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Highlights
Mitochondria contain their own ge-
nomes. These genomes play a central
role in energy production. Individuals
within populations can differ in their
mitochondrial DNA sequence, and
these genetic differences are known
to influence energy metabolism and
organismal life history.

Little research has investigated how
mitochondrial genetic variation within
species contributes to the expression
Mitochondrial genes play an essential role in energymetabolism. Variation in themi-
tochondrial DNA (mtDNA) sequence often exists within species, and this variation
can have consequences for energy production and organismal life history. Yet,
despite potential links between energy metabolism and the expression of animal
behaviour, mtDNA variation has been largely neglected to date in studies investi-
gating intraspecific behavioural diversity. We outline how mtDNA variation and
interactions between mitochondrial and nuclear genotypes may contribute to
the expression of individual-to-individual behavioural differences within popula-
tions, and why such effects may lead to sex differences in behaviour. We contend
that integration of the mitochondrial genome into behavioural ecology research
may be key to fully understanding the evolutionary genetics of animal behaviour.
of behavioural diversity. This is a sig-
nificant oversight, considering that
energy metabolism can influence the
expression of behavioural traits.

We outline evidence that suggests that a
comprehensive understanding of how
and why individuals consistently differ
from one another in their behaviour will
require integration of mitochondrial ge-
netics into animal behaviour research.
We suggest that such a synthesis will
promote avenues for future research
that will be key to understanding intra-
specific behavioural diversity.
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Why mitochondrial genetic variation matters for understanding behavioural
diversity
Mitochondria are vital to organismal energy production. These cellular organelles contain their
own DNA (mtDNA), which encodes enzyme complexes that are crucial to energy production
via aerobic metabolism (see Glossary) [1,2]. Furthermore, the mitochondrial genomes of
animals typically have a much higher mutation rate than that of their nuclear counterparts [3,4].
Given that aerobic metabolism is the principal process by which eukaryotes produce energy,
it was traditionally assumed that strong purifying selection would prohibit any functional
(i.e., phenotype-modifying) mutations from accumulating within the mtDNA sequence [5–7].
Any mtDNA sequence variation (hereafter mtDNA variation) that did exist was, therefore,
assumed to be selectively neutral and have little effect on mitochondrial function.

However, while the efficacy of purifying selection on the mtDNA sequence is well supported [8,9],
studies have now shown that mtDNA variation routinely exists within populations; these variants
occur across distinct mtDNA haplotypes that can bemaintained at intermediate frequencies and
confer clear fitness differences [10]. Despite these insights, very little research has investigated
whether mtDNA haplotype variation may contribute to the expression of individual behavioural
differences. We contend that this is a significant oversight, considering that behavioural expres-
sion is dependent on energy production, and that individual variation in organismal physiology
is thought to contribute to the emergence of individual-to-individual behavioural differences
[11–14]. While the contribution of sequence variation in the nuclear genome to the regulation of
behavioural variation is beyond doubt, and the fields of behavioural ecology and quantitative
genetics have successfully partnered for decades, the role of mtDNA variation has been largely
neglected in animal behaviour research. In our review, we outline the need to better integrate
mitochondrial genetics into behavioural ecology, thereby bridging a disciplinary divide between
these scientific fields that we believe will advance our understanding of intraspecific behavioural
diversity.
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Glossary
Aerobic metabolism: a series of
metabolic reactions that occur within the
mitochondria involving the use of oxygen
and potential energy stored in nutrients –
sugars, fatty acids, or amino acids – to
fuel the production of cellular energy in
the form of ATP.
Bilaterian animals: animals that have
bilaterally symmetrical body plans
(i.e., have a left and right side) during
embryonic development. Includes all
vertebrates, arthropods, molluscs, and
many other animal groups.
Genetic admixture: when genotypes
from once genetically isolated ancestral
populations interbreed.
Haplotype: a specific set of alleles that
are usually inherited together. Because
mitochondrial genes are inherited
maternally, and generally lack
recombination, they exist and are
inherited together as distinct mtDNA
haplotypes.
Isofemale line: the descendants of a
single, wild-collected gravid female that
are allowed to interbreed. Isofemale lines
are commonly used to investigate the
genetic basis of trait expression within
species – particularly in Drosophila flies.
Mitochondrial function: the suite of
biological processes performed by the
mitochondria. These processes involve,
but are not limited to, the production of
cellular energy through oxidative
phosphorylation, cellular signalling, heat
generation, and apoptosis.
Mitochondrial introgression: the
outcome of interbreeding whereby
Mitochondrial genomes underpin energy production, metabolism, and life history
Mitochondrial genetics and energy production: how does mtDNA influence mitochondrial function?
Mitochondria are small organelles found within the cells of virtually all eukaryote life. These
organelles are primarily responsible for cellular energy production and contain their own
diminutive genome (e.g., >3 billion nuclear DNA base pairs versus ~16 500 mtDNA base pairs
in humans). In bilaterian animals, the mitochondrial genome is strictly maternally inherited
and typically encodes for 37 gene products (13 protein-coding, 22 transfer RNAs, and two ribo-
somal RNAs) that play important roles in mitochondrial function and protein translation [4,15,16]
(Figure 1). In addition, other peptides and small RNAs have recently been described that are
transcribed by the mtDNA and that potentially affect mitochondrial function [17–21]. All of the
13 protein-coding genes found within mtDNA contribute to the production of essential enzyme
complexes involved in oxidative phosphorylation (OXPHOS) – a key component of aerobic
metabolism which involves the use of oxygen and chemical energy released by dietary nutrients
to fuel the conversion of adenosine triphosphate (ATP) [4,22,23]. Given that ATP is the principal
source of energy used for cellular processes, gene products of the mitochondrial genome thus
play a crucial role in regulating organismal energy production.

Mitochondrial genetic variation within species can mediate energymetabolism and life-history traits
It is now clear that sequence variation in the mtDNA routinely exists within species and that this
variation can alter mitochondrial function [24,25]. For example, Wolff et al. investigated mitochondrial
function in 12 naturally occurring mtDNA haplotypes that were derived from geographically
distinct Drosophila melanogaster populations and placed into a standardised (i.e., isogenic)
nuclear background [26]. The authors reported that mtDNA haplotype influenced both mitochondrial
bioenergetics and the quantity of mitochondria [26] – a finding that has been supported in similar
studies with both vertebrate [27–30] and invertebrate [1,2,15,16,31–34] species. Likewise, variation
among naturally occurring mtDNA haplotypes within species has been shown to influence whole-
organism metabolic rate [35,36], as well as the production of reactive oxygen species (ROS)
[1,27,31,32,37], which are a class of highly reactive molecules thought to affect organismal life
history [38,39]. Furthermore, mtDNA variation can exist between individuals within the same
population and this variation may also have functional consequences [10,40]. For example, whole-
organismmetabolic rate differed among three mtDNA haplotypes that occur in sympatry within
TrendsTrends inin EcologyEcology & EvolutionEvolution

Figure 1. Mitochondrial and nuclear-encoded proteins contribute to energy production. Simplified illustration
outlining the contribution of subunits encoded by the mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) to the protein
complexes (I–V) involved in the electron transport system and subsequent organismal energy production.
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mtDNA from one genetic lineage is
incorporated into and coexpressed with
nuclear DNA from a separate genetic
lineage.
Mito-nuclear interaction: epistatic
interactions between genes located
within the nuclear and mitochondrial
genomes. These interactions are
necessary for fundamental biological
processes that influence energy
production and organismal physiology.
Mother's curse: a hypothesis that
predicts the accumulation of male-
harming mutations in the mtDNA. This is
due to the maternal inheritance of
mitochondria resulting in selection only
being able to act on mtDNA variants in
females.
Negative frequency-dependent
selection:where the relative fitness of a
DNA variant is inversely associated with
its frequency within the population,
resulting in rare genotypes having a
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fitness advantage over more common
genotypes.
Pace-of-life syndromes: coevolved
suites of life history, physiological, and
behavioural traits within populations
(e.g., more active individuals with higher
metabolisms and faster growth rates)
due to trade-offs in resource allocation
to either current or future reproduction.
Purifying selection: the removal of
deleterious DNA mutations at loci under
selection, resulting in reduced genetic
diversity and the elimination of harmful
variants from a population.
Drosophila subobscura fruit fly populations [41]. Further, two major mtDNA haplotypes found
within a population of Atlantic killifish (Fundulus heteroclitus) displayed differences in nuclear al-
lele frequency, with the authors reporting an association between mito-nuclear genotype and
individual-to-individual differences in mitochondrial function [28]. Together, these results sug-
gest that individual-to-individual variation in the mtDNA sequence within populations may
have substantial consequences for mitochondrial function and energy production.

