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ABSTRACT
Strict maternal inheritance renders the mitochondrial genome susceptible to accumulating
mutations that harm males, but are otherwise benign or beneficial for females. This “mother’s
curse” effect can degrade male survival and fertility if unopposed by counteracting
evolutionary processes. Coadaptation between nuclear and mitochondrial genomes — with
nuclear genes evolving to compensate for male-harming mitochondrial substitutions — may
ultimately resolve mother’s curse. However, males are still expected to incur a transient
fitness cost during mito-nuclear coevolution, and it remains unclear how severe such costs
should be. We present a population genetic analysis of mito-nuclear coadaptation to resolve
mother’s curse effects, and show that the magnitude of the “male mitochondrial load” — the
negative impact of mitochondrial substitutions on male fitness components — may be large,
even when genetic variation for compensatory evolution is abundant. We also find that the
male load is surprisingly sensitive to population size: male fitness costs of mito-nuclear
coevolution are particularly pronounced in both small and large populations, and minimized
in populations of intermediate size. Our results reveal complex interactions between
demography and genetic constraints during the resolution of mother’s curse, suggesting

potentially widespread species differences in susceptibility to mother’s curse effects.
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INTRODUCTION

With rare exceptions, mitochondria are maternally inherited, with little-to-no
transmission from fathers to offspring (Birky 1995). This unique inheritance pattern may lead
to unusual evolutionary dynamics of mitochondrial genes, compared to genes that are
encoded within the nuclear genome (Frank 1989; Frank and Hurst 1996; Gemmell et al.
2004). Whereas strict maternal transmission ensures that the mitochondrial genome is
evolutionarily responsive to natural selection in females, it inhibits evolutionary responses to
selection in males. Mitochondrial DNA (mtDNA) mutations that reduce the survival, mating
success, or fertility of males may therefore accumulate within a population, as long as these
mutations do not reduce female fitness (i.e., they may be benign or beneficial for females;
Frank 1989; Frank and Hurst 1996; Gemmell et al. 2004; Dowling 2014; Beekman et al.
2014). The evolutionary accumulation of mtDNA mutations with male-harming effects,
attributable to the maternal inheritance of mitochondria, has been dubbed “mother’s curse”
(Gemmell et al. 2004).

Several observations suggest that mother’s curse influences the evolution of
mitochondrial genomes, the genetic basis of female and male adaptations, and the
manifestation of disease. In plants, cytoplasmic male sterility (CMS) is widespread, typically
has a mitochondrial genetic basis, and is important in both the evolution of plant breeding
systems and production of hybrid seeds in commercial agriculture (Frank 1989; Schnable and
Wise 1998; Chase 2007). Sex-specific fitness effects of mitochondrial genetic variation have
received less attention in animal systems, yet even so, some mtDNA mutations are known to
have male-biased effects on animal fertility (e.g., Nakada et al. 2006; Smith et al. 2010; Patel
et al. 2016; Martikainen et al. 2017), and neurodegenerative disease (e.g., Leber’s Optical
Hereditary Neuropathy: Wallace et al. 1988; Milot et al. 2017). Studies in Drosophila have

identified signals of mother’s curse in patterns of: (1) male-biased effects of mitochondrial



haplotypes on the transcription of nuclear-encoded genes (Innocenti et al. 2011; but see
Mossman et al. 2016a, 2017); (2) male-biased genetic variance in ageing (Camus et al. 2012,
2015); and (3) male-limited genetic variation for sterility (Clancy et al. 2011; Patel et al.
2016). Overall, the pervasiveness of mother’s curse effects among species, populations, and
environmental contexts remains unclear (e.g., Mossman et al. 2016b; Eyre-Walker 2017).
Nevertheless, current examples suggest that at least a fraction of mtDNA mutations have
male-biased or male-limited fitness costs (e.g., Beekman et al. 2014; Wolff et al. 2016; Patel
et al. 2016). The evolutionary logic of the mother’s curse hypothesis predicts that such
mutations are likely to accumulate within populations and depress male fitness components,
unless they are countered by evolutionary mechanisms that oppose their spread, or
compensate for their negative effects in males (Frank and Hurst 1996; Yee et al. 2013;
Reinhardt et al. 2013).

