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Abstract

Eukaryotes were born of a chimeric union between two prokaryotes—the progenitors of the mitochondrial and nuclear
genomes. Early in eukaryote evolution, most mitochondrial genes were lost or transferred to the nucleus, but a core set of
genes that code exclusively for products associated with the electron transport system remained in the mitochondrion.
The products of these mitochondrial genes work in intimate association with the products of nuclear genes to enable
oxidative phosphorylation and core energy production. The need for coadaptation, the challenge of cotransmission, and
the possibility of genomic conflict between mitochondrial and nuclear genes have profound consequences for the ecology
and evolution of eukaryotic life. An emerging interdisciplinary field that I call “mitonuclear ecology” is reassessing core
concepts in evolutionary ecology including sexual reproduction, two sexes, sexual selection, adaptation, and speciation in

light of the interactions of mitochondrial and nuclear genomes.
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Introduction

About 2 billion years ago, a eubacterium joined with or was
engulfed by an archaebacterium and so began the evolution
of eukaryotes and complex life (Martin and Muller 1998;
Williams et al. 2013). The years since this union have been
one long negotiation between the symbiotic partners over
how to partition cellular duties, which partner is responsible
for maintaining which genes, and, above all, how to coordi-
nate genomic products to enable system function (Lane
2011a). The archaebacterial genome gave rise to the nucleus
and took command of information functions of the cell in-
cluding regulatory pathways and the bulk of transcription and
translation. The eubacterium became the mitochondrion and
specialized in metabolic functions (Cotton and Mclnerney
2010). The relationship is built on a foundation of coopera-
tion, but conflict is never far away.

To avoid redundancies, facilitate efficiencies, and perhaps
escape the higher mutation rates and linkages in the mito-
chondrial (mt) genome, most genes originally located in the
mitochondrion were either lost or transferred to the nuclear
genome (Bar-Yaacov et al. 2012). This transfer and purging of
genes was extensive—involving more than 1,000 genes and
approximately 99% of the original eubacterial genome—but it
was not quite complete. For reasons that have remained
obscure until relatively recently, mitochondria retained a
small set of unique genes (Allen 2003a). Every eukaryote
that derives energy from oxidative phosphorylation
(OXPHOS) has mt genes that code for OXPHOS function.
This mt genome includes genes that code for proteins in
the electron transport system as well as for components of
the translational machinery needed to create OXPHOS pro-
teins (Wallace 2007). Retention of some OXPHOS genes in
the mt genome is essential because of the critical need for
immediate transcriptional responsiveness to the local redox

state of mitochondria (Allen 2003b; Lane and Martin 2010;
Lane 2011a).

This seemingly trivial constraint necessitating the retention
of a few dozen mt genes has enormous implications for the
evolution of complex life (Lane 2005). The need for the mi-
tochondrion to have its own genome has played a key role in
the evolution of some of the most fundamental features of
eukaryotes including sex, death, mate choice, pace of life,
speciation through reproductive isolation, inherited disease,
and adaptation to novel environments (fig. 1). There is a
growing realization among evolutionary ecologists that the
biological world simply cannot be understood without taking
account of coevolution, coadaptation, and conflict between
mt and nuclear genomes. The result is a new integrative dis-
cipline that | call mitonuclear ecology, the study of how the
interactions between the mt and nuclear genomes shape the
evolution and ecology of eukaryotes.