Moreover, the effects of mtDNA variation on energy metabolism have been linked to how species
allocate resources to various life history traits. For example, the influence of mtDNA haplotype
variation on mitochondrial quantity and gene expression is associated with reproduction and
longevity in D. melanogaster [16]. Comparable findings have also been observed in other inverte-
brate species where mtDNA haplotype has been shown to mediate fecundity, egg size, and
lifespan [2,31,34,42,43]. Furthermore, studies have reported associations between mtDNA
haplotype and litter size, muscle area, and growth rate in domestic pigs (Sus scrofa domesticus)
[44,45], as well as between mtDNA haplotype and fertility in captive populations of male
European brown hares (Lepus europaeus) [46]. Together, this research suggests that within-
population variation in mtDNA sequence may have substantial consequences for individual
life history.

Interactions between nuclear and mitochondrial genes in energy metabolism
Aerobic metabolism is also dependent on genes found within the nuclear genome. Indeed, approx-
imately 80 of the nuclear-encoded proteins that are transported into the mitochondria
contribute subunits of the respiratory enzymes that comprise OXPHOS [3,23]. Organismal energy
production is, thus, dependent on the coordinated interaction between mitochondrial and nuclear
genes found within eukaryotic cells [3,23,47]. Indeed, much research has now reported that the
effects of mtDNA variation on mitochondrial function are dependent on the particular nuclear
genotype with which the mtDNA variation coexists [4,23,47]. Incompatibilities between the mito-
chondrial and nuclear genotypes can negatively affect the function of mitochondrial enzyme com-
plexes [48,49] and in some cases, even single point mutations between interacting loci in the
mitochondrial and nuclear genomes may be sufficient to compromise energy production [49].
The functional consequences of these mito-nuclear interactions are thought to result in the
coevolution of mitochondrial and nuclear genomes, with selection acting to maintain compatible
genotype combinations within populations [23,47]. Thus, the studies conducted to date suggest
that nuclear genetic variants may interact with mtDNA haplotypes to produce individual differences
in mitochondrial function within populations.

How is functional mtDNA variation maintained within populations?
Evolutionary theorists have puzzled over the conditions by which functional variation in the mito-
chondrial genome may be maintained within populations, and numerous studies have modelled
the conditions under which a joint polymorphism in the mtDNA and nuclear genome can be
upheld via mito-nuclear fitness interactions [50–53]. While these theoretical studies have found
that the conditions promoting a stable polymorphism are generally narrow (restricted to cases
of strong differential selection across life stage or sexes, or placement of the interacting nuclear
loci on the X chromosome [50–53]), some empirical studies screening for mito-nuclear fitness
interactions within populations have reported that mtDNA haplotypes segregating naturally
(and at intermediate frequencies) in these populations may interact epistatically with different
nuclear backgrounds to shape fitness related traits (reviewed in [10]). This empirical research
thus suggests that epistatic interactions between the mitochondrial and nuclear genomes may
contribute to the maintenance of functional variation in the mtDNA sequence (and at the
interacting nuclear loci) within populations [10].
Trends in Ecology & Evolution, February 2024, Vol. 39, No. 2 201
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Moreover, recent research has suggested that mtDNA polymorphisms may be maintained within
populations under negative frequency-dependent selection. Studies leveraging experimental
evolution in D. subobscura fruit flies and Callosobruchus maculatus beetles observed that the
fitness of competing mtDNA haplotypes within laboratory populations was inversely associated
with the relative frequencies of each haplotype [54–56]. Further, the thermal environment has
been linked to the fitness of mtDNA haplotypes in both D. melanogaster and C. maculatus,
suggesting that spatio-temporal variation in environmental conditions may also act to maintain
mtDNA variation within populations [36,42,57–59].

Collectively, the research presented earlier highlights that mtDNA variation can be maintained
within populations, and that this variation can have functional consequences for organismal
energy production. When segregating at intermediate frequencies, even relatively small amounts
of within-population variation in the mtDNA sequence may interact with both nuclear genetic
variants and environmental conditions to influence the expression of individual-to-individual
differences in physiology and life history traits.

Mitochondrial genetic variation and the expression of behavioural diversity
Linking variation in behaviour, physiology, and life history
Research spanning diverse taxa has found that individuals often differ from one another in their
behaviour, with some individuals, for example, being more active or risk-prone than other
conspecifics within the population [60,61]. These consistent individual differences in behaviour
(often termed behavioural types or personality traits) have important evolutionary consequences,
as they are usually heritable [62] and influence survival [63] and reproductive success [64,65].
Further, individual behavioural differences are thought to affect key ecological process such as
the distribution, persistence, and productivity of populations, dispersal dynamics, and even
disease transmission [66]. Thus, understanding the factors that contribute to the expression of
consistent individual-to-individual behavioural differences has important implications for species
ecology and evolution.

The expression of individual-to-individual behavioural differences within populations is thought to be,
in part, driven by life-history trade-offs in resource allocation to either current or future reproduc-
tion [11,61]. These trade-offs may generate variation between individuals in their energy require-
ments, and thus subsequent resource acquisition and behaviour, ultimately resulting in the
coevolution of suites of life-history, physiological, and behavioural traits (i.e., pace-of-life
syndromes) [11,13,61]. While empirical support for pace-of-life syndromes has been mixed [67],
recent meta-analyses have found that the behaviour expressed by an individual often covaries (albeit
only moderately) with its metabolic rate [12,68], as well as body mass and body size [68]. Studies
across a variety of species have also demonstrated correlations between individuals in their
behaviour and life-history [69–71]. While the presence and magnitude of these associations may
differ between species and depend on the specific behavioural and physiological/life-history traits
measured [12,72], it is clear that individual variation in energy production and allocation partly contrib-
ute to the expression of individual-to-individual behavioural differences.

Importantly, mtDNA variation and mito-nuclear interactions may influence these life-history trade-
offs and pace-of-life syndromes, with potential consequences for individual-to-individual behav-
ioural differences. For example, accumulating evidence suggests that mtDNA variation may
have negative pleiotropic effects on the phenotype, with some mtDNA haplotypes increasing
performance of one trait at the expense of another [16,35]. Indeed, mtDNA haplotypes that confer
increased metabolic rate in male D. melanogaster are associated with reduced longevity [35].
These effects may also differ across males and females, with recent examples suggesting that
202 Trends in Ecology & Evolution, February 2024, Vol. 39, No. 2
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mtDNA haplotypes that increase the performance of a trait in one sex may decrease trait
performance in the opposite sex (i.e., intersexual pleiotropy) [35,73]. Thus, mtDNA haplotypes
likely play a role in mediating life-history trade-offs and subsequent pace-of-life syndromes,
suggesting that mtDNA variation within populations may influence the expression of individual-
to-individual behavioural differences (Figure 2).

