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The Mother’s Curse hypothesis posits that mothers curse their sons with harmful
mitochondria, becausematernal mitochondrial inheritancemakes selection blind
to mitochondrial mutations that harm only males. As a result, mitochondrial
function may be evolutionarily optimized for females. This is an attractive
explanation for ubiquitous sex differences in lifespan and aging, given the
prevalence of maternal mitochondrial inheritance and the established
relationship between mitochondria and aging. This review outlines patterns
expected under the hypothesis, and traits most likely to be affected, chiefly
those that are sexually dimorphic and energy intensive. A survey of the literature
shows that evidence for Mother’s Curse is limited to a few taxonomic groups, with
the strongest support coming from experimental crosses in Drosophila. Much of
the evidence comes from studies of fertility, which is expected to be particularly
vulnerable to male-harming mitochondrial mutations, but studies of lifespan and
aging also show evidence of Mother’s Curse effects. Despite some very
compelling studies supporting the hypothesis, the evidence is quite patchy
overall, with contradictory results even found for the same traits in the same
taxa. Reasons for this scarcity of evidence are discussed, including nuclear
compensation, factors opposing male-specific mutation load, effects of
interspecific hybridization, context dependency and demographic effects.
Mother’s Curse effects may indeed contribute to sex differences, but the
complexity of other contributing factors make Mother’s Curse a poor general
predictor of sex-specific lifespan and aging.
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Introduction

Sex differences in lifespan and rates of aging are widespread, and the evolutionary basis
of these differences are poorly understood (Marais et al., 2018; Bronikowski et al., 2022;
Marais and Lemaître, 2022). At least three, non-mutually exclusive explanations have been
advanced. One explanation is that the sex with unguarded sex chromosomes dies younger.
That is, both XY males and ZW females bear a reduced sex chromosome, allowing
deleterious recessive mutations on the larger chromosome to go unmasked. There is
support for this hypothesis across a broad range of taxa (Xirocostas et al., 2020), but it
cannot explain sexually dimorphic lifespan in taxa lacking sex chromosomes. A second
explanation involves sexual selection (Adler and Bonduriansky, 2014). That is, the sex with
greater competition for mates (usually males) is expected to favor a “live fast, die young”
strategy that sacrifices longevity for reproduction. While there is certainly support for such
tradeoffs (Hunt et al., 2004; Adler and Bonduriansky, 2014), there are also major exceptions
(Keller and Genoud, 1997; Markow, 2011). A third explanation is the sex-specific selective
sieve, also known as the “Mother’s Curse” hypothesis (Frank and Hurst, 1996; Gemmell

OPEN ACCESS

EDITED BY

David Clancy,
Lancaster University, United Kingdom

REVIEWED BY

Paolina Crocco,
University of Calabria, Italy
David M. Rand,
Brown University, United States

*CORRESPONDENCE

Suzanne Edmands,
sedmands@usc.edu

RECEIVED 25 December 2023
ACCEPTED 20 February 2024
PUBLISHED 08 March 2024

CITATION

Edmands S (2024), Mother’s Curse effects on
lifespan and aging.
Front. Aging 5:1361396.
doi: 10.3389/fragi.2024.1361396

COPYRIGHT

© 2024 Edmands. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Aging frontiersin.org01

TYPE Review
PUBLISHED 08 March 2024
DOI 10.3389/fragi.2024.1361396

https://www.frontiersin.org/articles/10.3389/fragi.2024.1361396/full
https://www.frontiersin.org/articles/10.3389/fragi.2024.1361396/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fragi.2024.1361396&domain=pdf&date_stamp=2024-03-08
mailto:sedmands@usc.edu
mailto:sedmands@usc.edu
https://doi.org/10.3389/fragi.2024.1361396
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org/journals/aging#editorial-board
https://www.frontiersin.org/journals/aging#editorial-board
https://doi.org/10.3389/fragi.2024.1361396


et al., 2004). According to this hypothesis, mothers may curse their
sons with deleterious mitochondria, because maternal inheritance
makes selection blind to mitochondrial mutations that harm
only males.

The Mother’s Curse (MC) hypothesis is a potential explanation
for male-specific aging in all taxa with maternal inheritance of
mitochondria, which includes the vast majority of eukaryotes.
Mitochondrial DNA (mtDNA) is particularly prone to
accumulating deleterious mutations due to uniparental
inheritance, haploidy, lack of sexual recombination and low
effective population size (Hoekstra, 2000; Neiman and Taylor,
2009). Further, because mitochondrial genomes are present in
many copies per cell, within-individual selection can promote
selfish mitochondrial haplotypes that are good at proliferation
but bad for the host (Havird et al., 2019). And these deleterious
and selfish haplotypes will be unopposed by selection if their
deleterious effects are limited to males.

The conserved function of mitochondria and their established
role in aging makes MC a particularly attractive explanation for
female-biased longevity. The modern mitochondrial theory of aging
descends from the free radical theory of aging (Harman, 1956)
which attributes aging to the gradual accumulation of oxidative
cellular damage. Over time, this theory progressed to focus on the
role of mitochondria in a positive feedback loop in which
mitochondria produce free radicals that damage mtDNA, leading
to mitochondrial dysfunction and accelerated production of reactive
oxygen species (ROS) (Sanz and Stefanatos, 2008). Recent work
suggests a more complex relationship between mtROS and aging,
due to growing evidence for the beneficial regulatory effects of ROS
and for a hormetic relationship between ROS and lifespan (Finkel
and Holbrook, 2000). Many now view mitochondrial dysfunction as
just one of several hallmarks of aging (López-Otín et al., 2013), with
many mitochondrial defects being correlated with age (Wang and
Hekimi, 2015; Mendoza and Karch, 2022). These defects include
age-related increases in mtROS, apoptosis, necrosis and damage to
mtDNA lipids and proteins, as well as age-related decreases in ATP
production, redox balance, ubiquinone, calcium homeostasis, and
mitochondrial biogenesis and turnover (Figure 1).

If MC effects are widespread, this may allow insights into
conserved mechanisms of sex-specific lifespan and aging. Here I
review patterns to be expected under the hypothesis, traits most

likely to be affected, and potential medical implications. I also review
evidence for and against the MC hypothesis, as well as factors that
may limit or even reverse the curse.

Patterns expected under
Mother’s Curse

Expect longer lifespan in females

Mother’s Curse has been invoked to explain the common
pattern of females outliving males (Frank and Hurst, 1996;
Camus et al., 2012). It is well established that human females live
longer than males across timepoints and geographic locations, and
this female advantage extends to the majority of mammals (Austad
and Fischer, 2016; Xirocostas et al., 2020). However, short male
lifespan may also be driven by the expression of deleterious recessive
alleles in hemizygous XY males. Indeed, males tend to have longer
lifespans in birds and butterflies, where females are the hemizygous
(ZW) sex (Austad and Fischer, 2016; Xirocostas et al., 2020). The
potential role of MC in reducing male lifespan may also be
confounded with sexual selection, where males may sacrifice
longevity for reproductive opportunities (Adler and
Bonduriansky, 2014).

Expect higher mitochondrial variance for
trait expression in males

Under maternal inheritance, the effect of mutations on males is
immune to selection, allowing mutations with the full spectrum of
male-specific effects to pass through the selective sieve. As a
consequence, variation in mitochondrial haplotypes is predicted
to cause greater variation in trait expression in males than females
(Dowling and Adrian, 2019). This prediction can be tested by
placing different mitochondrial haplotypes onto the same nuclear
background by breeding, and measuring the mitochondrial
coefficient of variance for traits of interest in each sex. Such an
approach is particularly effective for documenting the “weak form”

of MC (Dowling and Adrian, 2019; Havird et al., 2019) which is the
original formulation of the hypothesis by Frank and Hurst (1996)

FIGURE 1
The Mother’s Curse hypothesis is an attractive explanation for male-specific aging due to known age- and sex-biased functions in mitochondria.
Age-dependent mitochondrial defects include both decreased benefits and increased detriments in older organisms (Wang and Hekimi, 2015; Mendoza
and Karch, 2022). Many of these functions are also sex-dependent. For example, functions denoted by asterisks are known to be aggravated by declines in
estrogen (Ventura-Clapier et al., 2017).
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wherein male-harming mtDNA mutations are neutral or nearly
neutral in females. Importantly, higher trait variation in XY males
can also be caused by exposure of recessive alleles on the X
chromosome, rather than mitochondrial effects.