Two Genomes; One Soma

Eukaryotes have two genomes but only one soma.
(Eukaryotes with chloroplasts have three genomes with the
addition of chloroplast genes.) The vast majority of the struc-
tures and components of the mitochondrion is encoded by
nuclear genes (N-mt genes) (Calvo and Mootha 2010). This
means that every product of the mt genome functions in
intimate association with products of the nuclear genome
(Woodson and Chory 2008; Lane 2011b). Mitonuclear com-
patibility is a measure of the extent to which interacting mt
and nuclear components reach their functional potential
(Burton et al. 2013; Meiklejohn et al. 2013). Because
mt gene products are closely tied to OXPHQOS, the conse-
quences of mitonuclear compatibility manifest as effects on
cellular respiration, the core biochemical processes of eukary-
otic life.
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Fic. 1. Mitonuclear ecology is the study of how the interactions of mt
and nuclear genomes shaped the nature of complex life. Mitonuclear
interactions are proposed to have been the driving force behind the
evolution of such quintessential eukaryotic characteristics as sexual
reproduction involving two mating types, sexual selection and
ornamentation, reproductively isolated species, and physiological
adaptation. Arrows show potential consequences of evolutionary
milestones.
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Mitonuclear compatibilities play out primarily in four dis-
tinct arenas through the interactions of 1) mt RNA polymer-
ase/mt transcription factors (nuclear) and mt DNA (mt) in
the transcription of mt genes, 2) aminoacyl tRNA synthetase
(nuclear) and tRNAs (mt) in the loading of tRNAs with
correct amino acids as a key step in the translation of mt
genes, 3) ribosomal proteins (nuclear) and rRNA (mt) in the
translation of mt genes into polypeptides, and 4) the nuclear
and mt protein subunits of the complexes that make up the
electron transport system and carry out OXPHOS (fig. 2; Rand
et al. 2004; Burton and Barreto 2012). Recently discovered
short open-reading frames within the mt genome code for
signaling peptides that regulate such critical cellular functions
as insulin sensitivity and apotosis (Lee et al. 2013, 2015).
These mt-encoded peptides interact with nuclear encoded-
receptors, presenting the potential for yet more mitonuclear
interactions, although these receptor/peptide interactions
have yet to be studied from the perspective of mitonuclear
compatibility (Horan et al. 2013). It is through these varied
mitonuclear interactions that OXPHOS function and hence
mt activity is controlled, mitonuclear coevolution and coad-
aptation are necessitated, and organisms adapt to changing
environments.

The concept of coadapted gene complexes began within
the context of the interactions of nuclear genes (Dobzhansky
1946; Orr 20052) as biologist realized that the interdependen-
cies of genes made it essential that sets of genes be inherited
together. A growing body of research, however, suggests that
the most significant coadapted gene complexes for eukary-
otes are N-mt and mt genes (Lane 2011b; Burton et al. 2013;
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Foley et al. 2013). The interactions between N-mt and mt
gene products are intimate, and their functional match must
be exact (Lane 2011b; Pierron et al. 2012). The consequences
of poor compatibility between mt and N-mt genes are re-
duced coupling of the electron transport system (Brand and
Nicholls 2011) that results in lower ATP output and increased
free radical production (Lane 2011b; Barreto and Burton
2013a) both of which result in significant loss of fitness
(Ellison and Burton 2006). Different life histories may select
for tighter or looser coupling of the electron transport system
(Lane 2011c, 2014), but the need for mitonuclear coordina-
tion is universal. Poor compatibility of mt and N-mt genes can
also adversely affect transcription of mt genes and translation
of mt genes into proteins, which in turn affects cellular res-
piration (Ellison and Burton 2008; Burton and Barreto 2012).
Because populations can evolve idiosyncratic changes to in-
teracting mt and nuclear elements, coadaptation of mt and
N-mt genes can form significant barriers to gene flow be-
tween populations (Gershoni et al. 2009; Chou and Leu
2010; Burton and Barreto 2012).

Sex Linkage, Coevolution, and Genomic
Conflict

To maintain coadapted mitonuclear complexes, the genes
comprising such complexes should be cotransmitted across
generations, at least so far as is possible when two genomes
are in play (Rand et al. 2004; Rogell et al. 2014). mt genes are,
with few exceptions, nonrecombining and maternally trans-
mitted, so cotransmission of mt and N-mt genes occurs
through maternal lineages. Emerging evidence suggests that
the chromosomal position of the N-mt genes has important
consequences for cotransmission of coadapted mt and N-mt
genes (Rand et al. 2004; Drown et al. 2012), for the capacity
for coevolution of mt and N-mt genes (Rand et al. 2004;
Hill 2014a), for genomic conflict between mt and N-mt
genes (Drown et al. 2012; Crespi and Nosil 2013), for the
efficacy of mate choice (Hill and Johnson 2013), and for
the effects of hybridization on the viability of offspring
(Burton et al. 2006; Foley et al. 2013; Hill and Johnson 2013;
fig. 3).