Behaviour and mtDNA: understanding how mtDNA haplotypes generate intraspecific
behavioural diversity
Given that mtDNA variation andmito-nuclear interactions canmediate organismal physiology and
life-history, and that variation in these traits is thought to influence behaviour, it is not surprising
that mtDNA haplotypes have been shown to influence intraspecific behavioural diversity
[74–77]. Using strains of seed beetles (C. maculatus), in which mtDNA haplotypes of three
allopatric populations had been placed against target nuclear genotypes from the same popula-
tions to create nine distinct combinations of mitochondrial and nuclear genotypes, Løvlie et al.
found that mito-nuclear interactions shaped activity levels among experimental populations
[77]. Individual seed beetle activity was also associated with both body mass and lifespan
among experimental populations, and the relationship between these traits across individual
beetles was influenced by their combined mito-nuclear genotype [77]. Similarly, the relationship
between behaviour and basal metabolic rate was linked to mtDNA haplotype in several bank
vole (Myodes glareolus) populations, and this effect varied between the sexes [78]. While
research in laboratory mice identified little evidence for an effect of mtDNA haplotype on wheel-
running behaviour [79], previous work in D. melanogaster found a substantial influence of
mtDNA variation on locomotor activity [75,76], with one study reporting that mtDNA haplotype
explained ~20% of the variance in activity levels among experimental populations [76].
TrendsTrends inin EcologyEcology & EvolutionEvolution

Figure 2. Mitochondrial genetic variation can influence intraspecific behavioural diversity. Simplified illustration of how mitochondrial DNA (mtDNA) haplotype
variation within a hypothetical population of birds may influence energy metabolism, and subsequent individual-to-individual differences in activity rates. Birds with different
plumage colours (i.e., red, orange, and blue) are used here as a visual illustration of mtDNA haplotype variation within the population (i.e., but this is not intended to suggest
that mtDNA haplotypes influences plumage colour polymorphism). We also note that, while not included here, for simplicity, the effects of mtDNA variation on energy me-
tabolism are often mediated by epistatic interactions with nuclear genetic variation. These epistatic interactions, along with negative-frequency dependent selection and
environmental variation, may maintain mtDNA haplotype variation within populations.
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Moreover, mtDNA haplotype variation has recently been linked to individual-to-individual be-
havioural differences within populations; Ueno and Takahashi described two broad haplotype
groups coexisting within four populations of Drosophila immigrans flies [80]. They collated a set
of isofemale lines, and measured each for locomotor activity, reporting an association
between haplotype groups and locomotor activity across the lines [80]. While the approach
used in the study was unable to control for possible confounding covariation in nuclear
genes across the lines, the results suggest a possible link between within-population mtDNA
variation and individual-to-individual differences in behaviour.

Furthermore, feedback loops between an individual’s intrinsic state (e.g., body condition, meta-
bolic rate, residual reproductive value etc.) and their behaviour are also thought to mediate
individual-to-individual behavioural differences within populations [81]. For example, high condi-
tion individuals with greater energy reserves may be able to afford to take greater risks when
foraging, thereby further increasing their body condition (and vice versa for low condition individuals
[81]). Mitochondrial genomes may influence the expression of individual-to-individual behavioural
differences via these state-behaviour feedbacks when mtDNA haplotypes and mito-nuclear
interactions influence mitochondrial function and subsequent physiological and life-history traits.
However, these suggestions require future testing (Box 1).

Taken together, this research highlights a role for mtDNA haplotypes in generating behavioural
differences among populations. Moreover, mtDNA variation and mito-nuclear interactions
may also generate within-population variation in physiology and life-history traits (e.g., [41]),
with preliminary evidence suggesting that such effects may contribute to the expression of
individual-to-individual differences in behaviour (e.g., [76,80]). However, further work which
appropriately partitions behavioural variation among-individuals within populations, and
tests for covariance with mtDNA haplotype, will be needed to clarify these links (see ‘Future
directions’ section).

Mother’s curse: maternal inheritance of mitochondria and sex differences in the
expression of behaviour
Maternal inheritance of mtDNA and the sex-specific expression of behaviour
Mitochondria (and therefore mitochondrial genomes) are strictly maternally inherited in the majority
of animal taxa [82,83]. This has evolutionary implications for the accumulation of functional mtDNA
variation within species [82–85]. In theory, maternal transmission of mitochondria results in a
‘sex-specific selective sieve’, whereby evolutionary responses to selection on mtDNA will pro-
ceed only through females (with exception of species in which males affect the fitness of their
sisters through kin selection or inbreeding [86]). Selection is, therefore, effectively blind to
mtDNA variants that are deleterious in males, when these same variants are neutral or nearly
neutral in females. This selective sieve should lead to the accumulation of male-biasedmutation
loads in the mitochondrial genome (i.e., ‘mother’s curse’ [83,85,87,88]).

Experimental support for the existence of male-biased mutation loads in the mitochondrial
genome has emerged through a number of studies [35,82,87–89]. Research in D. melanogaster
has uncovered male biases in the effect of mtDNA haplotype variation on trait expression,
consistent with the premise that these haplotypes harbour mutation loads conferring male-
biased effects [35,87–89]. For example, effects of mtDNA haplotype on wing size, longevity,
aging, and metabolic rate were larger in male D. melanogaster, relative to their female counterparts
[35,87,89]. The accumulation of male-biased mutation loads is likely to contribute to sexual
dimorphism in behaviour, with mtDNA haplotypes linked to sex differences in the expression of
behaviour in males and females [76,78,80]. Further, increased functional mtDNA variation in males
204 Trends in Ecology & Evolution, February 2024, Vol. 39, No. 2
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Box 1. State-behaviour feedbacks and mtDNA variation

Dynamic feedback loops between an individual’s intrinsic state (e.g., body condition, metabolic rate, residual reproductive
value etc.) and their behaviour are thought to influence behavioural differences between individuals [81]. We contend that
mitochondrial haplotypes may play a part in facilitating these state-behaviour feedbacks due to the potential role of mtDNA
in influencing mitochondrial structure and function, as well as mtDNA copy number within cells [16,99]. Mitochondria are
known to plastically alter their structure, position, and number within cells to facilitate ATP production in energetically
demanding tissues [100]. For example, the proportion of inter-membrane junctions between adjacent mitochondria
increases in skeletal muscle following exercise [101], and changes in inner mitochondrial membrane structure can
influence energy production [102]. Previous research in European beewolf wasps (Philanthus triangulum, Figure I) has
demonstrated that females whose flight muscles had a higher inner mitochondrial membrane density were more efficient
at provisioning their offspring [103], suggesting that variation in mitochondrial structure and position may influence animal
performance [100]. Such associations may result in feedback loops, whereby changes to mitochondrial structure and
density in individuals with high foraging activity for example, may facilitate increased energy production, leading to subse-
quent high activity rates and greater resource acquisition. The production of ROS during OXPHOS may also influence
feedback loops, due to their role in cellular signalling and oxidative stress [38,39]. Thus, to the extent that mitochondrial
function and density, as well as ROS production, are mediated by mtDNA haplotype variation, mtDNA has the potential
to influence individual-to-individual behavioural differences though state-behaviour feedback loops. Future work using
distinct mtDNA haplotypes will be needed to better understand whether mtDNA variation can influence state-behaviour
associations.

TrendsTrends inin EcologyEcology & EvolutionEvolution

Figure I. European beewolf (Philanthus triangulum). Photo credit: Shutterstock/Keith Hider.
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may also result in the expression of greater individual-to-individual behavioural differences, when
compared with females. However, this suggestion warrants further empirical research.