Two general evolutionary scenarios can potentially resolve mother’s curse, and rescue
male fitness declines caused by mtDNA mutation accumulation. First, some forms of
inbreeding, kin selection, assortative mating, and paternal mitochondrial transmission
generate direct purifying selection against mtDNA mutations with male-limited costs (Wade
and Brandvain 2009; Unckless and Herren 2009; Hedrick 2012; Zhang et al. 2012; Kuijper et
al. 2015). These processes provide scope for the elimination of male-harming mtDNA
mutations, although purifying selection through males is likely to remain inefficient (Hedrick
2012; Engelstédter and Charlat 2006), particularly when male-harming alleles have small
fitness effects (see Wade and Brandvain 2009; Unckless and Herron 2009). Second, changes
to the nuclear genome may compensate for the fitness costs of mtDNA alleles by masking
their male fitness consequences (Yee et al. 2013; Wade 2014; Beekman et al. 2014).
Mitochondrial and nuclear genomes are functionally coupled through their shared roles in

encoding the cellular machinery of energy production (see Rand et al. 2004; Burton and



Baretto 2012; Wolff et al. 2014), and this close coupling provides a mechanistic basis for
mito-nuclear genetic interactions. Mito-nuclear interactions for fitness — including sex-
specific fitness components — have been reported in several animal systems (e.g., Rand et al.
2001; James and Ballard 2003; Roubertoux et al. 2003; Ellison and Burton 2008; Dowling et
al. 2010; Burton and Barreto 2012; Meiklejohn et al. 2013; Yee et al. 2013, 2015; Dobler et
al. 2014 Immonen et al. 2016). Likewise, in plant systems that harbor mtDNA alleles that
cause CMS, nuclear genes play central roles in restoring male fertility (Chase 2007).

Whether evolutionary changes in the nuclear genome can compensate for male-
harming mtDNA mutants is not controversial. However, the speed and efficiency with which
nuclear genome evolution resolves mother’s curse remains an open question (see Wade
2014). Several models have considered the coevolutionary dynamics of male-harming
mitochondrial mutations and compensatory alleles in the nuclear genome (e.g., Charlesworth
1981; Gregorius and Ross 1984; Frank 1989; Babcock and Asmussen 1996; Rand et al. 2001;
Wade 2014). Theory of mito-nuclear coevolution is particularly well developed in contexts of
CMS, where conditions for the evolutionary invasion, maintenance, and fixation of male-
sterility genotypes are well characterized (reviewed in Jacobs and Wade 2003). On the other
hand, prior theory largely focuses on the deterministic dynamics and long-term evolutionary
equilibria of mitochondrial and nuclear genes. Much less attention has been given to non-
equilibrium dynamics of mito-nuclear coevolution, where mito-nuclear dynamics should
generate transient reductions in male fitness components prior to the ultimate resolution of
mother’s curse. There is currently no clear expectation for the severity of male fitness costs
that arise from bouts of mito-nuclear coevolution, nor expectations for the impacts of genetic
drift and population size on the manifestation of mother’s curse effects.

Here, we present a theoretical population genetic analysis of mito-nuclear coevolution

in the context of mother’s curse. We specifically quantify the “male mitochondrial load” —



the reduction in male fitness components during coevolutionary cycles between male-
harming mtDNA substitutions and nuclear compensatory substitutions that restore the fitness
components. Our formulation of load is conceptually similar to “substitution loads” or “lag
loads” that arise during adaptation to a new environment (e.g., Haldane 1957; Crow 1970;
Maynard Smith 1976), with mtDNA divergence serving as an analog of environmental
change. The theoretical framework also parallels a long tradition of compensatory evolution
models in population genetics (Haldane 1931; Kimura 1985; Stephan 1996). Our results
consider male-harming mtDNA substitutions that are fixed by positive selection in females
(i.e., sexually antagonistic mutations), as well as substitutions that are neutral in females and
fixed by genetic drift. We show that the magnitude of the male mitochondrial load can be
large relative to classical genetic loads. We also demonstrate that the load is highly sensitive
to the effective population size of the species: the male mitochondrial load exhibits a non-
monotonic relation with population size, which is minimized in intermediate-sized
populations. These results shed new light on the contexts of selection and demography that

are likely to elevate or reduce the impact of mother’s curse effects.