By convention, chromosomal sex determination systems
in which the female is the homogametic sex are designated
XY, whereas sex determination systems in which the male is
the homogametic sex are designated as ZW. Sex linkage of
N-mt genes can affect the probability of cotransmission of mt
and N-mt genes because unequal distribution of sex chromo-
somes between males and females leads to enhanced or
diminished association between sex-linked genes and mater-
nally transmitted mt genes (fig. 3). Cotransmission of N-mt
and mt genes is facilitated if N-mt genes are positioned on the
X chromosome because mt genes are maternally transmitted
and the X chromosome is 67% maternally transmitted; con-
sequently, mt genes and X-linked N-mt genes tend to pass
together between mothers and daughters (Drown et al. 2012;
fig. 3). In contrast, positioning N-mt genes on any particular
autosome neither facilitates nor hinders cotransmission with
mt genes because autosomes and mt genes are transmitted
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Fic. 2. A summary of key points of physical interaction of products of the mt genome (red) and the nuclear genome (blue), all of which occur on or
within the inner mt membrane. Interactions of animal mt and N-mt genomes concern protein subunits of the electron transport system in complexes |,
Il IV, and V (a) as well as interactions in the transcriptional (b) and translational (¢, d) mechanisms needed to produce electron transport system
proteins. There are two distinct mitonuclear interactions involved in translation.
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Fic. 3. The effects of sex linkage of N-mt genes on cotransmission, coevolution, genomic conflict, speciation, and ornamentation. Compatibility of
nuclear and mt genes is color-coded: Blue is compatible with blue and orange with orange. The effects on F1 crosses are shown. The red star indicates
offspring with total mt/N-mt incompatibility. Assuming that function is retained so long as one set of compatible genes is retained, then negative F1
effects occur only with Z linkage. For autosomal position and X linkage, incompatibility and function loss do not occur until the F2 hybrid generation.
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independently. Thus, strictly from the standpoint of promot-
ing the cotransmission of coadapted N-mt and mt genes,
N-mt genes should be positioned on the X chromosome
(Rogell et al. 2014). However, recent studies have found
that N-mt genes occur on X chromosomes less frequently
than expected by chance in mammals and Caenorhabditis
elegans but not different than expected by chance in other
XY taxa that were examined (Drown et al. 2012; Dean et al.
2014). In mammals, this underrepresentation of N-mt genes
on the X chromosome could simply be a consequence of
underrepresentation of N-mt genes on the autosomes that
evolved into the mammalian sex chromosomes (Dean et al.
2015). To date, N-mt genes have not been found to be over-
represented on the X in any taxa.

Given the advantages of the cotransmission of mt and
N-mt genes that result from positioning N-mt genes on
X chromosomes, why are few N-mt genes on the X chromo-
some? The answer seems to be that the advantage of cotrans-
mission of coadapted mt and N-mt genes is not the only
factor affecting chromosomal architecture. The cotransmis-
sion of N-mt and mt genes resulting from X-linkage of N-mt
genes necessarily involves linkage of mt and N-mt genes and
hence restriction of independent evolution (Rand et al. 2004;
Hill 2014a; fig. 3). Coevolution of genes is facilitated when
interacting genes have the freedom to evolve independently
(Barton and Charlesworth 1998). X-linkage and cotransmis-
sion of mt and N-mt genes therefore inhibit coevolution of
interacting mt and N-mt genes (Hill 2014a). Coevolution of
mt and N-mt genes seems essential because, in many eukary-
otes, mt genes are subject to mutation rates that are much
higher than those of nuclear genes (Lynch 1997) and the mt
genome is haploid and transmitted clonally. With high
mutation rate and no recombination, the mt genome is sub-
jected to perpetual mutational erosion (Wallace 2010a). It has
been proposed that N-mt genes must constantly coevolve
with mt genes to compensate for deleterious mt mutations
(Osada and Akashi 2012; Burton and Barreto 2012; Levin et al.
2014). Coevolution of mt and N-mt genes may also play an
important role in physiological adaptation to novel environ-
ments (Pierron et al. 2012). Thus, the benefits of cotransmis-
sion that results from X-linkage of N-mt genes may be
countered by the costs of restricted coevolution of mt and
N-mt genes (Drown et al. 2012; Hill 2014a).