It is also worth highlighting that mtDNA haplotypes that are explicitly sexually antagonistic
(e.g., benefiting females while harming males) can be maintained within populations and may
even become fixed under positive selection [90]. Indeed, recent evidence has found that mtDNA
haplotypes that increase metabolic rate [35] or reproductive traits [73] in female D. melanogaster
are associatedwith decreased trait expression inmale conspecifics. These findings further suggest
Trends in Ecology & Evolution, February 2024, Vol. 39, No. 2 205
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that mtDNA variation may result in sex differences in physiological and life history traits, with poten-
tial consequences for sexual dimorphism in behaviour within populations.

Implications of mother’s curse for mitochondrial introgression
The accumulation of male-harming mutations in mtDNA has been hypothesized to place the
nuclear genome under strong selective pressure for compensatory adaptations that rescue
depressed male function [23,47]. The consequent co-evolution of nuclear and mitochondrial
genomes is predicted to then lead to sex-specific fitness consequences when these co-
adapted states are disrupted, whereby males will be the sex that experiences the greatest fitness
depression upon disruption [82]. Indeed, laboratory research using breeding lines that place
different mtDNA haplotypes into separate nuclear backgrounds has shown that breaking apart
coevolved mito-nuclear genomes often has distinct effects in males and females, although not
always in the direction predicted by the ‘Mother’s curse’ [76,89,91]. The sex-specific effects of
mito-nuclear disruptionmay be especially pertinent during periods of genetic admixture and hy-
bridization between previously isolated populations (e.g., biological invasions and secondary con-
tact). Here, mtDNA haplotypes may be expressed without their coevolved nuclear compensatory
functions, potentially resulting in disproportionately large and negative effects onmale performance
when male-harming mtDNA mutations are exposed during mitochondrial introgression [92].
Indeed, analysis of foraging performance in long-toed salamanders (Ambystoma macrodactylum)
from a secondary contact zone between two distinct genetic lineages revealed that lineage-
mismatched combinations of mitochondrial and nuclear genotypes (mito-nuclear mismatch)
negatively affected feeding behaviour in males, but not females [93]. Further, mito-nuclear mis-
match also reduced fecundity, development rate, and running speed in both male and female
leaf beetles (Chrysomela aeneicollis) from a naturally occurring admixed population, suggesting
that mitochondrial introgression can also negatively affect the behaviour and life-history of both
males and females alike [94]. How mitochondrial introgression in natural systems influences
the expression of individual-to-individual behavioural differences, and how this differs between
males and females remains largely unknown and demands further attention. To this end, biological
invasions – where previously isolated populations have been introduced into a new range – could
serve as useful model systems (Box 2).
Box 2. Invasive species as a model for understanding the behavioural consequences of mitochondrial
introgression

Much research has demonstrated the potential negative effects of mito-nuclear incompatibilities on organismal perfor-
mance [23,47] and outlined why such effects are predicted to be more pronounced in males [82,83,89]. However, many
of the existing studies have used artificially created laboratory lines that combine distinct mito-nuclear genotypes
[34,77,89,91,104], with research on natural systems undergoing mitochondrial introgression in the wild less common
(but see [92]). How mitochondrial introgression in natural systems affects behavioural diversity is, thus, unclear. Invasive
species may be a promising model in addressing these research questions (e.g., [105]). As an example, delicate skinks
(Lampropholis delicata) have recently been introduced (~ 1980s) into Lord Howe Island (Australia) [106]. The invasive
populations are descended from four different native-range clades in Australia and contain seven distinct mtDNA
haplotypes (Figure I [106,107]). These seven haplotypes differ in the sequence of their ND2 and ND4 mitochondrial
protein-coding genes (maximumsequence divergence between haplotypes is 8.3% [106,107]), which both play a key role in
OXPHOS. Despite the island’s small size (~14.55 km2), the haplotypes are spatially structured, with some invasive popula-
tions containing only a singlemtDNA haplotype (i.e., no genetic admixture), while other populations contain up to four distinct
haplotypes (i.e., genetic admixture) [106]. Interestingly, male skinks from admixed populations display marginally increased
within-population variation in sprint speed compared with both non-admixed invasive populations and native-range conspe-
cifics [108]. Similarly, while male skinks from the non-admixed populations increased their average sprint speed following
introduction, this was not seen in conspecifics from admixed populations [108]. Population differences in nuclear genetic
variance likely contribute to these effects. However, whether the mtDNA haplotypes differ in their bioenergetics, and whether
mito-nuclear interactions play a part in the observed differences in male behavioural diversity in invasive populations of this
species, or any other, is yet to be resolved.

206 Trends in Ecology & Evolution, February 2024, Vol. 39, No. 2
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Figure I. Schematic diagram of the distribution and relative abundance of mitochondrial haplotypes among
invasive delicate skink (Lampropholis delicata) populations on Lord Howe Island, adapted with permission
from [106,109]. Percentages show the maximum sequence divergence among mitochondrial haplotypes present in each
invasive population (8.3% sequence divergence across all Lord Howe Island populations). Relative mitochondrial haplotype
frequencies indicated in pie charts are presented for illustrative purposes (see [106,107] for description of haplotype
frequencies). Photo insert credit: Jules Farquhar.
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Future directions
It is clear that mtDNA variation and mito-nuclear interactions within species can affect organismal
performance [23,40,47]. The majority of previous studies have focused on quantifying how mito-
Trends in Ecology & Evolution, February 2024, Vol. 39, No. 2 207
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nuclear interactions mediate physiological and life-history trait expression [2,26,32,34,35,41,87].
While headway has been made into understanding how such effects influence intraspecific
behavioural diversity [75–78,80], integration of mitochondrial evolutionary genetics into animal
behaviour research is still lacking. Moreover, the work that has been done has largely focussed
on the role of mtDNA variation in generating behavioural differences among-populations. More
research investigating links between individual differences in ecologically relevant behavioural
traits and levels of mtDNA variation that have been observed to segregate within populations is
needed (Box 3). Further, the relative contribution of additive mtDNA effects and mitonuclear epis-
tasis in contributing to individual differences in behavioural expression is currently not clear. This
knowledge gap arises from the limitations of previous studies in this field that have typically placed
mtDNA haplotypes collected from divergent lineages/populations alongside two or three highly
controlled (inbred) nuclear backgrounds, observing some level of functional epistasis. Whether
functional epistasis in this context rules out the possibility for additive mitochondrial
effects when measured at a population-level (across all of the nuclear genetic alleles that segre-
gate within a population) remains largely unaddressed. In addition, understanding the potential
contribution of mtDNA haplotype variation to state-behaviour feedback loops in generating
individual-to-individual behavioural differences will also be a promising topic for further research.

Moreover, much research has found that the influence of mtDNA variation and mito-nuclear interac-
tions is often context-dependent. Indeed, the effect of mtDNA variation on performance can be altered
by life-stage [26,95], diet [31,96], temperature [95,97], and social context [75], suggesting that
mitochondrial genetic variation may be routinely sensitive to mtDNA × environment (G × E) or even
complex mtDNA × nuclear DNA × environment (i.e., G × G × E) interactions. Understanding the
Box 3. Translating theory into practice: next steps

Testing many of the ideas laid out in this paper will require new research efforts. The increased availability of genomic
sequence data in combination with greater cross-disciplinary training and collaboration has endowed behavioural ecologists
with improved molecular and bioinformatic literacy, emphasizing the feasibility of integrating genomic technologies into
behavioural research to understand the role of mitochondrial genetics in animal behaviour. Indeed, datasets are likely to
already exist for well-studied, pedigreed populations where whole DNA sequences of individuals within the pedigree are
available and behavioural traits also scored for the same individuals. For example, European populations of great tits (Parus
major major; Figure I) have been extensively studied both in the wild and in the laboratory over the past several decades to
investigate the underlying genetics of personality traits [110–112]. Individual differences in exploratory behaviour are thought
to be heritable in these populations and maintained via spatio-temporal heterogenous selection [113,114]. Recently, high-
density SNP microarrays with around 500 000 SNPs have become available in this species [111]. Using these techniques,
researchers have identified an estimated 3253 [95%confidence interval (CI) = 315–8499] SNPs as potentially explaining some
variation in exploratory behaviour [111]. Interesting, ~46differentmtDNA haplotypes have also been identifiedwithin European
great tit populations [115], but whether these haplotypes contribute to behavioural expression is not clear.