Expect negative intersexual genetic
correlations

A third expectation under Mother’s Curse is a negative
intersexual genetic correlation, such that mitotypes have opposite
fitness consequences in the two sexes. This expectation is specific to
the “strong form” of MC (Dowling and Adrian, 2019) in which
male-harming mitochondrial mutations are beneficial to females.
The subset of sexually antagonistic mutations that are beneficial in
females can be expected to be rapidly promoted by natural selection
(Unckless and Herren, 2009). The existence of intersexual genetic
correlations can be tested by creating a panel of different mitotypes
on the same nuclear background (as above), measuring traits of
interest, and testing for intersexual correlations among mitotypes.
While the evolution of sexual antagonism may be inevitable in
species with separate sexes (Connallon and Clark, 2014), the
evidence for sexually antagonistic mitochondrial mutations is
somewhat limited. Such mutations have long been recognized in
plants, where mitochondrial mutations in hermaphrodites have
been found to increase female fertility while rendering males
sterile, a phenomenon known as cytoplasmic male sterility
(Lewis, 1941; Budar et al., 2003). In animals, recent studies have
also found mitotypes with sexually antagonistic effects on both
fertility and viability (Dowling and Adrian, 2019). As with the
previous two patterns, negative intersexual correlations can also
be caused by sex chromosome effects, rather than mitochondrial
effects. Indeed, work on Drosophila has shown sexually antagonistic
effects that are consistent with Mother’s Curse but difficult to
disentangle from X chromosome effects (Rand et al., 2001).
Given that X chromosomes are vastly larger than mitochondrial
genomes, sex chromosome effects could be large.

Expect mitonuclear mismatch to cause
greater fitness problems in males

Mitochondrial function relies on tight coordination between
gene products encoded by both the mitochondrial and nuclear
genomes (Bar-Yaacov et al., 2012). This coordination is critical
for ATP production, as well as for replication, transcription and
translation of mtDNA. The existence of such inter-genome
coevolution is supported by numerous studies in which
mismatched mitonuclear hybrids suffer reduced fitness (Burton
and Barreto, 2012; Estes et al., 2023). While disruption of
coevolved mitonuclear complexes can be expected to impact both
sexes, mismatched males may incur the additional loss of nuclear
mutations that compensate for male-specific mitochondrial effects.
This prediction can be tested by measuring sex-specific fitness in
matched vs mismatched mitonuclear hybrids, particularly in
maternal vs paternal backcross hybrids (Ellison and Burton,
2008) which have different mitotypes on an equivalent nuclear
background, assuming minimal selection.

Traits expected to be affected by
Mother’s Curse

Strongest effects for sexually dimorphic
traits under high energy demand

Male-harming mitochondrial mutations are expected to
accumulate more rapidly for the most sexually dimorphic
traits. Mitochondrial mutational load has therefore been
predicted to have greater effects on fertility than viability,
since viability genes are thought to be largely shared between
the sexes (Hollocher and Wu, 1996; Turelli and Orr, 2000),
allowing males to profit from selection on females. Males are
expected to lose the benefit of female-specific selection as the
level of sexual dimorphism increases or the level of intersexual
genetic correlation decreases. Because mitochondria provide
most of the energy used by eukaryotic cells, traits and tissues
with high energy demands are expected to be particularly
vulnerable to mitochondrial limitations. In line with this
prediction, mitochondrial dysfunction is particularly
problematic for reproduction and for metabolic and
degenerative diseases, with strong manifestations in energy-
reliant tissues such as the brain, eye, muscle, heart and
endocrine system (Jansen and Burton, 2004; Wallace et al.,
2010; Chen et al., 2023). Mitochondrial dysfunction may be
further aggravated by metabolically-demanding conditions,
such as high temperature (Lane, 2011) or developmental
stages with high growth rates (Hoekstra et al., 2018).

Mother’s Curse effects are therefore expected to be strongest for
traits that are highly sexually dimorphic and also under high energy
demand. Sperm traits fit both these criteria, and indeed have been a
major focus of Mother’s Curse investigations. While mature oocytes
may contain over 150,000 mtDNA copies, sperm often contain
only −100 (Wai et al., 2010). This, coupled with sperm’s high
energetic requirements, means that male fertility may be
compromised if even a fraction of the mtDNA bears harmful
mutations (Gemmell et al., 2004; Smith et al., 2010). In one of
the first tests of the MC hypothesis, mitotypes were found to
associate with sperm motility in human males (Ruiz-Pesini et al.,
2000). However subsequent studies have failed to find mtDNA
effects on human sperm motility (Pereira et al., 2007; Mossman
et al., 2012) and the link between mtDNA and sperm quality appears
to be complex (Boguenet et al., 2021). Even if mitotype effects on
sperm function can be convincingly shown, it has been argued
(Mossman et al., 2016a) that such sex-limited traits provide a poor
test of the MC hypothesis, since they cannot be tested in females.
More rigorous tests of the hypothesis would involve traits expressed
in both sexes.

Expectations for lifespan and aging

While MC effects may be more prominent in the most
sexually dimorphic traits like reproduction, they may also
manifest in traits associated with lifespan and senescence.
Indeed, many age-related changes in mitochondrial function
(Figure 1) also show sex differences, particularly for traits
associated with metabolism. For mitochondria in most human
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tissues, estrogen has been found to increase mitochondrial
biogenesis, antioxidant defenses, ATP production, oxidative
capacity, fatty acid utilization and calcium retention capacity,
and to decrease the release of ROS and pro-apoptotic factors
(Ventura-Clapier et al., 2017). Mitochondria in human females
have also been reported to show greater reliance on lipids over
proteins as a fuel source (Demarest and McCarthy, 2015; Miotto
et al., 2018), lower mitophagy under nutritional stress (Demarest
and McCarthy, 2015), caspase-dependent apoptosis (Demarest
and McCarthy, 2015), and lower sirtuin maintenance with aging
(Barcena De Arellano et al., 2019). Given the comprehensive sex
differences in age-related mitochondrial function, males would
be at greater risk for a wide range of aging pathologies if
mitochondria are optimized for females.

Medical implications

Sex-specific medicine

MtDNAmutations underlying disease were first described in 1988,
and several hundred more pathogenic mtDNA mutations have been
reported subsequently (Greaves et al., 2012). Many of these

mitochondrial pathologies involve a chronic state of insufficient
energy. The best known male-biased disease linked to mtDNA is
Leber’s hereditary optic neuropathy (LHON), which affects
approximately three times as many men as women (Poincenot et al.,
2020). MtDNA variants have also been implicated in the expression of
sex-biased, late-onset diseases such as schizophrenia and Parkinson’s
(Hudson et al., 2014). Many other mitochondrial diseases may well be
sex-biased, but have not been fully documented, due in part to the
complications of strong tissue-specific mitochondrial function
(Ventura-Clapier et al., 2017) and incomplete penetrance caused by
heteroplasmy (Greaves et al., 2012), wherein cells contain both
pathogenic and wildtype mtDNA. The policy of addressing sex as a
biological variable, instituted by the National Institutes of Health (NIH)
in the 1990s (Clayton, 2016), may help document the frequency of sex-
biased disease, including those involving male-harming mitochondrial
mutations, and lead to more effective therapies.

Mitochondrial replacement therapy

The transmission of a mitochondrial disease from a woman to
her child could be prevented by mitochondrial replacement
therapy (MRT), a method of in vitro fertilization in which

TABLE 1 Examples of studies supporting mother’s curse.

Taxon Reference(s) Trait(s)

Flowering plants Lewis. (1941); Budar et al. (2003); Yee et al. (2013), Case et al. (2016) Fertility

Drosophila Xu et al. (2008); Yee et al. (2013); Patel et al. (2016) Fertility

Camus and Dowling (2018) Reproductive success

Innocenti et al. (2011) Gene expression

Nagarajan-Radha et al. (2020) Metabolic rate

Sackton et al. (2003) Mitochondrial enzyme activity

Wolff et al. (2016) Mitochondrial quantity

Carnegie et al. (2021) Morphology

Aw et al. (2017) Fertility, lifespan, lipid content, mitochondrial function

Camus et al. (2015) Fertility, aging

Christie et al. (2004) Lifespan

Camus et al. (2012) Lifespan, aging

Seed beetles Dowling et al. (2007) Fertility

Immonen et al. (2016) Reproductive aging

Copepods Li et al. (2023) Gene expression

Birds Froman and Kirby (2005) Fertility

Hares Smith et al. (2010) Fertility

Mice Nakada et al. (2006) Fertility

Humans Ruiz-Pesini et al. (2000); Moore and Reijo-Pera. (2000); Holyoake et al. (2001) Fertility

Wallace et al. (1988); Milot et al. (2017) Leber’s hereditary optical neuropathy, lifespan

Li et al. (2015) Lifespan
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faulty mtDNA is replaced by healthy mtDNA from a donor
female, effectively creating a three-parent embryo (Wolf et al.,
2015). Among the risks of this method is the potential for
mitonuclear mismatch between the mtDNA from the donor
parent and the nuclear DNA from the other two parents.
Human mitochondrial donation became legal in the
United Kingdom in 2015. In 2014, the U.S. Food and Drug
Administration convened an Advisory Committee to discuss
the MRT issue, and advocated a cautious approach with
extensive safeguards and initial restriction to male embryos, so
that the donor DNA would not be passed on to the next
generation (Claiborne et al., 2016; Claibourne et al., 2016). If
MC mutations are common in humans, this “cautious” approach
of restriction to male embryos may be particularly problematic,
since males will suffer greater harm from disrupted mitonuclear
interactions. At present, the United Kingdom and Australia are
the only countries that expressly authorize mitochondrial
replacement for reproduction (Noohi et al., 2022).