MODEL

Model structure and assumptions

Our baseline model follows the evolution of a pair of interacting mito-nuclear loci
that affect male fitness. Derived (mutant) alleles at the mitochondrial locus are assumed to
reduce male fitness relative to the ancestral genotype; these alleles may be neutral or
beneficial for females. For simplicity, we assume that the nuclear (i.e., compensatory) locus
is male-limited in expression (alleles are neutral in females); we later revisit this assumption.
Generations are discrete with a life-cycle of: (1) birth, (2) selection, (3) meiosis and mutation,

followed by random mating, and (4) death of the adults.



Interacting loci have two alleles each. The mitochondrial locus has alleles M and m,
and the nuclear locus has alleles A and a. M and A represent the ancestral (wild-type) alleles,
whereas m and a are derived alleles. We assume that mitochondrial inheritance is strictly
maternal (there is no paternal transmission). The nuclear locus is diploid, with biparental
inheritance. Following prior models (Frank and Hurst 1996; Wade and Brandvain 2009;
Unckless and Herren 2009; Kuijper et al. 2015), we assume that each individual in the
population is homoplasmic for one of the two mitochondrial alleles. This simplifying
assumption is reasonable under strict maternal inheritance, with mitochondria strongly
bottlenecked during oogenesis; we return to this issue in the Discussion. Following the
tradition of compensatory evolution models (e.g., Stephan 1996), we assume that derived
mutations are individually deleterious (fitness costs of sm and tm are associated with the m and
a alleles, respectively), but beneficial for males in combination (see Table 1). Thus, AA/M
and aa/m genotypes yield maximal fitness, and the remaining genotypic combinations impose
a cost to males.

Each evolutionary cycle between a mitochondrial and nuclear locus initiates with the
invasion — from a single, initial copy — of a derived, male-harming mitochondrial allele, m.
Allele m evolves under positive selection in females or genetic drift until it is eventually fixed
in the population. The nuclear locus evolves under recurrent mutation and selection in males.
The population is initially fixed for the ancestral allele, A, which is beneficial for males in
combination with the ancestral mitochondrial allele, M. For simplicity, we assume that
mutations from A to a are unidirectional, with a rate of v, per meiosis; introduction of back-
mutation is trivial, and simply allows for the maintenance of rare A alleles in populations that
become fixed for the m cytotype. The evolutionary cycle completes when both derived alleles

(a and m) are fixed.



Quantifying the male mitochondrial load

Each cycle of mito-nuclear coevolution contributes to the male genetic load, as
follows. Let t (t > 0) represent the number of generations following the initial appearance of a
mitochondrial allele destined to eventually fix. Following the standard genetic load
definition, the male load at generation t is:

1(t) = M =1 — Wy (t)

Wmax
D,
where w,, (t) is the mean of relative male fitness at generation t, and wmax is the relative
fitness of the best genotype for males (i.e., AAM and aam from Table 1, where wmax is scaled
to one in our model). The cumulative contribution of the coevolutionary cycle to the male
load is: L = Y7_, L(t), where zis the duration, in generations, of the cycle (i.e., the time
between the origin of the male-harming allele, m, to the eventual fixation of the derived mito-
nuclear combination, am). From this, the average contribution of a single coevolutionary

cycle to the male load is:

i l(t)‘
t=0

E[L]=E

),

where E[x] denotes the expectation. Biologically, (N/2)E[L] represents the average number of
males that are selectively eliminated during a typical bout of mito-nuclear coevolution, where
N/2 is the number of males born in each generation (see Crow 1970; Ewens 2004, pp. 81-82).
This concept of the male load parallels other forms of genetic load that arise during
adaptation, particularly Haldane’s (1957) “cost of selection”, and Maynard Smith’s (1976)
“lag load” (see Charlesworth and Charlesworth 2010, p. 169). We return to this comparison

further below.



Eqg. (2) quantifies the cumulative contribution of single mito-nuclear coevolutionary
cycles to the male load, but it does not take into account the tempo of male-harming mtDNA
substitutions that initiate each cycle. To quantify the fitness cost to males, per generation, we
can scale the cumulative load per coevolutionary cycle by the average number of generations
between cycles of mito-nuclear coevolution (denoted as Tw):

E[L]
ﬁ—l( E[L]

©)

(Ewens 2004, pp. 81-82), where K = 1/Tw is the rate of substitution of male-harming alleles
in the mitochondrial genome. Eq. (3) applies when the timescale for resolution of mother’s
curse is faster than the tempo of male-harming mtDNA substitution. Otherwise mitochondrial
function in males will systematically degenerate over time — a situation more closely aligned

with models of mutational meltdown (e.g., Lande 1994, 1998).