Leveraging already-existing sequence data from these populations to screen for mtDNA variation would provide a valuable
first step in understanding associations betweenmtDNA haplotypes and behavioural expression. Further, where populations
have good pedigree information and maternal lineages are well-known, the maternal inheritance of mtDNA means that not
all individuals within the population necessarily need to be sequenced. Here, the combination of pedigree information
and mtDNA haplotype data from known maternal lineages may facilitate quantitative genetic approaches that can
accurately partition the contribution ofmtDNA haplotypes to the expression of individual-to-individual behavioural differences.
Investigating interactions between maternal mtDNA haplotype and paternal (i.e., sire) identity in these quantitative genetic
models could provide key information on how mito-nuclear interactions and incompatibilities between mitochondrial
and nuclear genotypes may influence behavioural expression, and whether such effects are sex-specific. Laboratory
studies may also further help to uncover whether mtDNA haplotypes present in these populations affect mitochondrial
bioenergetics, whole-organism physiology, and/or ROS production. Such research will provide important information about
the relative importance of additive mtDNA variation and epistatic interactions between the mitochondrial and nuclear
genomes in contributing to the expression of individual-to-individual behavioural differences within-populations. Last,
studies in non-model species that allow the establishment of quantitative genetic breeding designs and the use of similar
approaches to those used in Drosophila flies and Callosobruchus beetles (e.g., the creation of novel genetic strains that
mix different mtDNA and nuclear genotypes) would be useful additions for understanding the ubiquity of mtDNA effects
and mito-nuclear interactions in mediating within-population behavioural variation.
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Figure I. European great tit (Parus major major). Photo credit: Shutterstock/Ondrej Prosicky.
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Outstanding questions
How do additive and epistatic
mitochondrial genotypic contributions
influence individual-to-individual behav-
ioural differences within populations,
and does this differ between males and
females?

Does mtDNA haplotype variation and
mito-nuclear interactions within popula-
tions maintain individual-to-individual be-
havioural differences via state-behaviour
feedback loops?

Under what environmental conditions do
mtDNA haplotypes and mito-nuclear
interactions influence the expression of
intraspecific behavioural diversity?

Do mtDNA haplotypes and mito-nuclear
interactions influence an individual’s
capacity to respond to environmental
change (i.e., within-individual behavioural
plasticity)?

How does mitochondrial introgression
in natural systems influence the
expression of behavioural traits, and
are the effects different in males
and females?

Mitochondria also play important roles in
growth and development, apoptosis,
and intra/inter-cellular signalling (among
other functions). What range of mito-
chondrial functions does mtDNA varia-
tion influence, and how does this affect
behavioural expression?
conditions in which mtDNA variation and epistatic interactions between mitochondrial and
nuclear genomes influence the expression of behavioural diversity will be a key area for future
research.

Finally, different mtDNA haplotypes can exist within the same individual (termed heteroplasmy)
and these haplotypes can be maintained within individuals through tissue-specific selection
[98]. A growing body of evidence has shown that heteroplasmy can have substantial conse-
quences for organismal health and performance [10]. How heteroplasmy influences behaviour
and whether variation in heteroplasmy across individuals affects the expression of individual-to-
individual behavioural differences is not clear and will require further work.

Concluding remarks
The mitochondrial genome plays a central role in energy production and metabolism, which in
turn influences organismal life history and behaviour. Despite this, the mitochondrial genome
has largely been neglected in behavioural ecology research, with only a relatively small number
of studies investigating howmtDNA haplotype variation influences intraspecific behavioural diver-
sity. While the contribution of the nuclear genome to animal behaviour is now well established, a
greater focus on the role of mtDNA haplotype variation and mito-nuclear interactions in the
expression of behavioural variation may be key to fully understanding the evolutionary genetics
of animal behaviour (see Outstanding questions).

Acknowledgements
This project was supported by funding from the Australian Research Council (FT190100014 and DP220100245 to B.B.M.W,

and DP200100892 and DP210102931 to D.K.D.), the Holsworth Wildlife Research Endowment (to J.A.B), and the Monash

Postgraduate Publication Award (to J.A.B). F.G.G was supported by the Spanish Ministry of Science (grant PID2019-

105547GB-I00, funded by MCIN/AEI/ 10.13039/501100011033).
Trends in Ecology & Evolution, February 2024, Vol. 39, No. 2 209

Image of &INS id=
CellPress logo


Trends in Ecology & Evolution
Declaration of interests
We have no competing interests to declare.

References

1. Correa, C.C. et al. (2012) Mitochondrial DNA variants influence

mitochondrial bioenergetics in Drosophila melanogaster.
Mitochondrion 12, 459–464

2. Ballard, J.W.O. et al. (2007) Mitochondrial DNA variation is as-
sociated with measurable differences in life-history traits and
mitochondrial metabolism in Drosophila simulans. Evolution
61, 1735–1747

3. Sunnucks, P. et al. (2017) Integrative approaches for studying
mitochondrial and nuclear genome co-evolution in oxidative
phosphorylation. Front. Genet. 8, 25

4. Bar-Yaacov, D. et al. (2012) Mitochondrial-nuclear co-evolution
and its effects on OXPHOS activity and regulation. Biochim.
Biophys. Acta Gene Regul. Mech. 1819, 1107–1111

5. Ma, H. et al. (2014) Transmission of mitochondrial mutations
and action of purifying selection in Drosophila melanogaster.
Nat. Genet. 46, 393–397

6. Stewart, J.B. et al. (2008) Strong purifying selection in
transmission of mammalian mitochondrial DNA. PLoS Biol.
6, e10

7. Rand, D.M. (2001) The units of selection on mitochondrial DNA.
Annu. Rev. Ecol. Syst. 32, 415–448

8. Cooper, B.S. et al. (2015) Similar efficacies of selection
shape mitochondrial and nuclear genes in both Drosophila
melanogaster andHomosapiens.G3GenesGenomesGenetics
5, 2165–2176

9. Stewart, J.B. et al. (2008) Purifying selection of mtDNA and its
implications for understanding evolution and mitochondrial
disease. Nat. Rev. Genet. 9, 657–662

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

11. Réale, D. et al. (2010) Personality and the emergence of the
pace-of-life syndrome concept at the population level. Philos.
Trans. R. Soc. B 365, 4051–4063

12. Mathot, K.J. et al. (2019) The covariance between metabolic
rate and behaviour varies across behaviours and thermal
types: meta-analytic insights. Biol. Rev. 94, 1056–1074

13. Laskowski, K.L. et al. (2021) Integrating behavior in life-history
theory: allocation versus acquisition? Trends Ecol. Evol. 36,
132–138

14. Biro, P.A. and Stamps, J.A. (2010) Do consistent individual
differences in metabolic rate promote consistent individual
differences in behavior? Trends Ecol. Evol. 25, 653–659

15. Salminen, T.S. et al. (2017) Mitochondrial genotype modulates
mtDNA copy number and organismal phenotype in Drosophila.
Mitochondrion 34, 75–83