Evidence

Taxonomic patterns

Although the ubiquity of maternal mitochondrial inheritance
should make most eukaryotes vulnerable to the Mother’s Curse,
evidence for the hypothesis is limited to relatively few taxa (Table 1),
with many of these same taxa also showing contradictory results
(Table 2). Male-harming mitochondrial mutations have certainly
been documented in flowering plants, where mtDNA mutations
have been found to block pollen production and thereby turn
hermaphrodites into females, a phenomenon known as
cytoplasmic male sterility which was reported as early as Lewis,
1941. Historically it was predicted that male-harming mutations
such as those found in plants would not persist in the highly
streamlined mitochondrial genomes found in most animals
(Camus and Dowling, 2018). When such cases were ultimately
found in animals the phenomenon was later christened
“Mother’s Curse” (Gemmell et al., 2004). In animals, support for
the hypothesis (Table 1) has been reported in Drosophila, seed

beetles, copepods, birds, hares, mice and humans. Notably, all but
one of the species in Table 1 have sex chromosomes (the exception is
the copepod Tigriopus californicus), which can create effects that are
difficult to distinguish fromMC effects. The bulk of the evidence for
Mother’s Curse comes from work on Drosophila, where support has
been found for the three strongest tests of the hypothesis: higher
mitochondrial trait variance in males (Innocenti et al., 2011; Camus
et al., 2012;Wolff et al., 2016; Aw et al., 2017; Nagarajan-Radha et al.,
2020; Carnegie et al., 2021), negative intersexual correlations
(Camus and Dowling, 2018; Nagarajan-Radha et al., 2020), and
more deleterious effects of mitonuclear mismatch in males (Sackton
et al., 2003). However, broad taxonomic surveys, albeit with limited
power, have failed to find support for the hypothesis (Table 2). This
includes a study of 108 mammal species (Cayuela et al., 2023) which
found no sex differences in the influence of mtDNA mutation
accumulation on lifespan and aging rate, as well as a meta-
analysis of morphometric, life history and metabolic data in
14 animal species (Dobler et al., 2014), which found a trend
toward larger cytoplasmic effects in females.

Traits affected

Much support for the MC hypothesis (Table 1) comes from
studies of fertility, which is expected to be particularly vulnerable
to sex-biased selection (Hollocher andWu, 1996; Turelli and Orr,
2000). However a subset of these studies measured only male
fertility (Moore and Reijo-Pera, 2000; Ruiz-Pesini et al., 2000;
Holyoake et al., 2001; Froman and Kirby, 2005; Nakada et al.,
2006; Dowling et al., 2007; Yee et al., 2013), providing a weaker
test of the hypothesis. Particularly striking results have been
found for gene expression (Innocenti et al., 2011), with
mitochondrial effects on nuclear gene expression being
dramatically higher in males. It should be noted, however,
that sex-specific gene expression may not result in sex
differences in protein, much less in fitness, which is the true
focus of the hypothesis. Other support comes from fitness-related
traits that are particularly tied to energy demand, including
metabolic rate (Nagarajan-Radha et al., 2020); mitochondrial
traits (Sackton et al., 2003; Wolff et al., 2016; Aw et al., 2017)

TABLE 2 Examples of studies not supporting mother’s curse.

Taxon Reference(s) Trait(s)

Drosophila Hoekstra et al. (2018); Montooth et al. (2019) Fertility

Friberg and Dowling (2008) Fertility

Mossman et al. (2016a) Development time

Mossman et al. (2016b) Gene expression

Kurbalija Novičić et al. (2015) Metabolic rate

Nagarajan-Radha et al. (2019) Lifespan

Seed beetles Immonen et al. (2020) Reproductive success

Copepods Watson et al. (2022) Fertility, lifespan

Mammals Cayuela et al. (2023) Lifespan, aging

Animals Dobler et al. (2014) Morphology, life history, metabolism
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and LHON (Wallace et al., 1988; Milot et al., 2017). In one case,
mitochondrial genetic variance was found in younger but not
older animals (Wolff et al., 2016), in contrast to predictions of the
mitochondrial theory of aging. However, numerous studies
found support for MC on age-related traits, including studies
of lifespan (Christie et al., 2004; Camus et al., 2012; Li et al., 2015;
Aw et al., 2017; Milot et al., 2017), aging rate (Camus et al., 2012;
Camus et al., 2015), and reproductive senescence (Immonen
et al., 2016).

Mixed results

Despite the variety of support for Mother’s Curse (Table 1), other
studies on most of the same taxa and traits fail to find support
(Table 2). This includes studies that find no sex differences in
mitochondrial effects (Mossman et al., 2016a), sex-specific
mitochondrial effects with no overall male bias (Kurbalija Novičić
et al., 2015), and mitochondrial effects that are greater in females
(Hoekstra et al., 2018; Montooth et al., 2019; Nagarajan-Radha et al.,
2019; Watson et al., 2022). Many factors may contribute to this
paucity of evidence, including factors that limit male mitochondrial
load to begin with, as well as those that mask its expression.

Why is there so little evidence for
Mother’s Curse?

Nuclear compensation makes male-
harming mitochondrial mutations cryptic

When male-harming mitochondrial mutations slip through the
sex-specific selective sieve, this should result in strong selection for
compensatory nuclear mutations (Rand et al., 2004; Beekman et al.,
2014). Such nuclear restorer mutations are well established in
hermaphroditic plants (Budar et al., 2003), and also apparent in
Drosophila (Clancy, 2008; Innocenti et al., 2011). While this nuclear
compensationmasksMother’s Cursemutations, theymay be unveiled
in crosses that place them on a novel nuclear background. This may
explain why much of the evidence for MC (Table 1) involves taxa
amenable to experimental crosses, including Drosophila, the seed
beetle Callosobruchus maculatus, and the copepod T. californicus.
However, there is much debate about how often the evolutionary rate
of nuclear compensation can keep pace with the rapid spread of MC
alleles (Connallon et al., 2018; Dapper et al., 2023). Compensatory
nuclear mutations can be expected to accumulate more rapidly on the
Y chromosome, due to strict paternal transmission. This could negate
the Mother’s Curse or even, in theory, create an opposing “Father’s
Curse” fueled by Y-linked mutations that are beneficial to males but
deleterious to females (Ågren et al., 2019).

Accumulation of male-harming mutations
counteracted by paternal leakage,
inbreeding and kin selection

Paternal mitochondrial leakage is one factor that may slow the
accumulation of Mother’s Curse mutations. While strict maternal

cytoplasmic inheritance was thought to the norm in most
eukaryotes, there are an increasing number of reports of
detectable paternal leakage (Breton and Stewart, 2015; Kuijper
et al., 2015). The proportion of offspring inheriting paternal
alleles can vary from as low as 10−6 in mice to as high as 6% in
Silene vulgaris andDrosophila melanogaster (reviewed in Dokianakis
and Ladoukakis, 2014). Paternal leakage may be particularly
common in interspecific crosses, where mechanisms maintaining
strict maternal inheritance may break down (Dokianakis and
Ladoukakis, 2014; Breton and Stewart, 2015). While the empirical
effects of paternal mitochondrial leakage are unknown, modelling
work suggests this leakage can dampen MC effects, particularly for
mitochondrial mutations that are strongly beneficial for males and
weakly deleterious for females (Kuijper et al., 2015). Low levels of
paternal transmission do not, however, appear to eliminate MC
effects, since several taxa showing support for the hypothesis
(Table 1), have also been shown to exhibit paternal leakage (D.
melanogaster, Nunes et al., 2013; T. californicus; Lee and Willett,
2022; mice; Gyllensten et al., 1991 and humans; Luo et al., 2018).