Another negative consequence of cotransmission of mt
and N-mt genes when N-mt genes are positioned on the
X chromosome is genomic conflict (Drown et al. 2012
Rogell et al. 2014). Genomic conflict gives rise to the “mother’s
curse” because, when transmission of genetic elements is pri-
marily through female lines, selection can favor mutations
that are beneficial to females regardless of whether they are
detrimental to males (Frank 1996; Gemmell et al. 2004). The
result can be an accumulation of alleles that are detrimental
to males in mt and X-linked N-mt genes. Selection for avoid-
ance of mother’s curse might select for the positioning of
N-mt genes on chromosomes other than the X (Drown
et al. 2012). Alternatively, it has been proposed that cotrans-
mission of male and female mitochondria could stem the
evolution of the mother's curse (Kuijper et al. 2015).
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Paternal transmission of mitochondria varies from essentially
zero in some animals to abundant transmission in some
plants (Gyllensten et al. 1991; McCauley 2013). More paternal
mt contribution across generations subjects the mt genome
to selection against male-damaging alleles, and models show
that transmission of both male and female mitochondria
could restrict the evolution of alleles that are detrimental
to males in the mt genome (Kuijper et al. 2015). The role of
genomic conflict in mitonuclear coevolution is a topic of
growing interest among evolutionary biologists (Wolff et al.
2014).

Relative to putting N-mt genes on the X chromosome,
positioning these genes on the Z chromosome presents
entirely different selection pressures. Males carry two Z chro-
mosomes whereas female carry only one. Thus, the
Z chromosome is 67% paternally transmitted and genes on
the Z chromosome are cotransmitted with mitochondria
only 33% of the time—less than autosomes (Hill 2014a;
fig. 3). There are important consequences of these cotrans-
mission rates if N-mt genes are positioned on the Z. First,
there can be no mothers curse involving N-mt genes on
the Z because male transmission of the Z subjects male-
detrimental genes to negative selection. Second, coevolution
is facilitated because, with reduced cotransmission, mt and
N-mt genes have greater capacity to evolve independently
(Drown et al. 2012; Hill 2014a). Third, the benefits gained from
enhanced coevolution and no sexual conflict may be coun-
tered by a loss of fitness lost from reduced cotransmission and
diminished coadaptation. The limited data available on sex
linkage of N-mt genes indicate that N-mt genes are present
on the Z at the rate expected by chance (Drown et al. 2012;
Dean et al. 2014). It seems likely that a need to balance the
conflicting costs and benefits of sex linkage of N-mt genes has
guided the evolution of chromosomal positioning of those
genes, but at present there are too few data on the positions
of N-mt genes that interact with mt genes—and particularly
that subset of N-mt genes that engage in close functional
interactions with mt genes—to fully evaluate the evolution-
ary pressures that determine chromosomal positions of the
genes that determine respiratory function.