16. Camus, M.F. et al. (2015) Single nucleotides in the mtDNA se-
quence modify mitochondrial molecular function and are
associated with sex-specific effects on fertility and aging. Curr.
Biol. 25, 2717–2722

17. Pozzi, A. and Dowling, D.K. (2022) New insights into mitochondrial–
nuclear interactions revealed through analysis of small RNAs.
Genome Biol. Evol. 14, evac023

18. Pozzi, A. and Dowling, D.K. (2021) Small mitochondrial RNAs
as mediators of nuclear gene regulation, and potential implica-
tions for human health. BioEssays 43, 2000265

19. Breton, S. (2021) Mitochondrial Russian doll genes may explain
some discrepancies in links between mtDNA mutations and
mitochondrial diseases. BioEssays 43, 2100104

20. Lee, C. et al. (2015) The mitochondrial-derived peptide MOTS-c
promotes metabolic homeostasis and reduces obesity and
insulin resistance. Cell Metab. 21, 443–454

21. Lee, C. et al. (2013) Humanin: a harbinger of mitochondrial-
derived peptides? Trends Endocrinol. Metab. 24, 222–228

22. Lane, N. and Martin, W. (2010) The energetics of genome
complexity. Nature 467, 929–934

23. Hill, G.E. et al. (2019) Assessing the fitness consequences of
mitonuclear interactions in natural populations. Biol. Rev. 94,
1089–1104

24. Dobler, R. et al. (2014) A meta-analysis of the strength and
nature of cytoplasmic genetic effects. J. Evol. Biol. 27, 2021–2034

25. Dobler, R. et al. (2018) A systematic review and meta-analysis
reveals pervasive effects of germline mitochondrial replacement
on components of health. Hum. Reprod. Update 24, 519–534

26. Wolff, J.N. et al. (2016) Evolutionary implications of mitochondrial
genetic variation: mitochondrial genetic effects onOXPHOS respi-
ration and mitochondrial quantity change with age and sex in fruit
flies. J. Evol. Biol. 29, 736–747

27. Latorre-Pellicer, A. et al. (2016) Mitochondrial and nuclear DNA
matching shapes metabolism and healthy ageing. Nature 535,
561–565

28. Baris, T.Z. et al. (2017) Evolved genetic and phenotypic differences
due to mitochondrial-nuclear interactions. PLoS Genet. 13,
e1006517

29. Larsen, S. et al. (2014) Increased intrinsic mitochondrial function
in humans with mitochondrial haplogroup H. Biochim. Biophys.
Acta Bioenerg. 1837, 226–231

30. Moreno-Loshuertos, R. et al. (2013) Length variation in themouse
mitochondrial tRNAArg DHU loop size promotes oxidative phos-
phorylation functional differences. FEBS J. 280, 4983–4998

31. Towarnicki, S.G. and Ballard, J.W.O. (2018) Mitotype interacts
with diet to influence longevity, fitness, and mitochondrial func-
tions in adult female Drosophila. Front. Genet. 9

32. Katewa, S.D. and Ballard, J.W.O. (2007) Sympatric Drosophila
simulans flies with distinct mtDNA show difference in mitochon-
drial respiration and electron transport. Insect Biochem. Mol.
Biol. 37, 213–222

33. Pichaud, N. et al. (2012) Naturally occurring mitochondrial DNA
haplotypes exhibit metabolic differences: insight into functional
properties of mitochondria. Evolution 66, 3189–3197

34. Đorđević, M. et al. (2017) Sex-specific mitonuclear epistasis
and the evolution of mitochondrial bioenergetics, ageing, and
life history in seed beetles. Evolution 71, 274–288

35. Nagarajan-Radha, V. et al. (2020) Sex-specific effects of mito-
chondrial haplotype onmetabolic rate inDrosophilamelanogaster
support predictions of the Mother’s Curse hypothesis. Philos.
Trans. R. Soc. B 375, 20190178

36. Arnqvist, G. et al. (2010) Genetic architecture of metabolic rate:
environment specific epistasis between mitochondrial and
nuclear genes in an insect. Evolution 64, 3354–3363

37. Moreno-Loshuertos, R. et al. (2006) Differences in reactive
oxygen species production explain the phenotypes associated
with common mouse mitochondrial DNA variants. Nat. Genet.
38, 1261–1268

38. Monaghan, P. et al. (2009) Oxidative stress as a mediator of life his-
tory trade-offs: mechanisms, measurements and interpretation.
Ecol. Lett. 12, 75–92

39. Dowling, D.K. and Simmons, L.W. (2009) Reactive oxygen
species as universal constraints in life-history evolution. Proc.
R. Soc. B 276, 1737–1745

40. Dowling, D.K. et al. (2008) Evolutionary implications of non-
neutral mitochondrial genetic variation. Trends Ecol. Evol. 23,
546–554

41. Kurbalija Novičić, Z. et al. (2015) Within-population genetic effects
of mtDNA on metabolic rate in Drosophila subobscura. J. Evol.
Biol. 28, 338–346

42. Immonen, E. et al. (2020) An experimental test of temperature-
dependent selection onmitochondrial haplotypes inCallosobruchus
maculatus seed beetles. Ecol. Evol. 10, 11387–11398

43. Dobelmann, J. et al. (2019) The association between mitochon-
drial genetic variation and reduced colony fitness in an invasive
wasp. Mol. Ecol. 28, 3324–3338

44. St. John, J.C. and Tsai, T.-S. (2018) The association of mito-
chondrial DNA haplotypes and phenotypic traits in pigs. BMC
Genet. 19, 41

45. Tsai, T.-S. et al. (2016) The relationship between mitochondrial
DNA haplotype and the reproductive capacity of domestic pigs
(Sus scrofa domesticus). BMC Genet. 17, 67
210 Trends in Ecology & Evolution, February 2024, Vol. 39, No. 2

http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0005
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0005
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0005
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0010
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0010
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0010
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0010
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0015
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0015
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0015
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0020
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0020
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0020
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0025
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0025
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0025
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0030
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0030
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0030
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0035
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0035
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0040
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0040
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0040
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0040
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0045
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0045
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0045
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0050
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0050
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0050
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0055
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0055
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0055
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0060
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0060
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0060
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0065
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0065
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0065
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0070
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0070
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0070
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0075
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0075
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0075
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0080
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0080
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0080
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0080
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0085
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0085
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0085
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0090
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0090
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0090
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0095
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0095
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0095
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0100
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0100
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0100
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0105
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0105
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0110
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0110
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0115
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0115
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0115
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0120
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0120
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0125
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0125
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0125
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0130
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0130
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0130
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0130
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0135
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0135
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0135
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0140
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0140
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0140
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0145
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0145
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0145
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0150
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0150
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0150
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0150
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0155
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0155
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0155
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0160
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0160
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0160
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0160
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0165
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0165
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0165
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0170
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0170
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0170
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0175
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0175
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0175
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0175
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0180
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0180
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0180
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0185
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0185
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0185
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0185
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0190
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0190
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0190
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0195
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0195
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0195
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0200
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0200
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0200
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0205
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0205
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0205
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0210
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0210
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0210
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0215
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0215
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0215
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0220
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0220
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0220
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0225
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0225
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0225
CellPress logo


Trends in Ecology & Evolution
46. Smith, S. et al. (2010) Introducing mother’s curse: low male
fertility associated with an imported mtDNA haplotype in a cap-
tive colony of brown hares. Mol. Ecol. 19, 36–43

47. Wolff, J.N. et al. (2014) Mitonuclear interactions: evolutionary
consequences over multiple biological scales. Philos. Trans.
R. Soc. B 369, 20130443