The spread of male-harming mutations can also be countered by
both inbreeding and kin selection. Population genetic models show
that evenmodest levels of inbreeding allowmitochondria to respond
to selection on males, due to the correlation between male fertility
and female fitness (Unckless and Herren, 2009; Wade and
Brandvain, 2009). Note that technically this is positive assortative
mating, rather than inbreeding, because there is no inbreeding for
haploid mitochondrial genes (Hedrick, 2012). Selection on male
mitochondrial fitness effects can also be expected to occur through
kin selection, when males have indirect effects on the fitness of their
sisters (Wade and Brandvain, 2009). Interestingly, both mechanisms
can be predicted to increase the frequency of mitochondria harmful
to females in some situations (Wade and Brandvain, 2009).
Empirical work on D. melanogaster corroborates the complexities
of selection on male mitochondria, with kin selection either
increasing or decreasing MC effects depending on whether male-
female relationships are competitive or cooperative (Keaney
et al., 2020).

Aberrant effects in interspecific studies

A possible reason for the mixed results may be unexpected
effects of mitonuclear epistasis in interspecific hybrids. Indeed, only
one of the studies supporting MC (Table 1) was based on
interspecific hybrids (Sackton et al., 2003), while several studies
failing to support the hypothesis (Table 2) were based on
mitonuclear Drosophila genotypes in which the nuclear genomes
are homozygous for one species, while the mtDNAs are from both
intraspecific and interspecific origins (Mossman et al., 2016a;
Mossman et al., 2016b; Hoekstra et al., 2018; Montooth et al.,
2019). It is possible that placing a mtDNA haplotype on the
extreme environment of a different species’ nuclear genome may
expose unexpected, maladaptive mitochondrial effects (Dowling and
Adrian, 2019; Dowling and Wolff, 2023). However, work on these
same mitonuclear genotypes contradicts this prediction by showing
that mtDNA mutations have greater effects within species than
between species, suggesting that mitonuclear effects on fitness in this
system result from segregating variation rather than fixed

Frontiers in Aging frontiersin.org06

Edmands 10.3389/fragi.2024.1361396

https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1361396


differences between species (Montooth et al., 2010; Rand and
Mossman, 2020). Results contradicting MC predictions were also
found in the copepod T. californicus (Watson et al., 2022), where
some of the crosses were between populations that are more
genetically divergent than hybridizing Drosophila species. Here,
mitonuclear hybrids between the two most divergent populations
did indeed show greater departures from MC predictions, with
mitonuclear mismatch causing greater fitness problems in females.

Context-dependent effects

Another factor limiting evidence for Mother’s Curse is that these
effects seem to be highly context-dependent. In some cases,
phenotypic effects of mtDNA can differ substantially across
different nuclear backgrounds (Montooth et al., 2010; Meiklejohn
et al., 2013; Patel et al., 2016; Rand and Mossman, 2020). For
example, male sterility caused by a mtDNA mutation in D.
melanogaster can be fully rescued on some nuclear backgrounds
within the same species (Patel et al., 2016). Sex-specific
mitochondrial effects can also be highly dependent on
environment. Selection on sex differences is generally expected to
be reduced under environmental stress (Berger et al., 2014;
Connallon, 2015), and thermal stress has been specifically
implicated in reducing the evolution of male-specific
mitochondrial load (Immonen et al., 2020). Conversely, one
study (Montooth et al., 2019) found male-harming mitonuclear
effects to be expressed only under thermal stress. Further, this male
harm could be rescued by diet (Montooth et al., 2019), indicating
that sex-specific mitochondrial effects are both temperature and
energy dependent. Such environmental sensitivity may vary between
traits, with whole organism phenotypes such as fitness being
proposed as more sensitive than gene expression (Rand and
Mossman, 2020). This may contribute to discrepancies in sex-
specific mitochondrial effects for different traits in the same taxa,
such as those found inDrosophila (Mossman et al., 2016a; Mossman
et al., 2016b) and the copepod T. californicus (Watson et al., 2022; Li
et al., 2023).

Demographic effects

In addition to all the factors above, evidence for Mother’s Curse
may be limited by demographic factors that make some taxa less
prone to accumulating male-harming mitochondrial mutations. MC
effects are expected to be reduced in subdivided populations due to
the maintenance of nuclear compensation (Munasinghe et al., 2022)
as well as higher inbreeding (Zhang et al., 2012), which may
counteract the accumulation of male-harming mutations. MC
effects are also expected to be reduced in species with small
effective population size, which are less able to maintain high
levels of mtDNA-based fitness variance and also more prone to
inbreeding (Unckless and Herren, 2009; Wade and Brandvain, 2009;
Smith and Connallon, 2017). MC may therefore be less common in
many vertebrates than in invertebrates such as Drosophila with high
effective population sizes (Smith and Connallon, 2017).

Conclusion

In sum, Mother’s Curse effects on lifespan and aging might be
expected to be pervasive across eukaryotes, given the prevalence of
maternal mitochondrial transmission and the established role of
mitochondria in aging. And yet, evidence for such effects remains
quite limited, especially in natural populations. This shortage of
evidence can be attributed to a combination of factors, including
compensatory nuclear mutations, mating systems, context
dependency and demographic effects. Given the uneven evidence,
particularly in animals, caution should be taken in expecting male
harming mitochondria in a medical context. While the Mother’s
Curse hypothesis provides testable predictions for understanding
sex-specific mechanisms in experimental crosses, it appears to be of
limited value in explaining actual sex differences in lifespan
and aging.

Author contributions

SE: Writing–review and editing, Writing–original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. SE was
supported by the National Institute on Aging (5R03AG077080-02).

Acknowledgments

Thank you to past and present members of the SE lab for
innumerable discussions and insights on the topic of Mother’s
Curse. Thanks especially to Kimberly Schoenberger, for
contributing Figure 1. Particularly astute critiques of the
manuscript were provided by David Rand and Paolina Crocco.
My apologies to authors whose work was not included in this review
due to space limits.

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Aging frontiersin.org07

Edmands 10.3389/fragi.2024.1361396

https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1361396


References

Adler, M. I., and Bonduriansky, R. (2014). Sexual conflict, life span, and aging. Cold
Spring Harb. Perspect. Biol. 6, a017566. doi:10.1101/cshperspect.a017566

Ågren, J. A., Munasinghe, M., and Clark, A. G. (2019). Sexual conflict through
mother’s curse and father’s curse. Theor. Popul. Biol. 129, 9–17. doi:10.1016/j.tpb.2018.
12.007

Austad, S. N., and Fischer, K. E. (2016). Sex differences in lifespan. Cell Metab. 23,
1022–1033. doi:10.1016/j.cmet.2016.05.019

Aw,W.C., Garvin,M. R.,Melvin, R. G., and Ballard, J.W.O. (2017). Sex-specific influences
of mtDNA mitotype and diet on mitochondrial functions and physiological traits in
Drosophila melanogaster. PLOS ONE 12, e0187554. doi:10.1371/journal.pone.0187554

Barcena De Arellano, M. L., Pozdniakova, S., Kühl, A. A., Baczko, I., Ladilov, Y., and
Regitz-Zagrosek, V. (2019). Sex differences in the aging human heart: decreased sirtuins,
pro-inflammatory shift and reduced anti-oxidative defense. Aging 11, 1918–1933.
doi:10.18632/aging.101881

Bar-Yaacov, D., Blumberg, A., and Mishmar, D. (2012). Mitochondrial-nuclear co-
evolution and its effects on OXPHOS activity and regulation. Biochim. Biophys. Acta
BBA - Gene Regul. Mech. 1819, 1107–1111. doi:10.1016/j.bbagrm.2011.10.008

Beekman, M., Dowling, D. K., and Aanen, D. K. (2014). The costs of being male: are
there sex-specific effects of uniparental mitochondrial inheritance? Philos. Trans. R. Soc.
B Biol. Sci. 369, 20130440. doi:10.1098/rstb.2013.0440

Berger, D., Grieshop, K., Lind, M. I., Goenaga, J., Maklakov, A. A., and Arnqvist,
G. (2014). Intralocus sexual conflict and environmental stress: sex, genes and
conflict in stressful environments. Evolution 68, 2184–2196. doi:10.1111/evo.
12439

Boguenet, M., Bouet, P.-E., Spiers, A., Reynier, P., and May-Panloup, P. (2021).
Mitochondria: their role in spermatozoa and in male infertility. Hum. Reprod. Update
27, 697–719. doi:10.1093/humupd/dmab001

Breton, S., and Stewart, D. T. (2015). Atypical mitochondrial inheritance patterns in
eukaryotes. Genome 58, 423–431. doi:10.1139/gen-2015-0090

Bronikowski, A. M., Meisel, R. P., Biga, P. R., Walters, J. R., Mank, J. E., Larschan, E.,
et al. (2022). Sex-specific aging in animals: perspective and future directions. Aging Cell
21, e13542. doi:10.1111/acel.13542