Whether N-mt genes are positioned on autosomes or sex
chromosomes can also affect gene flow in the face of mito-
nuclear incompatibilities between populations. Crossing
Tigriopus californicus copepods from geographically isolated
populations results in respiratory dysfunction and fitness loss
in hybrids because of incompatibilities in mt and N-mt genes
between different populations (Ellison and Burton 2006).
Importantly, these fitness effects are not revealed until the
F2 generation (Burton et al. 2006) because there is no sex
linkage of N-mt genes in copepods (Foley et al. 2013).
With N-mt genes located on autosomes, all individuals in
an F1 hybrid generation carry both maternal and paternal
N-mt genes (Burton et al. 2013; fig. 3), and the single
copy of a compatible N-mt gene can mask effects of pater-
nally contributed incompatible N-mt genes in the first
generation. Thus, in taxa in which N-mt genes are located
on autosomes or on X chromosomes, postzygotic
selection against hybrid pairings that yield mitonuclear
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incompatibilities is delayed for a generation. Such a genera-
tional delay in negative fitness effects will permit nuclear
genes to recombine and diffuse over population boundaries
(Toews and Brelsford 2012). In contrast, if N-mt genes are
positioned on Z chromosomes, the negative effects of hybrid
dysfunction are experienced in the F1 generation because
females receive their only N-mt genes from their father
(fig. 3). Chromosomal position of N-mt genes could thus
play a key role in speciation (Hill and Johnson 2013), especially
in organisms with ZW sex-determination systems.

The evolutionary forces that shape genomic distribution of
N-mt genes as well as the effects of chromosomal position of
N-mt genes is an area of active research, and the perspective
of mitonuclear genomic interactions is changing the interpre-
tation of genomic architecture.

Sex and Sexual Selection

Two profound consequences of the interactions of mt and
nuclear genomes are sexual reproduction and sexual selec-
tion. Understanding the evolution of these core characteris-
tics of eukaryotes has presented among the most enduring
challenges to evolutionary biologists. The great evolutionary
thinkers of the past 150 years from Darwin to Fisher to
Maynard Smith spent careers pondering these topics, and
yet sexual reproduction and sexual selection remain incom-
pletely understood. New theories for the evolution of sexual
reproduction and female mate choice propose that a key
missing piece to these evolutionary puzzles is a consideration
of the need to facilitate the cotransmission of coadapted mt
and N-mt genes.

The fundamental paradox of sex is that it invokes a 2-fold
cost through the 50% reduction in genetic representation of a
parent in its offspring (Maynard Smith 1978). Theoretically, a
sexually reproducing individual could double its reproductive
output by reproducing asexually, and yet multigenerational
asexual reproduction is rare in eukaryotes (Maynard Smith
1978). The key advantages of sex are that it allows for recom-
bination, which enhances selection on alleles at one locus
independent of alleles at other loci thereby promoting genetic
diversity (Otto and Michalakis 1998; Otto and Barton 20071;
McGaugh et al. 2012).

Sexual reproduction with recombination may have
evolved during the initial stages of eukaryotic evolution
when the “host” nuclear genome was bombarded by genetic
elements from the “endosymbiont” mt genome (Lane 2014).
The resulting insertions of numerous genetic elements into
the nuclear genome may have led to the evolution of both
eukaryotic introns and spliceosomes (Martin and Koonin
2006; Roy and Gilbert 2006) with recombination playing a
key role by allowing deleterious insertions to be selected
against independent of noncorrupted portions of the
genome. Because it is hard to test such hypotheses for the
origin of sexual reproduction, evolutionary biologists have
focused on the question of why sexual systems persist
when asexual alternatives seem to evolve readily, even in
the most complex eukaryotes. In recent decades, the consen-
sus explanation has been that sexual reproduction is neces-
sary to generate sufficient genetic diversity to keep pace with

environmental uncertainty, particularly related to pathogens
(Crespi and Schwander 2012). This is known as the Red
Queen Hypothesis (Lively et al. 1990).