Model analysis

Our analytical results assume that selection coefficients are small (1 >> sy, tm), and
population-scaled selection is strong (NSm, Ntm >> 1, where N is the size of a Wright-Fisher
population). Under random mating, deviations from Hardy-Weinberg equilibrium and mito-
nuclear linkage disequilibrium are negligible. We assume throughout that the effective size of
a mtDNA locus is one-quarter the size of a diploid, nuclear locus (2N for a diploid locus; N/2
for a mtDNA locus).

At the beginning of a coevolutionary cycle (arbitrarily labeled as generation t = 0), a
male-harming m allele begins to spread within the population until it is eventually fixed. The
frequency of m in the zygotes at generation t (t > 0) is gmt. Following prior theory (e.g.,
Maynard Smith 1971, 1976; Betancourt et al. 2004; Ewens 2004, p. 147; Takahasi 2009), we

use deterministic models to approximate the expected evolutionary trajectory of the m allele,



conditioned on its eventual fixation (see the Supplementary Material). For the case of
neutrally evolving mtDNA alleles (s = O; Table 1), the expected frequency of m at generation
tis:

Gme = 1= (1 = qmo)e >N

(42)

(see Ewens 2004, p. 147; Takahasi 2009), where the initial frequency of m is gmo = 2/N. For

the case of a sexually antagonistic m allele (sf > 0), the expected frequency of m at generation

tis:

_ Gmoe s
th - 1- dmo + qmoesft
(4b)

(e.g., Otto and Day 2007), where gmo = (2/N)(1/2sf) = 1/Nst << 1 is the “effective” initial
frequency of the allele (see Maynard Smith 1971, 1976; Betancourt et al. 2004 and Orr and
Unckless 2014 discuss the “effective” initial frequency of sweeping beneficial alleles).

The frequency of the m allele mediates selection at the interacting nuclear locus.
Consider an a allele that segregates at a frequency of gat in zygotes of generation t. Assuming
Hardy-Weinberg and linkage equilibrium in the zygotes (as stated above), the expected

frequencies of the three nuclear genotypes in adult males (after selection in generation t) are:

(1 - Qat)z(l - thsm)

faa =

A Whuc

_ qat(l B Qat)(z — AmtSm — (1 B qmt)tm)
an - —
Wnuc

f _ Qatz(l B (1 B qmt)tm)

e Wnac

®),

where wy,,, is the sum of the numerators of faa, faa, and faa. The expected change in

frequency of a due to selection in males is:
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qat(1 - Qat)(CImtSm - (1 - th)tm)
2V_Vnuc

Aqse(males) =

(6).

The total frequency change across a single generation, owing to selection, will be Agg.; =
[Aqs.;(males) + Ag,,.;(females)]/2, where Ag,,.; (females) refers to the change in a over
one generation as a consequence of selection in females (Aq,; (females) = 0 when the a is
neutral for females). From eq. (6), note that selection in males favors the a allele once m
exceeds the critical frequency gmt = tm/(Sm + tm), and otherwise allele A is favored. Given the
assumption of small selection coefficients and mutation rate of v (see above), the total
expected change in the frequency of a will be: E[AG.o:] = Aqger + (1 — qge) V.

Mathematical analysis of the model focuses on two idealized scenarios. First, under
sufficiently weak mutation at the compensatory locus, the timescale to resolve mother’s curse
is slow relative to the time to fixation of m. The load is then dominated by a lag until a
compensatory mutation arises and invades the population. The male fitness component
effectively “jumps” between two states: a high state (relative fitness of one), and a low state
(relative fitness of 1 — sm; see Fig. 1). Assuming that the waiting time for a compensatory
substitution is smaller than the interval between male-harming mtDNA substitutions (Tc <
Twm, where Tc is the mean time to compensation following the fixation of the male-harming
allele; see above), the fraction of time spent in the low-fitness state will be fiow = Tc/Tm, and
male load, scaled per generation (eq. (3)), is E[L | slow]/Tm = Smfiow.