Budar, F., Touzet, P., and De Paepe, R. (2003). The nucleo-mitochondrial
conflict in cytoplasmic male sterilities revisited. Genetica 117, 3–16. doi:10.
1023/A:1022381016145

Burton, R. S., and Barreto, F. S. (2012). A disproportionate role for mtDNA in
Dobzhansky-Muller incompatibilities? Mol. Ecol. 21, 4942–4957. doi:10.1111/mec.
12006

Camus, M. F., Clancy, D. J., and Dowling, D. K. (2012). Mitochondria, maternal
inheritance, and male aging. Curr. Biol. 22, 1717–1721. doi:10.1016/j.cub.2012.07.018

Camus, M. F., and Dowling, D. K. (2018). Mitochondrial genetic effects on
reproductive success: signatures of positive intrasexual, but negative intersexual
pleiotropy. Proc. R. Soc. B Biol. Sci. 285, 20180187. doi:10.1098/rspb.2018.0187

Camus, M. F., Wolf, J. B. W., Morrow, E. H., and Dowling, D. K. (2015). Single
nucleotides in the mtDNA sequence modify mitochondrial molecular function and are
associated with sex-specific effects on fertility and aging. Curr. Biol. 25, 2717–2722.
doi:10.1016/j.cub.2015.09.012

Carnegie, L., Reuter, M., Fowler, K., Lane, N., and Camus, M. F. (2021). Mother’s
curse is pervasive across a large mitonuclear Drosophila panel. Evol. Lett. 5, 230–239.
doi:10.1002/evl3.221

Case, A. L., Finseth, F. R., Barr, C. M., and Fishman, L. (2016). Selfish evolution of
cytonuclear hybrid incompatibility in Mimulus. Proc. R. Soc. B Biol. Sci. 283, 20161493.
doi:10.1098/rspb.2016.1493

Cayuela, H., Gaillard, J.-M., Vieira, C., Ronget, V., Gippet, J. M. W., Conde García, T.,
et al. (2023). Sex differences in adult lifespan and aging rate across mammals: a test of
the ‘Mother Curse hypothesis. Mech. Ageing Dev. 212, 111799. doi:10.1016/j.mad.2023.
111799

Chen, B. S., Harvey, J. P., Gilhooley, M. J., Jurkute, N., and Yu-Wai-Man, P. (2023).
Mitochondria and the eye—manifestations of mitochondrial diseases and their
management. Eye 37, 2416–2425. doi:10.1038/s41433-023-02523-x

Christie, J. S., Castro, J. A., Oliver, P., Picornell, A., Ramon, M. M., and Moya, A.
(2004). Fitness and life-history traits of the two major mitochondrial DNA haplotypes
of Drosophila subobscura. Heredity 93, 371–378. doi:10.1038/sj.hdy.6800513

Claiborne, A. B., English, R. A., and Kahn, J. P. (2016). Ethics of new technologies.
finding an ethical path forward for mitochondrial replacement. Science 351, 668–670.
doi:10.1126/science.aaf3091

Claibourne, A., English, R., and Kahn, J. (2016). Mitochondrial replacement
techniques: ethical, social and policy considerations. Washington, D.C., United States:
National Academies Press.

Clancy, D. J. (2008). Variation in mitochondrial genotype has substantial lifespan
effects which may be modulated by nuclear background. Aging Cell 7, 795–804. doi:10.
1111/j.1474-9726.2008.00428.x

Clayton, J. A. (2016). Studying both sexes: a guiding principle for biomedicine. FASEB
J. 30, 519–524. doi:10.1096/fj.15-279554

Connallon, T. (2015). The geography of sex-specific selection, local adaptation, and
sexual dimorphism. Evolution 69, 2333–2344. doi:10.1111/evo.12737

Connallon, T., Camus, M. F., Morrow, E. H., and Dowling, D. K. (2018). Coadaptation
of mitochondrial and nuclear genes, and the cost of mother’s curse. Proc. R. Soc. B Biol.
Sci. 285, 20172257. doi:10.1098/rspb.2017.2257

Connallon, T., and Clark, A. G. (2014). Evolutionary inevitability of sexual
antagonism. Proc. R. Soc. B Biol. Sci. 281, 20132123. doi:10.1098/rspb.2013.2123

Dapper, A. L., Diegel, A. E., and Wade, M. J. (2023). Relative rates of evolution of
male-beneficial nuclear compensatory mutations and male-harming Mother’s Curse
mitochondrial alleles. Evolution 77, 1945–1955. doi:10.1093/evolut/qpad087

Demarest, T. G., and McCarthy, M. M. (2015). Sex differences in mitochondrial (dys)
function: implications for neuroprotection. J. Bioenerg. Biomembr. 47, 173–188. doi:10.
1007/s10863-014-9583-7

Dobler, R., Rogell, B., Budar, F., and Dowling, D. K. (2014). A meta-analysis of the
strength and nature of cytoplasmic genetic effects. J. Evol. Biol. 27, 2021–2034. doi:10.
1111/jeb.12468

Dokianakis, E., and Ladoukakis, E. D. (2014). Different degree of paternal mtDNA
leakage between male and female progeny in interspecific Drosophila crosses. Ecol. Evol.
4, 2633–2641. doi:10.1002/ece3.1069

Dowling, D. K., and Adrian, R. E. (2019). Challenges and prospects for testing the
mother’s curse hypothesis. Integr. Comp. Biol. 59, 875–889. doi:10.1093/icb/icz110

Dowling, D. K., Nowostawski, A. L., and Arnqvist, G. (2007). Effects of cytoplasmic
genes on sperm viability and sperm morphology in a seed beetle: implications for sperm
competition theory? J. Evol. Biol. 20, 358–368. doi:10.1111/j.1420-9101.2006.01189.x

Dowling, D. K., and Wolff, J. N. (2023). Evolutionary genetics of the mitochondrial
genome: insights from Drosophila. Genetics 224, iyad036. doi:10.1093/genetics/iyad036

Ellison, C. K., and Burton, R. S. (2008). Interpopulation hybrid breakdown maps to
the mitochondrial genome. Evolution 62, 631–638. doi:10.1111/j.1558-5646.2007.
00305.x

Estes, S., Dietz, Z. P., Katju, V., and Bergthorsson, U. (2023). Evolutionary
codependency: insights into the mitonuclear interaction landscape from
experimental and wild Caenorhabditis nematodes. Curr. Opin. Genet. Dev. 81,
102081. doi:10.1016/j.gde.2023.102081

Finkel, T., and Holbrook, N. J. (2000). Oxidants, oxidative stress and the biology of
ageing. Nature 408, 239–247. doi:10.1038/35041687

Frank, S., and Hurst, L. (1996). Mitochondria and male disease. Nature 383, 224.
doi:10.1038/383224a0

Friberg, U., and Dowling, D. K. (2008). No evidence of mitochondrial genetic
variation for sperm competition within a population of Drosophila melanogaster.
J. Evol. Biol. 21, 1798–1807. doi:10.1111/j.1420-9101.2008.01581.x

Froman, D. P., and Kirby, J. D. (2005). Sperm mobility: phenotype in roosters (Gallus
domesticus) determined by mitochondrial function. Biol. Reprod. 72, 562–567. doi:10.
1095/biolreprod.104.035113

Gemmell, N. J., Metcalf, V. J., and Allendorf, F.W. (2004). Mother’s curse: the effect of
mtDNA on individual fitness and population viability. Trends Ecol. Evol. 19, 238–244.
doi:10.1016/j.tree.2004.02.002

Greaves, L. C., Reeve, A. K., Taylor, R. W., and Turnbull, D. M. (2012). Mitochondrial
DNA and disease. J. Pathol. 226, 274–286. doi:10.1002/path.3028

Gyllensten, U., Wharton, D., Josefsson, A., and Wilson, A. C. (1991). Paternal
inheritance of mitochondrial DNA inmice.Nature 352, 255–257. doi:10.1038/352255a0

Harman, D. (1956). Aging: a theory based on free radical and radiation chemistry.
J. Gerontol. 11, 298–300. doi:10.1093/geronj/11.3.298

Havird, J. C., Forsythe, E. S., Williams, A.M.,Werren, J. H., Dowling, D. K., and Sloan,
D. B. (2019). Selfish mitonuclear conflict. Curr. Biol. 29, R496–R511. doi:10.1016/j.cub.
2019.03.020

Hedrick, P. W. (2012). Reversing mother’s curse revisited. Evolution 66, 612–616.
doi:10.1111/j.1558-5646.2011.01465.x

Hoekstra, L. A., Julick, C. R., Mika, K. M., and Montooth, K. L. (2018). Energy
demand and the context-dependent effects of genetic interactions underlying
metabolism. Evol. Lett. 2, 102–113. doi:10.1002/evl3.47