A new idea for the benefits of sexual reproduction that is
being developed by Justin Havird, Matthew Hall, and Damian
Dowling focuses on mitonuclear coevolution and particularly
on the imperative for nuclear genes to compensate for dele-
terious mt mutations. Because the mt genome is subject to
much higher rates of mutation than the nuclear genome
(Lynch 1997) and is typically transmitted without the poten-
tial for recombination, a mutational load builds in mitochon-
dria, resulting in inefficiencies in respiration and decreased
fitness (Denver et al. 2000; James and Ballard 2003).
Complementary changes in N-mt genes can compensate
for deleterious changes in mt genes (Frank 1996; Barreto
and Burton 2013b), thus increasing fitness. A new theory
proposes that the key advantages of sexual reproduction lie
in the increased capacity of N-mt genes to keep pace with
evolutionary changes in mt genes through rapid recombina-
tion of nuclear genes to find compensatory combinations for
mitonuclear complexes (Havird et al. 2015). Evolution of nu-
clear genes is most responsive to coadaptation with mt ge-
nomes if there is minimal selective interference between loci
(Keightley and Otto 2006). In other words, sexual reproduc-
tion with recombination enables the evolution of individual
genes that promote mitonuclear coadaptation, avoiding
selective sweeps of entire chromosomes (Lane 2014). This is
the Red Queen Hypothesis with a mitonuclear twist—sex
with recombination gives rise to the genetic diversity in
N-mt genes that enables perpetual coevolution between mt
and N-mt genes. However, this mitonuclear coadaptation
model for the evolution of sexual reproduction is not mutu-
ally exclusive of the Red Queen model focused on the need
for genomic diversity to keep evolutionary pace with patho-
gens and other environmental changes. The Red Queen likely
runs for both reasons. Future research can determine whether
mitonuclear coadaptation or diversity of nuclear genes is the
bigger driver in the evolution of sex, but a focus on mito-
nuclear interactions is already stimulating new thinking with
regard why sexual reproduction is the dominant strategy of
eukaryotes.

It is not only the evolution of sex that has puzzled evolu-
tionary biologists but also the evolution of two mating types
(Hurst and Hamilton 1992; Greiner et al. 2014), and one of the
most exciting insights from consideration of mitonuclear
interactions is a new explanation for two sexes. Sexual repro-
duction requires two partners to contribute genetic material
but that does not mean that there need be only two mating
types. Because we live in a two-sex system and all of the
organisms with which we are most familiar also exist in
two-sex systems, any other mating system is nearly unimag-
inable. But there are clear drawbacks to having only two sexes.
With two sexes, half of the individuals in a population are
eliminated as mates (Lane 2005). Starting from a two-mating-
type system, if a mutant mating type arises that is compatible
with both original mating types, it will spread through the
population unless there is some benefit to only two mating
types (Fisher 1958). By the same logic, a fourth, fifth, and so on
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mating type would also evolve, and we should expect there to
be many mating types. So why is two mating types by far the
common pattern in eukaryotes?

The answer seems to be that two mating types is the best
system to ensure that there is uniparental inheritance of mt
genes (Hoekstra 2000). The potential for conflict is already
substantial when one nuclear genome must coexist with one
mt genome. When more than one mt type with functional
differences in protein-coding regions is present in an organ-
ism, the resulting genomic conflicts among mitochondria can
completely derail the function of the individual (Innocenti
et al. 2011; Lane 2012). Therefore, there are substantial ben-
efits to having only one mt type transmitted to a zygote each
generation and this is facilitated by having exactly two mating
types (Hurst and Hamilton 1992). But perhaps even more
vital than avoiding genomic conflict among mitochondria is
ensuring coadaptation between mt and nuclear genes. Lane
(2005, 2014) proposed that the best way to ensure mitonuc-
lear compatibility in offspring that result from two parental
nuclear genotypes (through sexual reproduction) is to test
the novel, recombined nuclear genotype against but a single
mt genotype. Selection among zygotes that each have a single
mt genome matched to a single nuclear genome facilitates
selection for the most fit mt genome and the best mitonuc-
lear coadaptation. In contrast, if multiple mt genomes
are transmitted each generation, then selection against
deleterious or less fit mt genes is ineffective, mt mutations
accumulate, and mitonuclear coadaptation declines. This hy-
pothesized imperative for transmission of only one mt type
was recently modeled and, as predicted, models showed that
two mating types best enabled the maintenance of mitonuc-
lear coadaptation and respiratory function across generations
for most taxa (Hadjivasiliou et al. 2012, 2013). Models also
predicted the situations in which biparental inheritance of
mitochondria would be favored (Hadjivasiliou et al. 2013).
Mitonuclear genetic interactions may thus create the impetus
for two sexes and for all of the complexities that come with
coordinating the union of two individuals.