Second, with a sufficiently high compensatory mutation rate, a alleles will spread
rapid once they are favoured. For the neutral model of mtDNA substitution, the evolutionary
dynamics of the m allele are slow relative to the rate of spread of a, and the latter is therefore
likely to fix before the former. In such cases, we can use a separation of timescales
approximation (e.g., Otto and Day 2007), and model the substitution process at the nuclear

locus as if a fixes instantaneously once selection favors it. The cumulative load becomes:
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tpos o

E[L | fast] = Smf Qmedt + t, (1 — qp)dt

0 tpos
(7a),
where gmt IS given by eq. (4a), and tpos IS the time until positive selection favors the
compensatory allele (the value of t for which gmt > tm/(Sm + tm), based on eq. (4a)).
When mtDNA mutations are positively selected in females, a compensatory allele is
unlikely to invade until the m cytotype approaches fixation, but nevertheless, the load may be
dominated by the time to fixation of the compensatory allele rather than the time until its

initial appearance. In this case, the total load will be:
E[L] = E[L | slow] + sm] (1 —qqp)dt
0

(7b),

where (at tracks the frequency of a compensatory allele that eventually becomes fixed.

Simulations

Analytical results were verified using forward simulations that incorporate selection,
mutation, and multinomial sampling in a Wright-Fisher population of effective size N. The
simulations track all six possible genotypes — AAM, AAm, AaM, Aam, aaM, aam — in each
sex, allowing for the buildup of linkage disequilibrium between mitochondrial and nuclear
loci. Each simulation run was initiated with the population fixed for the A allele, and initial
frequencies of 2/N and 1 — 2/N for M and m alleles, respectively. Each run completes with the
fixation of both a and m. For a given parameter set of st, sm, tm, N, and v, the average over
simulation runs provides an estimate the exact cumulative contribution of mito-nuclear
coevolution to the male load (eq. (2), above). All simulations were run in R, version 3.3.0 (R

Core Team 2016). Additional details can be found in the Supplementary Material.
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RESULTS

Male-harming mtDNA substitutions with neutral effects in females

When male-harming mtDNA substitutions are neutral for females (st = 0), the
evolutionary dynamics of mitochondrial and nuclear substitutions depend on the magnitude
of the compound parameter, N?vs,. When N2vsp, << 1, each male-harming mtDNA allele
fixes rapidly relative to the waiting time to invasion and fixation of its corresponding
compensatory allele. Intuitively, this is because the mean time to fixation of a neutral mtDNA
mutation is N generations, whereas the time to invasion of a favoured compensatory allele is
roughly Tc = 1/(Nvsm) generations. Thus, when N << Tc (or Nvsy << 1), the contribution to

the male load will be:
ElLIslow] ~ —
SIOW| = Nv

(8a).

Note that eq. (8a) is inversely proportional to population size, reflecting adaptation limited by
the availability of compensatory mutations. At the opposite extreme, when compensatory
evolution is fast relative to the timescale of fixation for a mtDNA allele (N?vsyn >> 1,

justifying eq. (7a)), the contribution to the male load is:
N
E[L|fast] = %ln(l + t/Sm)

(8b)

(see the Supplementary Material). From eq. (8b), we see that in the limit of fast
compensatory change, the male load now increases with population size. This positive
relation between N and load reflects the impact of the fixation time of male harming mtDNA
alleles on the male load. Coevolution is no longer limited by the availability of genetic
variation at compensatory loci; rather, the resolution of the male load is limited by the time

until substitution of the mtDNA allele, which is proportional to N.
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Forward simulations across a spectrum of N?vsy, show that egs. (8a) and (8b) work
well within their relevant regions of parameter space (Fig. 2A; Supplementary Material), and

their sum provides a general approximation for the male load:

1 Ns
= m +Tmln(1 + tm/sm)

E[L]
(9).
Eqg. (9) implies that for a given strength of selection (Sm, tm) and compensatory mutation rate

(v), there is a critical effective population size that minimizes the male mitochondrial load.