Hoekstra, R. F. (2000). Evolutionary origin and consequences of uniparental
mitochondrial inheritance. Hum. Reprod. 15, 102–111. doi:10.1093/humrep/15.
suppl_2.102

Hollocher, H., and Wu, C.-I. (1996). The genetics of reproductive isolation in the
Drosophila simulans clade: X vs. Autosomal effects and male vs. Female effects, Genetics
143, 1243–1255. doi:10.1093/genetics/143.3.1243

Holyoake, A. J., McHugh, P., Wu, M., O’Carroll, S., Benny, P., Sin, I. L., et al. (2001).
High incidence of single nucleotide substitutions in the mitochondrial genome is

Frontiers in Aging frontiersin.org08

Edmands 10.3389/fragi.2024.1361396

https://doi.org/10.1101/cshperspect.a017566
https://doi.org/10.1016/j.tpb.2018.12.007
https://doi.org/10.1016/j.tpb.2018.12.007
https://doi.org/10.1016/j.cmet.2016.05.019
https://doi.org/10.1371/journal.pone.0187554
https://doi.org/10.18632/aging.101881
https://doi.org/10.1016/j.bbagrm.2011.10.008
https://doi.org/10.1098/rstb.2013.0440
https://doi.org/10.1111/evo.12439
https://doi.org/10.1111/evo.12439
https://doi.org/10.1093/humupd/dmab001
https://doi.org/10.1139/gen-2015-0090
https://doi.org/10.1111/acel.13542
https://doi.org/10.1023/A:1022381016145
https://doi.org/10.1023/A:1022381016145
https://doi.org/10.1111/mec.12006
https://doi.org/10.1111/mec.12006
https://doi.org/10.1016/j.cub.2012.07.018
https://doi.org/10.1098/rspb.2018.0187
https://doi.org/10.1016/j.cub.2015.09.012
https://doi.org/10.1002/evl3.221
https://doi.org/10.1098/rspb.2016.1493
https://doi.org/10.1016/j.mad.2023.111799
https://doi.org/10.1016/j.mad.2023.111799
https://doi.org/10.1038/s41433-023-02523-x
https://doi.org/10.1038/sj.hdy.6800513
https://doi.org/10.1126/science.aaf3091
https://doi.org/10.1111/j.1474-9726.2008.00428.x
https://doi.org/10.1111/j.1474-9726.2008.00428.x
https://doi.org/10.1096/fj.15-279554
https://doi.org/10.1111/evo.12737
https://doi.org/10.1098/rspb.2017.2257
https://doi.org/10.1098/rspb.2013.2123
https://doi.org/10.1093/evolut/qpad087
https://doi.org/10.1007/s10863-014-9583-7
https://doi.org/10.1007/s10863-014-9583-7
https://doi.org/10.1111/jeb.12468
https://doi.org/10.1111/jeb.12468
https://doi.org/10.1002/ece3.1069
https://doi.org/10.1093/icb/icz110
https://doi.org/10.1111/j.1420-9101.2006.01189.x
https://doi.org/10.1093/genetics/iyad036
https://doi.org/10.1111/j.1558-5646.2007.00305.x
https://doi.org/10.1111/j.1558-5646.2007.00305.x
https://doi.org/10.1016/j.gde.2023.102081
https://doi.org/10.1038/35041687
https://doi.org/10.1038/383224a0
https://doi.org/10.1111/j.1420-9101.2008.01581.x
https://doi.org/10.1095/biolreprod.104.035113
https://doi.org/10.1095/biolreprod.104.035113
https://doi.org/10.1016/j.tree.2004.02.002
https://doi.org/10.1002/path.3028
https://doi.org/10.1038/352255a0
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1016/j.cub.2019.03.020
https://doi.org/10.1016/j.cub.2019.03.020
https://doi.org/10.1111/j.1558-5646.2011.01465.x
https://doi.org/10.1002/evl3.47
https://doi.org/10.1093/humrep/15.suppl_2.102
https://doi.org/10.1093/humrep/15.suppl_2.102
https://doi.org/10.1093/genetics/143.3.1243
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1361396


associated with poor semen parameters in men. Int. J. Androl. 24, 175–182. doi:10.1046/
j.1365-2605.2001.00292.x

Hudson, G., Gomez-Duran, A., Wilson, I. J., and Chinnery, P. F. (2014). Recent
mitochondrial DNA mutations increase the risk of developing common late-onset
human diseases. PLoS Genet. 10, e1004369. doi:10.1371/journal.pgen.1004369

Hunt, J., Brooks, R., Jennions, M. D., Smith, M. J., Bentsen, C. L., and Bussière, L. F.
(2004). High-quality male field crickets invest heavily in sexual display but die young.
Nature 432, 1024–1027. doi:10.1038/nature03084

Immonen, E., Berger, D., Sayadi, A., Liljestrand-Rönn, J., and Arnqvist, G. (2020). An
experimental test of temperature-dependent selection on mitochondrial haplotypes in
Callosobruchus maculatus seed beetles. Ecol. Evol. 10, 11387–11398. doi:10.1002/ece3.
6775

Immonen, E., Collet, M., Goenaga, J., and Arnqvist, G. (2016). Direct and indirect
genetic effects of sex-specific mitonuclear epistasis on reproductive ageing. Heredity
116, 338–347. doi:10.1038/hdy.2015.112

Innocenti, P., Morrow, E. H., and Dowling, D. K. (2011). Experimental evidence
supports a sex-specific selective sieve in mitochondrial genome evolution. Science 332,
845–848. doi:10.1126/science.1201157

Jansen, R. P. S., and Burton, G. J. (2004). Mitochondrial dysfunction in reproduction.
Mitochondrion 4, 577–600. doi:10.1016/j.mito.2004.07.038

Keaney, T. A., Wong, H. W. S., Dowling, D. K., Jones, T. M., and Holman, L. (2020).
Sibling rivalry versus mother’s curse: can kin competition facilitate a response to selection
onmalemitochondria? Proc. R. Soc. B Biol. Sci. 287, 20200575. doi:10.1098/rspb.2020.0575

Keller, L., and Genoud, M. (1997). Extraordinary lifespans in ants: a test of
evolutionary theories of ageing. Nature 389, 958–960. doi:10.1038/40130

Kuijper, B., Lane, N., and Pomiankowski, A. (2015). Can paternal leakage maintain
sexually antagonistic polymorphism in the cytoplasm? J. Evol. Biol. 28, 468–480. doi:10.
1111/jeb.12582

Kurbalija Novičić, Z., Immonen, E., Jelić, M., AnÐelković, M., Stamenković-Radak,
M., and Arnqvist, G. (2015). Within-population genetic effects of mtDNA on metabolic
rate in Drosophila subobscura. J. Evol. Biol. 28, 338–346. doi:10.1111/jeb.12565

Lane, N. (2011). Mitonuclear match: optimizing fitness and fertility over generations
drives ageing within generations. BioEssays 33, 860–869. doi:10.1002/bies.201100051

Lee, J., and Willett, C. S. (2022). Frequent paternal mitochondrial inheritance and
rapid haplotype frequency shifts in copepod hybrids. J. Hered. 113, 171–183. doi:10.
1093/jhered/esab068

Lewis, D. (1941). Male sterility in natural populations of hermaphroditic plants: the
equilibrium between females and hermaphrodites to be expected with different types of
inheritance. New Phytol. 40, 56–63. doi:10.1111/j.1469-8137.1941.tb07028.x

Li, L., Zheng, H.-X., Liu, Z., Qin, Z., Chen, F., Qian, D., et al. (2015). Mitochondrial
genomes and exceptional longevity in a Chinese population: the Rugao longevity study.
AGE 37, 9750. doi:10.1007/s11357-015-9750-8

Li, N., Flanagan, B. A., and Edmands, S. (2023). The role of mitochondria in sex- and
age-specific gene expression in a species without sex chromosomes. BioRxiv [Preprint].
doi:10.1101/2023.12.08.570893

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The
hallmarks of aging. Cell 153, 1194–1217. doi:10.1016/j.cell.2013.05.039

Luo, S., Valencia, C. A., Zhang, J., Lee, N.-C., Slone, J., Gui, B., et al. (2018). Biparental
inheritance of mitochondrial DNA in humans. Proc. Natl. Acad. Sci. 115, 13039–13044.
doi:10.1073/pnas.1810946115

Marais, G. A. B., Gaillard, J.-M., Vieira, C., Plotton, I., Sanlaville, D., Gueyffier, F., et al.
(2018). Sex gap in aging and longevity: can sex chromosomes play a role? Biol. Sex.
Differ. 9, 33. doi:10.1186/s13293-018-0181-y