The evolution of two mating types engaging in sexual
reproduction seems to have been an essential step in the
evolution of eukaryotes, enabling the maintenance of
coadapted mitonuclear gene complexes. But coadaptation
also relies critically on matching gametes from appropriate
gene pools that share compatible mt and N-mt genes
(Gershoni et al. 2009; Hill 2014a). The evolution of two mating
types inevitably gives rise to sexual selection—competition
for access to individuals of the opposite mating types
(Andersson 1994; Parker 2014). Because females tend to
invest more resources in offspring than males, females typi-
cally serve as the choosy sex, and female mate choice is the
driving force in sexual selection (Andersson and Simmons
2006). Evolutionary biologists have long recognized that
females benefit by choosing conspecific rather than hetero-
specific mates, and that such female choice gives rise to
selection for male traits such as sounds, colors, shapes, chem-
ical signals, and electrical discharges that unambiguously
signal species identity (Wallace 1889; Ryan and Rand 1993;
Ritchie 2007; Mendelson and Shaw 2012). Until recently, the
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benefits of mating with conspecifics was explained by invok-
ing compatibility among nuclear genotypes (e.g, Servedio
2001), but the imperative to choose a mate that will provide
N-mt genes that are compatible with mt genes, and hence
that will sire fully functional offspring, has recently been pro-
posed to be a driving force in the evolution of female choice
for ornamental traits in animals (Hill and Johnson 2013). In
essence, this new hypothesis proposes that female mate
choice for ornaments arises from the need for prezygotic
sorting of compatible mt and N-mt gene pools and that
ornaments should be distinctive and readily recognizable sig-
nals of the boundaries between pools of compatible mt and
N-mt genes. Consistent with this hypothesis, ornamentation
in animals tends to have modest variation within species and
large and quantitative differences between species (Dalrymple
et al. 2015). Moreover, if mate choice evolves in response to
postzygotic selection to ensure mitonuclear compatibility,
then sexual selection will be a follower rather than an initia-
tor of speciation. This prediction is in opposition to the
growing literature proposing that mating preferences can
promote speciation by creating prezygotic barriers to gene
flow (Ritchie 2007; Safran et al. 2013). These are clearly
testable alternative ideas for the interaction of sexual selec-
tion and speciation and should be the focus of future
research.

A mitonuclear-focused interpretation of female mate
choice and male ornamentation holds the promise to explain
why sex determination systems of taxa affect the potential for
sexual selection. Across taxa as disparate as insects, amphib-
ians, mammals and birds, ZW taxa are more ornamented
than XY taxa (Reeve and Pfennig 2003). This fascinating
and largely unexplained pattern makes sense in light of the
need for mitonuclear coadaptation. When N-mt genes are on
autosomes or X-linked, the negative fitness consequences for
choosing a mate from outside of a species boundary can be
completely masked in the F1 generation; they are not revealed
until F2 and subsequent generations (Burton et al. 2006;
fig. 3). This generational delay in fitness consequences of
hybrid pairing will weaken selection for female choice for
signals of species identity. Hence, female choice for signals
of species identity evolves most effectively if N-mt genes are
Z linked, and the serious fitness costs of mismatching mito-
nuclear genes are revealed in the F1 generation (Hill and
Johnson 2013; fig. 3). The presumption at present is that
the sex determination system of a taxon can affect the
potential for sexual selection; however, it is also plausible
that selective pressure for better sorting of prospective
mates for mitonuclear compatibility could influence the evo-
lution of sex determination systems.