This critical population size corresponds to:

2
Nerie = \/smv In(1 + t;/Sm)
(10).
Below the threshold, there is a negative relation between N and the male load; above the
threshold, the relation is positive (Fig. 2B). Intuitively, the critical population size increases
as the compensatory mutation rate decreases, reflecting the greater influx of compensatory
alleles in larger populations. A similar result applies if we rescale E[L] relative to the tempo
at which male-harming/female-neutral mutations become fixed (i.e., eg. (3)). Following
standard population genetics theory (e.g., Kimura and Ohta 1971), the average interval
between neutrally evolving mtDNA substitutions is simply Tm = 1/Un, where Uy is the
mitochondrial genomic mutation rate to male-harming alleles that are neutral to females.
Consequently, the scaled load is E[L]/Tm = UNE[L], which is minimized at the Nerit in eq.

(10).

Sexually antagonistic mtDNA substitutions
When male-harming mtDNA substitutions are sexually antagonistic (i.e., they benefit

females), mito-nuclear substitutions are much more likely to fix sequentially because positive
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selection on each mtDNA mutation speeds the time to its fixation. When the strength of
selection in females is of similar order to selection in males (s#/sm is not too small),
compensatory alleles rarely begin to spread before the male-harming mtDNA allele is fixed

(or nearly fixed) in the population. From eq. (7b), the contribution to the male load becomes:
1
E[L] = No + 4In(Ns,,)

(11)

(see the Supplementary Material). Eq. (11) closely approximates the male load when sy and st
have a similar order of magnitude (see Fig. 3), and it underestimates the true load when
compensatory mutation is strong and selection in females is weak (Nv is large; sm >> s¢; see
the Supplementary Material).

From eq. (11), the impact of individual bouts of mito-nuclear coevolution on the male
load is minimized at an intermediate population size: Nerit = 1/4v. The overall relation
between population size and the male load also depends the rate of male-harming mtDNA
substitutions (K), which may also be dependent on N (see Gillespie 2004; McCandlish and
Stoltzfus 2014; Lanfear et al. 2014). Most models of adaptive substitution predict a positive
relation between population size and the rate of evolution. Some models predict a positive,
linear association between K and N (e.g.: Kimura 1979; McCandlish and Stoltzfus 2014),
while others predict that K is, at most, a diminishing returns function of N (see Maynard
Smith 1976; Gillespie 2004). We can generalize between these extremes by supposing that K
oc NP, where b is a constant in 0 < b < 1 that defines the strength of the diminishing return
(e.g., K saturates at modest N when with b is small). The net load is therefore proportional to

NPE[L], and the critical population size falls within the range:
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where e ~ 2.718 (note that b = 1 sets the lower bound of Ncrit, whereas b = 0 sets the upper
bound). As before, the male load is minimized at an intermediate population size, with Ncrit

decreasing as b increases.

DISCUSSION

Strict maternal inheritance of mitochondrial genes facilitates accumulation of male-
harming mtDNA mutations, which poses a problem for the long-run viability and fertility of
males (Frank and Hurst 1996; Beekman et al. 2014). This is the dilemma of mother’s curse
(Gemmell et al. 2004). Although compensatory evolution in the nuclear genome may
ultimately resolve mother’s curse, our theoretical analysis suggests that transient reductions
in male fitness components are far from trivial — even in cases where the genetic architecture
of compensatory adaptation is evolutionarily permissive.

Our results build upon a recent theoretical argument by Wade (2014), who reasoned
that compensatory evolution at nuclear genes provides an evolutionarily inefficient means for
resolving mother’s curse. By quantifying this inefficiency, we show that costs of mother’s
curse — though ultimately resolved — may nevertheless be substantial, particularly when
benchmarked against other forms of genetic load. Haldane’s (1957) “cost of selection” (or
substitution load; see Crow 1970) — the transient load that arises during the substitution of a
beneficial mutation — provides the most straightforward point of contrast with our results.
Following standard theory (Haldane 1957; Crow and Kimura 1970, p. 247; Charlesworth and
Charlesworth 2010, p. 169; see the Supplementary Material), the load contributed by a
mitochondrial substitution that equally benefits both sexes is C = — In(po), where po is the
initial frequency of the beneficial allele. When adaptation uses new, beneficial mutations,
then po ~ 1/Ns for a mitochondrial mutant that eventually fixes (Maynard Smith 1971, 1976;

see above), and the substitution load becomes C = In(Ns). The male mitochondrial load easily
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exceeds the substitution load (C) over a wide range of parameter conditions (see Figs. 2 and
3). For example, sexually antagonistic mtDNA mutations contribute to a male load of, at
minimum, 4In(Nsm) (see eq. (11)), which is four-fold higher than Haldane’s substitution load,
given a similar order of selection (s ~ sm). The effect is amplified for male-harming mtDNA
mutations that are fixed by drift: while C increases logarithmically with Ns, the baseline load
due to male-limited mtDNA substitutions increases linearly with Nsm (eqg. (9)), so that the

latter may be orders of magnitude greater than the former.