Marais, G. A. B., and Lemaître, J.-F. (2022). Sex chromosomes, sex ratios and sex gaps
in longevity in plants. Philos. Trans. R. Soc. B Biol. Sci. 377, 20210219. doi:10.1098/rstb.
2021.0219

Markow, T. A. (2011). Cost of virginity in wild Drosophila melanogaster females. Ecol.
Evol. 1, 596–600. doi:10.1002/ece3.54

Meiklejohn, C. D., Holmbeck, M. A., Siddiq, M. A., Abt, D. N., Rand, D. M., and
Montooth, K. L. (2013). An incompatibility between a mitochondrial tRNA and its
nuclear-encoded tRNA synthetase compromises development and fitness in
Drosophila. PLoS Genet. 9, e1003238. doi:10.1371/journal.pgen.1003238

Mendoza, A., and Karch, J. (2022). Keeping the beat against time: mitochondrial
fitness in the aging heart. Front. Aging 3, 951417. doi:10.3389/fragi.2022.951417

Milot, E., Moreau, C., Gagnon, A., Cohen, A. A., Brais, B., and Labuda, D. (2017).
Mother’s curse neutralizes natural selection against a human genetic disease over three
centuries. Nat. Ecol. Evol. 1, 1400–1406. doi:10.1038/s41559-017-0276-6

Miotto, P. M., McGlory, C., Holloway, T. M., Phillips, S. M., and Holloway, G. P.
(2018). Sex differences in mitochondrial respiratory function in human skeletal muscle.
Am. J. Physiol.-Regul. Integr. Comp. Physiol. 314, R909–R915. doi:10.1152/ajpregu.
00025.2018

Montooth, K. L., Dhawanjewar, A. S., and Meiklejohn, C. D. (2019). Temperature-
sensitive reproduction and the physiological and evolutionary potential for mother’s
curse. Integr. Comp. Biol. 59, 890–899. doi:10.1093/icb/icz091

Montooth, K. L., Meiklejohn, C. D., Abt, D. N., and Rand, D. M. (2010).
Mitochondrial-nuclear epistasis affects fitness within species but does not contribute
to fixed incompatibilities between species of Drosophila. Evolution 64, 3364–3379.
doi:10.1111/j.1558-5646.2010.01077.x

Moore, F. L., and Reijo-Pera, R. A. (2000). Male sperm motility dictated by mother’s
mtDNA. Am. J. Hum. Genet. 67, 543–548. doi:10.1086/303061

Mossman, J. A., Biancani, L. M., Zhu, C.-T., and Rand, D. M. (2016a). Mitonuclear
epistasis for development time and its modification by diet in Drosophila. Genetics 203,
463–484. doi:10.1534/genetics.116.187286

Mossman, J. A., Slate, J., Birkhead, T. R., Moore, H. D., and Pacey, A. A. (2012).
Mitochondrial haplotype does not influence sperm motility in a UK population of men.
Hum. Reprod. 27, 641–651. doi:10.1093/humrep/der438

Mossman, J. A., Tross, J. G., Li, N., Wu, Z., and Rand, D. M. (2016b). Mitochondrial-
nuclear interactions mediate sex-specific transcriptional profiles in Drosophila.Genetics
204, 613–630. doi:10.1534/genetics.116.192328

Munasinghe, M., Haller, B. C., and Clark, A. G. (2022). Migration restores hybrid
incompatibility driven bymitochondrial–nuclear sexual conflict. Proc. R. Soc. B Biol. Sci.
289, 20212561. doi:10.1098/rspb.2021.2561

Nagarajan-Radha, V., Aitkenhead, I., Clancy, D. J., Chown, S. L., and Dowling, D. K.
(2020). Sex-specific effects of mitochondrial haplotype on metabolic rate in Drosophila
melanogaster support predictions of the Mother’s Curse hypothesis. Philos. Trans. R.
Soc. B Biol. Sci. 375, 20190178. doi:10.1098/rstb.2019.0178

Nagarajan-Radha, V., Rapkin, J., Hunt, J., and Dowling, D. K. (2019). Interactions
between mitochondrial haplotype and dietary macronutrient ratios confer sex-specific
effects on longevity in Drosophila melanogaster. J. Gerontol. Ser. A 74, 1573–1581.
doi:10.1093/gerona/glz104

Nakada, K., Sato, A., Yoshida, K., Morita, T., Tanaka, H., Inoue, S.-I., et al. (2006).
Mitochondria-related male infertility. Proc. Natl. Acad. Sci. 103, 15148–15153. doi:10.
1073/pnas.0604641103

Neiman, M., and Taylor, D. R. (2009). The causes of mutation accumulation in
mitochondrial genomes. Proc. R. Soc. B Biol. Sci. 276, 1201–1209. doi:10.1098/rspb.
2008.1758

Noohi, F., Ravitsky, V., Knoppers, B. M., and Joly, Y. (2022). Mitochondrial
replacement therapy: in whose interests? J. Law. Med. Ethics 50, 597–602. doi:10.
1017/jme.2022.98

Nunes, M. D. S., Dolezal, M., and Schlötterer, C. (2013). Extensive paternal mt DNA
leakage in natural populations of Drosophila melanogaster. Mol. Ecol. 22, 2106–2117.
doi:10.1111/mec.12256

Patel, M. R., Miriyala, G. K., Littleton, A. J., Yang, H., Trinh, K., Young, J. M., et al.
(2016). A mitochondrial DNA hypomorph of cytochrome oxidase specifically impairs
male fertility in Drosophila melanogaster. eLife 5, e16923. doi:10.7554/eLife.16923

Pereira, L., Gonçalves, J., Franco-Duarte, R., Silva, J., Rocha, T., Arnold, C., et al.
(2007). No evidence for an mtDNA role in sperm motility: data from complete
sequencing of asthenozoospermic males. Mol. Biol. Evol. 24, 868–874. doi:10.1093/
molbev/msm004

Poincenot, L., Pearson, A. L., and Karanjia, R. (2020). Demographics of a large
international population of patients affected by Leber’s hereditary optic neuropathy.
Ophthalmology 127, 679–688. doi:10.1016/j.ophtha.2019.11.014

Rand, D. M., Clark, A. G., and Kann, L. M. (2001). Sexually antagonistic cytonuclear
fitness interactions in Drosophila melanogaster. Genetics 159 (1), 173–187. doi:10.1093/
genetics/159.1.173

Rand, D. M., Haney, R. A., and Fry, A. J. (2004). Cytonuclear coevolution: the
genomics of cooperation. Trends Ecol. Evol. 19, 645–653. doi:10.1016/j.tree.2004.10.003

Rand, D. M., andMossman, J. A. (2020). Mitonuclear conflict and cooperation govern
the integration of genotypes, phenotypes and environments. Philos. Trans. R. Soc. B Biol.
Sci. 375, 20190188. doi:10.1098/rstb.2019.0188

Ruiz-Pesini, E., Lapeña, A.-C., Díez-Sánchez, C., Pérez-Martos, A., Montoya, J.,
Alvarez, E., et al. (2000). Human mtDNA haplogroups associated with high or reduced
spermatozoa motility. Am. J. Hum. Genet. 67, 682–696. doi:10.1086/303040

Sackton, T. B., Haney, R. A., and Rand, D. M. (2003). Cytonuclear coadaptation in
Drosophila: disruption of cytochrome c oxidase activity in backcross genotypes.
Evolution 57, 2315–2325. doi:10.1111/j.0014-3820.2003.tb00243.x

Sanz, A., and Stefanatos, R. K. A. (2008). The mitochondrial free radical theory of
aging: a critical view. Curr. Aging Sci. 1, 10–21. doi:10.2174/1874609810801010010

Smith, S., Turbill, C., and Suchentrunk, F. (2010). Introducing mother’s curse: low
male fertility associated with an imported mtDNA haplotype in a captive colony of
brown hares. Mol. Ecol. 19, 36–43. doi:10.1111/j.1365-294X.2009.04444.x

Smith, S. R. T., and Connallon, T. (2017). The contribution of the mitochondrial
genome to sex-specific fitness variance. Evolution 71, 1417–1424. doi:10.1111/evo.13238

Turelli, M., and Orr, H. A. (2000). Dominance, epistasis and the genetics of
postzygotic isolation. Genetics 154, 1663–1679. doi:10.1093/genetics/154.4.1663

Unckless, R. L., and Herren, J. K. (2009). Population genetics of sexually antagonistic
mitochondrial mutants under inbreeding. J. Theor. Biol. 260, 132–136. doi:10.1016/j.
jtbi.2009.06.004

