sex-limited effects on life span because sex-limited loci tend to
equalize the contribution of X-linked mutations to sex differences
in mortality (see above).

What about other species? Relative to D. melanogaster,
the proportion of the genome that is X- or Z-linked is smaller
in most other taxa (Tree of Sex Consortium 2014; Sultanova
et al. 2020). Because there is little reason to expect major dif-
ferences in Uy, &, and & between Drosophila and other insect
species, the smaller sex chromosomes of most insect species
(e.g., Pz ~ 0.02-0.05 in Lepidoptera: Presgraves 2002; Fraisse
et al. 2017; Px ~ 0.05 in fireflies [Coleoptera]: Lower et al.
2017; Px < 0.08 in cockroaches [Blattodea]: Meisel et al. 2019;
Px < 0.1 is generally implied by the high chromosome num-
bers of most insects orders: Blackmon et al. 2017; Sylvester et al.
2020) should lead to even smaller unguarded X (or Z) effects than
predicted for D. melanogaster. Important exceptions include the
subset of Drosophila species with larger sex chromosomes than



HOW MUCH DOES THE UNGUARDED X CONTRIBUTE

Mammal-like sex
chromosomes
(Py=0.05; Uy = 1.1)

20%{ Drosophila || |
rosophnila
5 = P
o a estimates
£ 15% |
(]
<
& 10% 1
S
s
5 5% A 1
5
0% 1 .

B m—

00 02 04 06 08 10
a

R, =1
R,=10 --

Drosophila-like sex
chromosomes
(Py=02; Uy =0.5)

Bird-like sex

chromosomes
(P,=0.1;U,=11)

00 02 04 06 08 10 00 02 04 06 08 10

a a

h=025 h=035

Figure 2. Unguarded X effects in species with mammalian-like, Drosophila-like, and bird-like sex chromosomes. Results are shown for
plausible values of the haploid genomic deleterious mutation rate (Uy = 1.1 for vertebrates, based on a relatively high estimate from

humans: Keightley 2012; Dukler et al. 2021; Uy = 0.5 for Drosophila: Haag-Liautard et al. 2007), with typical sex chromosome sizes for
mammals, flies, and birds (bird results are based on the upper end of range of Z chromosome sizes: 0.07 < P; < 0.1; Stiglec et al. 2007;
Sultanova et al. 2020), and equally strong purifying selection in each sex (8 = 1). The gray-shaded regions correspond to the range of

& estimates obtained from Drosophila studies (0.1 < & < 0.3; Charlesworth 2015), and the orange lines correspond to dominance values
consistent with both theory and mutation accumulation studies from model organisms (h = 0.25; see Manna et al. 2011).

D. melanogaster (i.e., Px ~ 0.4; see Turelli and Begun 1997) and
haplo-diploid species (e.g., Hymenoptera, where Py = 1).

Although vertebrates also have smaller sex chromosomes
than Drosophila, they may typically have higher genomic
deleterious mutation rates (given the negative relation between
Uy and population size, in which the latter is known to be
smaller in vertebrates; see Lynch et al. 2016; Buffalo 2021). If
we take humans as a representative case for mammals (thus,
Uy = 1.1 and Py = 0.05; Ross et al. 2005; Keightley 2012),
and assume that 1 ~ 0.25 and & = 0.3, then unguarded X effects
are predicted to be even smaller than those of Drosophila (i.e.,
Wy x /Wi x ~ 1.017 or 1.7% longer life span for females; Fig. 2);
male-biased mutation and purifying selection further reduce the
predicted effect.

Among vertebrates, our model predicts that birds should
have higher potential for unguarded X effects because their sex
chromosomes are somewhat large compared to mammals and
their genomic deleterious mutation rates may be comparable
to those of mammals (Fig. 2; but note that Uy may be sub-
stantially smaller in birds compared to humans; Smeds et al.
2016). Male-biased mutation rates (R, > 1, as is typical for
birds; Fig. 1) should further elevate Z-linked deleterious mu-
tation rates in avian taxa (i.e., based on eq. 9). Using a rela-
tively high value of Pz = 0.1 for the Z-linked proportion of the
genome (0.07 < Pz < 0.1 in birds; Stiglec et al. 2007; Sultanova
et al. 2020), a high genomic deleterious mutation rate (Uy = 1.1,
which is comparable to humans), strongly male-biased mutation

(R, = 4), and the remaining parameters based on Drosophila es-
timates (h &~ 0.25, & = 0.3, 8 = 1.5), the unguarded X is pre-
dicted to increase male longevity by 5.2% relative to females (re-
call that females are haploid). The prediction declines to ~3.3%
in the absence of systematic sex differences in mutation or puri-
fying selection, and further declines with lower values for P, and
Uy (e.g., Pz =0.07 and Uy < 1, both of which are plausible).