Scope of the model and potential for additional costs of mtDNA inheritance

Our model focuses on an idealized scenario of mito-nuclear coadaptation in which:
(1) compensatory loci are male-limited with additive expression in males (Table 1); (2)
nuclear loci are diploid; and (3) individuals are homoplasmic. We also focused on the fitness
costs of mtDNA mutations that eventually fix, ignoring fitness costs of segregating mutations
that are eventually lost due to purifying selection or genetic drift (but see Appendix V of the
Supplementary Material). As we discuss below, these assumptions are generally
conservative, and should — if anything — underestimate the true magnitude of the load arising
from mother’s curse.

Effects of pleiotropy at compensatory loci. Our model provides baseline predictions
for the male load when compensatory loci are completely unconstrained by pleiotropic fitness
effects in females. When compensatory alleles are expressed in both sexes, their effects are
likely to be sexually antagonistic (reducing female fitness). This sexual antagonism in the
nuclear genome should dampen the evolutionary capacity of nuclear loci to quickly resolve
mother’s curse, by reducing the proportion of compensatory alleles that are favoured by
selection (effectively reducing v), and dampening the rate at which favoured alleles spread to

fixation (e.g., Otto 2004; Connallon and Clark 2013).
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Effects of dominance at nuclear genes. Although additivity is assumed in our
models, genetic incompatibilities may instead exhibit dominance, as they often do in contexts
of inter-specific genetic incompatibilities (Coyne and Orr 2004). Non-additive effects of
incompatibilities should have two consequences for mito-nuclear coadaptation and male
fitness. First, to the extent that compensatory mutations are partially or completely recessive,
their fixation probabilities will decline relative to the additive model (e.g., Haldane 1932, p.
201). This should increase the waiting time to compensatory adaptation, and elevate the male
load. Deviations from additivity may also bias the relative contributions of sex-linked and
autosomal (diploid) genes to the resolution of mother’s curse. When compensatory alleles are
recessive and evolution is mutation-limited, the waiting time to compensatory substitution
should be lower under X-linked compared to autosomal inheritance; the converse is true for
dominant compensatory alleles (Charlesworth et al. 1987; Meisel and Connallon 2013). Such
considerations may impact the chromosomal distribution of nuclear-encoded genes that are
expressed in mitochondria (see Dean et al. 2015, and references therein).

Effects of heteroplasmy. For simplicity, we modeled selection and evolution of
mitochondrial genes under the assumption of homoplasmy (i.e., each individual inherits a
single mitochondrial cytotype). In reality, each individual inherits many mitochondria from
their mother, leaving some potential for heteroplasmy (see Bergstrom and Pritchard 1998;
Roze et al. 2005). In the absence of selection on mtDNA mutations (i.e., under neutrality in
females), transient heteroplasmy should have no effect on the evolutionary trajectories of
male-harming substitutions (e.g., Bergstrom and Pritchard 1998; Roze et al. 2005). Likewise,
when mtDNA alleles are sexually antagonistic, approximations based on homoplasmy are
robust to heteroplasmy when mitochondrial genotypes additively affect fitness (as shown in

Kuijper et al. 2015). Deviations from our results could occur in models that allow for
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heteroplasmy and strong dominance interactions among mitochondrial genotypes within an
individual (see Kuijper et al. 2015).