Frontiers in Aging frontiersin.org09

Edmands 10.3389/fragi.2024.1361396

https://doi.org/10.1046/j.1365-2605.2001.00292.x
https://doi.org/10.1046/j.1365-2605.2001.00292.x
https://doi.org/10.1371/journal.pgen.1004369
https://doi.org/10.1038/nature03084
https://doi.org/10.1002/ece3.6775
https://doi.org/10.1002/ece3.6775
https://doi.org/10.1038/hdy.2015.112
https://doi.org/10.1126/science.1201157
https://doi.org/10.1016/j.mito.2004.07.038
https://doi.org/10.1098/rspb.2020.0575
https://doi.org/10.1038/40130
https://doi.org/10.1111/jeb.12582
https://doi.org/10.1111/jeb.12582
https://doi.org/10.1111/jeb.12565
https://doi.org/10.1002/bies.201100051
https://doi.org/10.1093/jhered/esab068
https://doi.org/10.1093/jhered/esab068
https://doi.org/10.1111/j.1469-8137.1941.tb07028.x
https://doi.org/10.1007/s11357-015-9750-8
https://doi.org/10.1101/2023.12.08.570893
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1073/pnas.1810946115
https://doi.org/10.1186/s13293-018-0181-y
https://doi.org/10.1098/rstb.2021.0219
https://doi.org/10.1098/rstb.2021.0219
https://doi.org/10.1002/ece3.54
https://doi.org/10.1371/journal.pgen.1003238
https://doi.org/10.3389/fragi.2022.951417
https://doi.org/10.1038/s41559-017-0276-6
https://doi.org/10.1152/ajpregu.00025.2018
https://doi.org/10.1152/ajpregu.00025.2018
https://doi.org/10.1093/icb/icz091
https://doi.org/10.1111/j.1558-5646.2010.01077.x
https://doi.org/10.1086/303061
https://doi.org/10.1534/genetics.116.187286
https://doi.org/10.1093/humrep/der438
https://doi.org/10.1534/genetics.116.192328
https://doi.org/10.1098/rspb.2021.2561
https://doi.org/10.1098/rstb.2019.0178
https://doi.org/10.1093/gerona/glz104
https://doi.org/10.1073/pnas.0604641103
https://doi.org/10.1073/pnas.0604641103
https://doi.org/10.1098/rspb.2008.1758
https://doi.org/10.1098/rspb.2008.1758
https://doi.org/10.1017/jme.2022.98
https://doi.org/10.1017/jme.2022.98
https://doi.org/10.1111/mec.12256
https://doi.org/10.7554/eLife.16923
https://doi.org/10.1093/molbev/msm004
https://doi.org/10.1093/molbev/msm004
https://doi.org/10.1016/j.ophtha.2019.11.014
https://doi.org/10.1093/genetics/159.1.173
https://doi.org/10.1093/genetics/159.1.173
https://doi.org/10.1016/j.tree.2004.10.003
https://doi.org/10.1098/rstb.2019.0188
https://doi.org/10.1086/303040
https://doi.org/10.1111/j.0014-3820.2003.tb00243.x
https://doi.org/10.2174/1874609810801010010
https://doi.org/10.1111/j.1365-294X.2009.04444.x
https://doi.org/10.1111/evo.13238
https://doi.org/10.1093/genetics/154.4.1663
https://doi.org/10.1016/j.jtbi.2009.06.004
https://doi.org/10.1016/j.jtbi.2009.06.004
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1361396


Ventura-Clapier, R., Moulin, M., Piquereau, J., Lemaire, C., Mericskay, M., Veksler,
V., et al. (2017). Mitochondria: a central target for sex differences in pathologies. Clin.
Sci. 131, 803–822. doi:10.1042/CS20160485

Wade, M. J., and Brandvain, Y. (2009). Reversing mother’s curse: selection on male
mitochondrial fitness effects. Evolution 63, 1084–1089. doi:10.1111/j.1558-5646.2009.00614.x

Wai, T., Ao, A., Zhang, X., Cyr, D., Dufort, D., and Shoubridge, E. A. (2010). The role
of mitochondrial DNA copy number in mammalian fertility. Biol. Reprod. 83, 52–62.
doi:10.1095/biolreprod.109.080887

Wallace, D. C., Fan, W., and Procaccio, V. (2010). Mitochondrial energetics and
therapeutics. Annu. Rev. Pathol. Mech. Dis. 5, 297–348. doi:10.1146/annurev.pathol.4.
110807.092314

Wallace, D. C., Singh, G., Lott, M. T., Hodge, J. A., Schurr, T. G., Lezza, A. M. S., et al.
(1988). Mitochondrial DNA mutation associated with Leber’s hereditary optic
neuropathy. Science 242, 1427–1430. doi:10.1126/science.3201231

Wang, Y., and Hekimi, S. (2015). Mitochondrial dysfunction and longevity in
animals: untangling the knot. Science 350, 1204–1207. doi:10.1126/science.aac4357

Watson, E. T., Flanagan, B. A., Pascar, J. A., and Edmands, S. (2022). Mitochondrial effects
on fertility and longevity in Tigriopus californicus contradict predictions of the mother’s curse
hypothesis. Proc. R. Soc. B Biol. Sci. 289, 20221211. doi:10.1098/rspb.2022.1211

Wolf, D. P., Mitalipov, N., and Mitalipov, S. (2015). Mitochondrial replacement
therapy in reproductive medicine. Trends Mol. Med. 21, 68–76. doi:10.1016/j.molmed.
2014.12.001

Wolff, J. N., Pichaud, N., Camus, M. F., Côté, G., Blier, P. U., and Dowling, D. K.
(2016). Evolutionary implications of mitochondrial genetic variation:
mitochondrial genetic effects on OXPHOS respiration and mitochondrial
quantity change with age and sex in fruit flies. J. Evol. Biol. 29, 736–747.
doi:10.1111/jeb.12822

Xirocostas, Z. A., Everingham, S. E., andMoles, A. T. (2020). The sex with the reduced
sex chromosome dies earlier: a comparison across the tree of life. Biol. Lett. 16,
20190867. doi:10.1098/rsbl.2019.0867

Xu, H., DeLuca, S. Z., and O’Farrell, P. H. (2008). Manipulating the metazoan
mitochondrial genome with targeted restriction enzymes. Science 321, 575–577. doi:10.
1126/science.1160226

Yee, W. K. W., Sutton, K. L., and Dowling, D. K. (2013). In vivo male fertility is
affected by naturally occurring mitochondrial haplotypes. Curr. Biol. 23, R55–R56.
doi:10.1016/j.cub.2012.12.002

Zhang, H., Guillaume, F., and Engelstädter, J. (2012). The dynamics of mitochondrial
mutations causing male infertility in spatially structured populations. Evolution 66,
3179–3188. doi:10.1111/j.1558-5646.2012.01675.x

Frontiers in Aging frontiersin.org10

Edmands 10.3389/fragi.2024.1361396

https://doi.org/10.1042/CS20160485
https://doi.org/10.1111/j.1558-5646.2009.00614.x
https://doi.org/10.1095/biolreprod.109.080887
https://doi.org/10.1146/annurev.pathol.4.110807.092314
https://doi.org/10.1146/annurev.pathol.4.110807.092314
https://doi.org/10.1126/science.3201231
https://doi.org/10.1126/science.aac4357
https://doi.org/10.1098/rspb.2022.1211
https://doi.org/10.1016/j.molmed.2014.12.001
https://doi.org/10.1016/j.molmed.2014.12.001
https://doi.org/10.1111/jeb.12822
https://doi.org/10.1098/rsbl.2019.0867
https://doi.org/10.1126/science.1160226
https://doi.org/10.1126/science.1160226
https://doi.org/10.1016/j.cub.2012.12.002
https://doi.org/10.1111/j.1558-5646.2012.01675.x
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1361396

	Mother’s Curse effects on lifespan and aging
	Introduction
	Patterns expected under Mother’s Curse
	Expect longer lifespan in females
	Expect higher mitochondrial variance for trait expression in males
	Expect negative intersexual genetic correlations
	Expect mitonuclear mismatch to cause greater fitness problems in males

	Traits expected to be affected by Mother’s Curse
	Strongest effects for sexually dimorphic traits under high energy demand
	Expectations for lifespan and aging

	Medical implications
	Sex-specific medicine
	Mitochondrial replacement therapy

	Evidence
	Taxonomic patterns
	Traits affected
	Mixed results

	Why is there so little evidence for Mother’s Curse?
	Nuclear compensation makes male-harming mitochondrial mutations cryptic
	Accumulation of male-harming mutations counteracted by paternal leakage, inbreeding and kin selection
	Aberrant effects in interspecific studies
	Context-dependent effects
	Demographic effects

	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