48. Ellison, C.K. and Burton, R.S. (2006) Disruption of mitochon-
drial function in interpopulation hybrids of Tigriopus californicus.
Evolution 60, 1382–1391

49. Meiklejohn, C.D. et al. (2013) An incompatibility between a mito-
chondrial tRNA and its nuclear-encoded tRNA synthetase com-
promises development and fitness in Drosophila. PLoS Genet.
9, e1003238

50. Clark, A.G. (1984) Natural selection with nuclear and cytoplas-
mic transmission. I. A deterministic model. Genetics 107,
679–701

51. Babcock, C.S. and Asmussen, M.A. (1998) Effects of differential
selection in the sexes on cytonuclear dynamics: life stages with
sex differences. Genetics 149, 2063–2077

52. Babcock, C.S. and Asmussen, M.A. (1996) Effects of differential
selection in the sexes on cytonuclear polymorphism and
disequilibria. Genetics 144, 839–853

53. Rand, D.M. et al. (2001) Sexually antagonistic cytonuclear fit-
ness interactions in Drosophila melanogaster. Genetics 159,
173–187

54. Kurbalija Novičić, Z. et al. (2020) Negative frequency dependent
selection contributes to the maintenance of a global polymor-
phism in mitochondrial DNA. BMC Evol. Biol. 20, 20

55. Arnqvist, G. et al. (2016) Negative frequency dependent selec-
tion on sympatric mtDNA haplotypes in Drosophila subobscura.
Hereditas 153, 15

56. Kazancıoğlu, E. and Arnqvist, G. (2014) The maintenance of mi-
tochondrial genetic variation by negative frequency-dependent
selection. Ecol. Lett. 17, 22–27

57. Camus, M.F. et al. (2017) Experimental support that natural
selection has shaped the latitudinal distribution of mitochondrial
haplotypes in Australian Drosophila melanogaster. Mol. Biol.
Evol. 34, 2600–2612

58. Lajbner, Z. et al. (2018) Experimental evidence that thermal selec-
tion shapes mitochondrial genome evolution. Sci. Rep. 8, 9500

59. Dowling, D.K. et al. (2007) Temperature-specific outcomes of
cytoplasmic-nuclear interactions on egg-to-adult development
time in seed beetles. Evolution 61, 194–201

60. Bell, A.M. et al. (2009) The repeatability of behaviour: a meta-
analysis. Anim. Behav. 77, 771–783

61. Laskowski, K.L. et al. (2022) Consistent individual behavioral
variation: what do we know and where are we going? Annu.
Rev. Ecol. Evol. Syst. 53, 161–182

62. Dochtermann, N.A. et al. (2015) The contribution of additive
genetic variation to personality variation: heritability of personality.
Proc. R. Soc. B 282, 20142201

63. Moirón, M. et al. (2019) Individual differences in behaviour
explain variation in survival: a meta-analysis. Ecol. Lett. 23,
399–408

64. Schuett, W. et al. (2010) Sexual selection and animal personality.
Biol. Rev. 85, 217–246

65. Munson, A.A. et al. (2020) You’re just my type: mate choice and
behavioral types. Trends Ecol. Evol. 35, 823–833

66. Wolf, M. and Weissing, F.J. (2012) Animal personalities:
consequences for ecology and evolution. Trends Ecol. Evol.
27, 452–461

67. Dammhahn, M. et al. (2018) Pace-of-life syndromes: a frame-
work for the adaptive integration of behaviour, physiology and
life history. Behav. Ecol. Sociobiol. 72, 62

68. Niemelä, P.T. and Dingemanse, N.J. (2018) Meta-analysis
reveals weak associations between intrinsic state and personality.
Proc. R. Soc. B 285, 20172823

69. Polverino, G. et al. (2018) Ecological conditions drive pace-of-
life syndromes by shaping relationships between life history,
physiology and behaviour in two populations of Eastern
mosquitofish. Sci. Rep. 8, 14673

70. Careau, V. et al. (2010) The pace of life under artificial selection:
personality, energy expenditure, and longevity are correlated in
domestic dogs. Am. Nat. 175, 753–758

71. Cornwell, T.O. et al. (2020) Integration of physiology, behaviour
and life history traits: personality and pace of life in a marine
gastropod. Anim. Behav. 163, 155–162

72. Royauté, R. et al. (2018) Paceless life? A meta-analysis of the
pace-of-life syndrome hypothesis. Behav. Ecol. Sociobiol.
72, 64

73. Camus, M.F. and Dowling, D.K. (2018) Mitochondrial genetic ef-
fects on reproductive success: signatures of positive intrasexual,
but negative intersexual pleiotropy. Proc. R. Soc. B 285,
20180187

74. Koch, R.E. and Hill, G.E. (2018) Behavioural mating displays
depend on mitochondrial function: a potential mechanism
for linking behaviour to individual condition. Biol. Rev. 93,
1387–1398

75. Dean, R. et al. (2015) Context-dependent effects of Y chro-
mosome and mitochondrial haplotype on male locomotive
activity in Drosophila melanogaster. J. Evol. Biol. 28,
1861–1871

76. Anderson, L. et al. (2022) Variation in mitochondrial DNA affects
locomotor activity and sleep inDrosophila melanogaster.Heredity
129, 225–232

77. Løvlie, H. et al. (2014) The influence of mitonuclear genetic
variation on personality in seed beetles. Proc. R. Soc. B 281,
20141039

78. Šíchová, K. et al. (2014) On personality, energy metabolism
and mtDNA introgression in bank voles. Anim. Behav. 92,
229–237

79. Wone, B.W.M. et al. (2019) Mitochondrial haplotypes are not
associated with mice selectively bred for high voluntary wheel
running. Mitochondrion 46, 134–139

80. Ueno, T. and Takahashi, Y. (2021) Mitochondrial polymorphism
shapes intrapopulation behavioural variation in wild Drosophila.
Biol. Lett. 17, 20210194

81. Sih, A. et al. (2015) Animal personality and state-behaviour
feedbacks: a review and guide for empiricists. Trends Ecol.
Evol. 30, 50–60

82. Dowling, D.K. and Adrian, R.E. (2019) Challenges and pros-
pects for testing the mother’s curse hypothesis. Integr. Comp.
Biol. 59, 875–889

83. Beekman, M. et al. (2014) The costs of being male: are there
sex-specific effects of uniparental mitochondrial inheritance?
Philos. Trans. R. Soc. B 369, 20130440

84. Frank, S.A. and Hurst, L.D. (1996) Mitochondria and male
disease. Nature 383, 224

85. Gemmell, N.J. et al. (2004) Mother’s curse: the effect of mtDNA
on individual fitness and population viability. Trends Ecol. Evol.
19, 238–244

86. Wade, M.J. and Brandvain, Y. (2009) Reversing mother’s
curse: selection on male mitochondrial fitness effects. Evolution
63, 1084–1089

87. Camus, M.F. et al. (2012) Mitochondria, maternal inheritance,
and male aging. Curr. Biol. 22, 1717–1721

88. Innocenti, P. et al. (2011) Experimental evidence supports a
sex-specific selective sieve in mitochondrial genome evolution.
Science 332, 845–848

89. Carnegie, L. et al. (2021) Mother’s curse is pervasive
across a large mitonuclear Drosophila panel. Evol. Lett.
5, 230–239

90. Unckless, R.L. and Herren, J.K. (2009) Population genetics of
sexually antagonistic mitochondrial mutants under inbreeding.
J. Theor. Biol. 260, 132–136

91. Jelić, M. et al. (2015) Sex-specific effects of sympatric
mitonuclear variation on fitness in Drosophila subobscura.
BMC Evol. Biol. 15, 135

92. Sloan, D.B. et al. (2017) The on-again, off-again relationship
between mitochondrial genomes and species boundaries.
Mol. Ecol. 26, 2212–2236