Further contributions to the male genetic load. Our models ignore three additional
factors that are likely to further elevate the male genetic load. First, we have ignored fitness
costs of mtDNA alleles that segregate in the population before they are ultimately eliminated
by purifying selection in females, or genetic drift. As pointed out elsewhere (Frank and Hurst
1996; Smith and Connallon 2017; Appendix V of the Supplementary Material), transient
polymorphisms can also contribute substantially to fitness variance among males, and
deleterious mutation load in the mitochondrial genome. Second, we have ignored mtDNA
substitutions with mildly deleterious effects on female fitness, which may fix under genetic
drift and elevate the load of both sexes. Third, we have assumed that the genetic architecture
of compensatory evolution is simple: that a single genetic substitution in the nuclear genome
is sufficient to completely resolve mother’s curse. If individual bouts of compensation require
fixation of multiple alleles in the nuclear genome, then costs of mtDNA substitution may

linger beyond our theoretical expectations.

CONCLUSION

Mitochondrial genetic effects on the organismal phenotype can be sexually
asymmetric, with mutations that are primarily male-harming representing a component of the
mutational landscape of the mitochondrial genome. Our study provides a theoretical
framework for the potential role of mito-nuclear coevolution in sex-specific adaptation and
disease. In particular, by demonstrating that the male mitochondrial load can be much larger
than genetic load predictions from classical population genetics, we provide a theoretical
rationale to expect persistent mother’s curse effects in gonochoristic species — even in cases

where the resolution of mother’s curse is evolutionarily permissive. Finally, by showing that
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the male mitochondrial load is likely to exhibit a threshold-dependent relationship with
population size, our model predicts that the fitness consequences of mother’s curse may vary
widely among species with different demographic histories. These predictions provide a
strong rationale for systematically testing mother’s curse predictions in species exhibiting

pronounced differences in their effective population sizes.
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TABLES AND FIGURES

Table 1. Relative fitness as a function of the mito-nuclear genotype.

Nuclear Genotype

AA Aa aa
Male relative fitness
M cytotype 1 1—tm/2 1-tm
m cytotype 1-Sm 1—sm/2 1
Female relative fitness
M cytotype 1 1 1
m cytotype 1+s 1+ st 1+ st
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FIGURES & LEGENDS

Male fitness
component

>» Time

Figure 1. Fluctuations in male fitness components resulting from coevolution between a
mitochondrial and nuclear locus. The figure illustrates the case of sequential substitutions of
male-harming mtDNA alleles, each followed by the substitution of a compensatory allele that
restores male fitness. The mean time between substitutions at a mitochondrial locus is Tw.
The mean lag between a mitochondrial substitution and a nuclear compensatory substitution
is Tc. The time that males spend within the low-fitness state depends on the tempo of

mitochondrial substitutions relative to the lag time of compensatory substitutions.
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Figure 2. The male mitochondrial load under male-harming/female-neutral mtDNA
substitutions. (A) Results are shown for N = 10,000 and sm = tm = 0.02, with a variable
mutation rate at the compensatory locus (v). Open circles show the average load from 1,000
Wright-Fisher forward simulations of pairs of mito-nuclear substitutions. Mitochondrial load
results are contrasted against the classical substitution load (Haldane’s (1957) “cost of
selection”, represented by the broken line, C = In(Ns)), which shows the load arising from the
substitution of an unconditionally beneficial mtDNA mutation with fitness benefit of s =
0.02, and “effective” initial frequency of 1/Ns (i.e., following Maynard Smith 1971, 1976; see
the Supplementary Material). (B) Male mitochondrial load as a function of population size
(N). Theoretical curves, which are based on eqg. (9), illustrate the impacts of the compensatory
mutation rate (v) and selection parameters (Sm, tm) on the magnitude of the load. The
minimum for each curve corresponds to Ncrit, the population size that minimizes the male

load (see eq. (10)).
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Figure 3. The male mitochondrial load under sexually antagonistic mtDNA substitutions.
Results are shown for N = 100,000, sm = tn = 0.02, and variable compensatory mutation rate,
v. The solid line is the approximation from eq. (11). Open circles show the average load from
1,000 Wright-Fisher forward simulations of pairs of mito-nuclear substitutions.
Mitochondrial load results are contrasted against the classical substitution load (Haldane’s
(1957) “cost of selection”, represented by the broken line, C = In(Ns)), which shows the load
arising from the substitution of an unconditionally beneficial mtDNA mutation with fitness
benefit of s = 0.02, and “effective” initial frequency of 1/Ns (i.e., following Maynard Smith

1971, 1976; see the Supplementary Material).
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