Discussion

Large sex differences in survival, ageing, and longevity have been
reported in surveys of adult sex ratios and sex-specific life spans,
and these differences often qualitatively agree with the unguarded
X hypothesis. However, our population genetic models of the
unguarded X effect, along with current parameter estimates for
the rates and effects of deleterious mutations, fall considerably
short of explaining the relatively large differences in mortality
that are observed in nature (Pipoly et al. 2015 reached a similar
conclusion concerning adult sex ratios, using a specific case of
our model; see eq. 6 and surrounding text). For example, our
predictions for mammals (~1-2% higher mean female survival)
fall far below the 20% elevation in mean female life span that
has been reported in empirical surveys of mammalian longevity
(Lemaitre et al 2020; Xirocostas et al. 2020). Predictions for birds
(~3-5% higher male survival) similarly fall short of the average
sex difference in longevity (~10%) based on avian data included
in Xirocostas et al. (2020). Predictions for D. melanogaster (~1—

EVOLUTION LETTERS AUGUST 2022 325



T. CONNALLON ET AL.

3% higher female survival) are insufficiently large to explain the
extent of female-biased longevity in laboratory populations of D.
melanogaster (i.e., data compiled in Ziehm et al. 2015 suggest
that female life span is typically >10% longer than male life
span; see the Supporting Information), and may further help ex-
plain the negligible estimates of X-linked inbreeding depression
in females with respect to viability and longevity (Eanes et al.
1985; Brengdahl et al. 2018; Narayan et al. 2022). Although these
experiments were by no means small, they were underpowered to
detect levels of X-linked inbreeding depression predicted by our
model (Eanes et al. 1985 could only reject effects exceeding 5%).

Two additional observations imply that the unguarded X is
unlikely to provide a general explanation for sex differences in
longevity. First, extensive sex differences for ageing and life span
are observed in species with largely homomorphic sex chromo-
somes, including higher mortality rates in the heterogametic sex
(Cayuela et al. 2022), which cannot be explained by unguarded
X effects. Second, although birds are predicted (by unguarded X
theory) to exhibit stronger sex differences in life span than mam-
mals, data support the opposite pattern (the sex difference in life
span in birds is roughly half the average difference observed in
mammals; Lemaitre et al. 2020; Xirocostas et al. 2020).

Does this mean that the unguarded X hypothesis is dead?
Not entirely. Although current theory and data suggest the hy-
pothesis is unlikely to explain broad taxonomic patterns of sex-
specific longevity, several factors might elevate its importance
for some species. First, species with exceptionally large X chro-
mosomes, including haplodiploids, could experience moderate or
even large unguarded X effects. For example, with mutation pa-
rameters similar to those of Drosophila (e.g., h=025 Uy =
0.5, =0.3, R, =P = 1), our model predicts a ~15% reduc-
tion in male relative to female survival in haplodiploid species,
with similar reductions in viability expected for inbred females.
Although such effect sizes should be statistically discernible in
reasonably sized experiments, most tests for inbreeding depres-
sion in haplodiploid species suggest that its effect on survival
and longevity is typically weak (Saito et al. 2000; Mori et al.
2005; Tien et al. 2015; for an exception, see Henter 2003). Sec-
ond, synergistic epistasis between deleterious mutations (which
our models do not consider) can amplify inbreeding depression
and genetic loads expressed by haploid (or heterogametic) indi-
viduals relative to diploid individuals, particularly if mutations
are strongly recessive (7 < 0.25; Kondrashov and Crow 1991).
Although it is unclear how widespread synergistic epistasis is
(Charlesworth and Charlesworth 1999; de Visser and Elena 2007;
Dominguez-Garcia et al. 2019), epistatic effects on viability
could substantially elevate unguarded X effects in species where
sex chromosomes are large (and, hence, Uy is also large; Kon-
drashov and Crow 1991; Charlesworth 1998). Finally, estimates
of h and especially & are primarily derived from Drosophila
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studies (Manna et al. 2011; Charlesworth 2015), and it is unclear
how much these parameters vary among species. Although there
is no obvious reason for % to differ among taxa, there is good rea-
son to expect variation in &, owing to among-species variability in
the contribution of preadult mortality to total fitness variance. In
plants and broadcast spawning marine organisms, juvenile mor-
tality will often be exceptionally high, and in such cases, viability
selection may represent the dominant component of overall selec-
tion, causing & to be larger than the Drosophila estimates imply.
Those species that also carry heteromorphic sex chromosomes
(e.g., Silene latifolia: Charlesworth 2016; Paracentrotus lividus:
Lipani et al. 1996) are potential candidates for substantial un-
guarded X effects.

Our main conclusion—that the unguarded X hypothesis is
unlikely to explain diverse and often conspicuous patterns of sex-
ual dimorphism for life span among species—gives weight to
prominent alternative hypotheses for the evolutionary origins of
sexually dimorphic survival and longevity. One such alternative
is the toxic Y hypothesis, which posits that nonrecombining Y
and W chromosomes serve as reservoirs for accumulation of mu-
tations, which (owing to male- and female-limited inheritance of
the Y and W, respectively) solely decrease survival of the het-
erogametic sex. Although this hypothesis is relatively young, it
is supported by experimental evidence from Drosophila (Brown
et al. 2020; Nguyen and Bachtrog 2021), and there is sugges-
tive evidence that it might apply broadly to other taxa (Sultanova
et al. 2020; Peona et al. 2021). The toxic Y effect has yet to be
formally modeled, which would help identify biological condi-
tions mediating its magnitude and taxa where it is likely to be
particularly important. A second major hypothesis is that sexu-
ally dimorphic longevity reflects a fundamental sex difference
in the optimal rate of investment in survival versus reproduction
(Maklakov and Lummaa 2013). Although it is widely thought
that such sexually dimorphic optima often favor the evolution of
sex-differential mortality, it remains an open question whether
such scenarios are also likely to play out differently in species
with distinct sex determination systems. There are plausible the-
oretical arguments that could explain why the sex chromosome
system of a species might influence the evolution of sexual di-
morphism for traits correlated with susceptibility to pathogens,
predators, and other sources of mortality (Hastings 1994; Andrés
and Morrow 2003; Reeve and Pfennig 2003; Kirkpatrick and Hall
2004; Albert and Otto 2005; Brom et al. 2018). Such scenarios
should be taken seriously as potential factors contributing to pre-
dictable differences in life span between the heterogametic and
homogametic sex.
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