93. Lee-Yaw, J.A. et al. (2014) Individual performance in relation to
cytonuclear discordance in a northern contact zone between
long-toed salamander (Ambystoma macrodactylum) lineages.
Mol. Ecol. 23, 4590–4602

94. Rank, N.E. et al. (2020) Mitonuclear mismatch alters performance
and reproductive success in naturally introgressed populations of
a montane leaf beetle. Evolution 74, 1724–1740
Trends in Ecology & Evolution, February 2024, Vol. 39, No. 2 211

http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0230
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0230
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0230
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0235
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0235
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0235
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0240
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0240
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0240
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0245
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0245
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0245
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0245
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0250
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0250
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0250
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0255
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0255
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0255
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0260
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0260
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0260
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0265
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0265
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0265
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0270
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0270
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0270
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0275
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0275
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0275
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0280
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0280
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0280
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0285
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0285
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0285
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0285
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0290
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0290
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0295
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0295
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0295
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0300
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0300
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0305
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0305
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0305
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0310
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0310
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0310
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0315
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0315
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0315
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0320
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0320
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0325
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0325
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0330
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0330
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0330
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0335
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0335
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0335
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0340
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0340
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0340
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0345
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0345
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0345
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0345
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0350
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0350
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0350
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0355
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0355
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0355
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0360
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0360
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0360
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0365
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0365
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0365
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0365
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0370
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0370
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0370
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0370
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0375
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0375
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0375
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0375
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0380
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0380
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0380
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0385
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0385
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0385
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0390
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0390
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0390
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0395
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0395
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0395
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0400
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0400
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0400
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0405
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0405
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0405
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0410
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0410
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0410
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0415
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0415
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0415
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0420
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0420
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0425
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0425
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0425
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0430
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0430
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0430
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0435
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0435
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0440
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0440
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0440
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0445
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0445
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0445
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0450
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0450
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0450
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0455
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0455
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0455
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0460
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0460
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0460
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0465
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0465
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0465
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0465
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0470
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0470
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0470
CellPress logo


Trends in Ecology & Evolution
95. Hoekstra, L.A. et al. (2018) Energy demand and the context-
dependent effects of genetic interactions underlying metabolism.
Evol. Lett. 2, 102–113

96. Rand, D.M. et al. (2022) Mitochondria as environments for the
nuclear genome in Drosophila: mitonuclear G×G×E. J. Hered.
113, 37–47

97. Hoekstra, L.A. et al. (2013) Pleiotropic effects of a mitochondrial–
nuclear incompatibility depend upon the accelerating effect of
temperature in Drosophila. Genetics 195, 1129–1139

98. Camus, M.F. and Dhawanjewar, A.S. (2023) Multilevel selection
on mitochondrial genomes.Curr. Opin. Genet. Dev. 80, 102050

99. Gilkerson, R.W. et al. (2000) Mitochondrial DNA depletion
causes morphological changes in the mitochondrial reticulum
of cultured human cells. FEBS 474, 1–4

100. Heine, K.B. and Hood, W.R. (2020) Mitochondrial behaviour,
morphology, and animal performance. Biol. Rev. 95, 730–737

101. Picard, M. et al. (2013) Acute exercise remodels mitochondrial
membrane interactions in mouse skeletal muscle. J. Appl.
Physiol. 115, 1562–1571

102. Mannella, C.A. et al. (2013) The connection between inner
membrane topology and mitochondrial function. J. Mol. Cell.
Cardiol. 62, 51–57

103. Strohm, E. and Daniels, W. (2003) Ultrastructure meets repro-
ductive success: performance of a sphecid wasp is correlated
with the fine structure of the flight–muscle mitochondria. Proc.
R. Soc. B 270, 749–754

104. Dowling, D.K. et al. (2007) Intergenomic epistasis for fitness:
within-population interactions between cytoplasmic and nuclear
genes in Drosophila melanogaster. Genetics 175, 235–244

105. Li, H. et al. (2023) Global patterns of genomic and phenotypic
variation in the invasive harlequin ladybird. BMC Biol. 21, 141

106. Chapple, D.G. et al. (2013) Divergent introduction histories among
invasive populations of the delicate skink (Lampropholis delicata):
has the importance of genetic admixture in the success of biological
invasions been overemphasized? Divers. Distrib. 19, 134–146

107. Moule, H. et al. (2015) A matter of time: temporal variation in the
introduction history and population genetic structuring of an
invasive lizard. Curr. Zool. 61, 456–464

108. Young, A. et al. (2022) How do the physiological traits of a lizard
change during its invasion of an oceanic island? Oecologia 198,
567–578

109. Chapple, D.G. et al. (2022) Biological invasions as a selective
filter driving behavioral divergence. Nat. Commun. 13, 5996

110. Mueller, J.C. et al. (2013) Haplotype structure, adaptive history
and associations with exploratory behaviour of the DRD4
gene region in four great tit (Parus major) populations. Mol.
Ecol. 22, 2797–2809

111. Kim, J.-M. et al. (2018) A high-density SNP chip for genotyping
great tit (Parus major) populations and its application to study-
ing the genetic architecture of exploration behaviour. Mol.
Ecol. Resour. 18, 877–891

112. Fidler, A.E. et al. (2007) Drd4 gene polymorphisms are associ-
ated with personality variation in a passerine bird. Proc. R.
Soc. B 274, 1685–1691

113. Drent, P.J. et al. (2003) Realized heritability of personalities in
the great tit (Parus major). Proc. R. Soc. B 270, 45–51

114. Mouchet, A. et al. (2021) Heterogeneous selection on explora-
tion behavior within and among West European populations
of a passerine bird. Proc. Natl. Acad. Sci. U. S. A. 118,
e2024994118

115. Kvist, L. et al. (2003) Evolution and genetic structure of the great
tit (Parus major) complex. Proc. R. Soc. B 270, 1447–1454
212 Trends in Ecology & Evolution, February 2024, Vol. 39, No. 2

http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0475
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0475
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0475
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0480
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0480
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0480
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0485
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0485
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0485
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0490
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0490
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0495
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0495
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0495
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0500
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0500
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0505
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0505
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0505
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0510
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0510
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0510
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0515
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0515
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0515
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0515
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0520
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0520
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0520
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0525
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0525
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0530
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0530
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0530
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0530
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0535
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0535
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0535
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0540
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0540
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0540
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0545
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0545
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0550
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0550
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0550
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0550
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0555
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0555
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0555
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0555
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0560
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0560
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0560
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0565
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0565
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0570
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0570
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0570
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0570
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0575
http://refhub.elsevier.com/S0169-5347(23)00240-9/rf0575
CellPress logo

	Mitochondrial genetic variation as a potential mediator of intraspecific behavioural diversity
	Why mitochondrial genetic variation matters for understanding behavioural diversity
	Mitochondrial genomes underpin energy production, metabolism, and life history
	Mitochondrial genetics and energy production: how does mtDNA influence mitochondrial function?
	Mitochondrial genetic variation within species can mediate energy metabolism and life-history traits
	Interactions between nuclear and mitochondrial genes in energy metabolism

	How is functional mtDNA variation maintained within populations?
	Mitochondrial genetic variation and the expression of behavioural diversity
	Linking variation in behaviour, physiology, and life history
	Behaviour and mtDNA: understanding how mtDNA haplotypes generate intraspecific behavioural diversity

	Mother’s curse: maternal inheritance of mitochondria and sex differences in the expression of behaviour
	Maternal inheritance of mtDNA and the sex-specific expression of behaviour
	Implications of mother’s curse for mitochondrial introgression

	Future directions
	Concluding remarks
	Acknowledgements
	Declaration of interests
	References