Sexual selection has the potential to enable mitonuclear
coadaptation far beyond avoiding the blunder of mixing
incompatible mitonuclear genes between species. In sexually
reproducing organisms, nuclear genotypes are created anew
each generation with new mutations introduced and new
recombinations of N-mt genes generated (Lane 2011b,
2014). Some of these new genotypes will be more compatible
with mt genomes than others (Dowling et al. 2007; Arnqvist
et al. 2010). Females should benefit by recognizing and
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avoiding those prospective mates with poorly functioning
mitonuclear genes (arising from mutation, recombination,
or gene flow). The benefits to females for choosing males
with fully functional cellular respiration favor mate choice
for indicator traits in males that signal OXPHOS efficiency
(Hill 2011; Hill and Johnson 2013). Recent work suggests that
signaling cellular respiration may be a common feature of
male ornaments (Johnson and Hill 2013; Hill 2014b), but
more research is needed. In species in which males are mo-
nogamous and invest heavily in reproduction, males as well as
females should assess mitonuclear function in prospective
mates, and mate choice by males for mt function in females
could explain gaudy ornamental plumage in many monoga-
mous species of birds (Ligon 1999). These new ideas that
consider mate choice in light of the need for mitonuclear
coadaptation can potentially integrate well with conventional
models of sexual selection (Kuijper et al. 2012) perhaps
clarifying long-standing puzzles like the lek paradox
(Hill and Johnson 2013). Already indicator models of sexual
selection propose that females choose males for good genes
(Hamilton and Zuk 1982). The mitonuclear compatibility
model of sexual selection simply emphasizes the assessment
of genes needed for mitonuclear coadaptation. Moreover,
once selection for signals of mitonuclear type has been
fixed in populations, a runaway process (Arnold 1983) can
give rise to the fantastic ornamentation of many animal taxa
(Hill and Johnson 2013).

Adaptation and Speciation

According to these new hypotheses, two mating types and
female mate choice both evolved, at least in part, to
ensure mitonuclear coadaptation across generations. In
ever-changing environments, however, stasis in energy pro-
duction systems over evolutionary time is untenable.
Populations must adapt to changing environments or suffer
serious fitness consequences (Orr 2005b). Until recently, any
variation in mt genes was proposed to be neutral, with neg-
ligible contributions of the mt genome to adaptive changes in
response to the environment (Ballard and Kreitman 1995;
Galtier et al. 2009). A rapidly expanding literature, however,
indicates that mt genes are under strong selection, both sta-
bilizing and directional (Hahn 2008; Stoeckle and Thaler 2014;
Garvin et al. 2015), and that the evolution of mt genes is
fundamental to environmental adaptation (Dowling et al.
2008; Wallace 2013; Levin et al. 2014; Morales et al. 2015).
For instance, the capacity to fly over the Himalayan
Mountains and achieve a much shorter migration route in
Bar-headed Geese (Anser indicus) arose through a single
amino acid substitution in the mt gene COX3 (cytochrome
c oxidase subunit 3) which is a core subunit of Complex IV of
the electron transport system (Scott et al. 2011, 2015). The
new mt genotype allows the Bar-headed Goose, unlike other
taxa in their clade, to function in the low-oxygen environ-
ment of very high altitudes. This Bar-headed Goose study is an
example of a growing literature linking functional changes in
mt genes within populations, including humans, to better
attunement to environmental conditions (Wallace 2010b,
2013; Cheviron and Brumfield 2011; Wilson et al. 2013).

Moreover, standing variation in mt haplotypes within popu-
lations is now being linked to respiratory function and fitness
(Kurbalija Novici¢ et al. 2015).

Presumably, unpredictable and variable environments
select for haplotype diversity in some populations. mt evolu-
tion underlies not only small physiological adjustments to
thermal environment or altitude but also major adaptive
radiations. Recent studies link functional changes in key mt
genes through natural selection to radiations associated with
flight in bats (Shen et al. 2010) and large prey consumption in
snakes (Castoe et al. 2008; fig. 4).

Adaptation to environmental conditions is a topic inti-
mately connected to speciation. In eukaryotes, the mainte-
nance of discrete pools of coadapted genes is the cornerstone
of species concepts (Coyne and Orr 2004; Price 2007).
By conventional models of speciation, when populations
are isolated, divergence of genomes leads to reproductive
isolation because there is disruption of coadapted gene com-
plexes when the diverged genotypes are blended in hybrid
offspring (Coyne and Orr 2004; Turelli and Moyle 2007).
Until recently, the genomic interactions that gave rise to
incompatibilities and reduced fitness of hybrids were pro-
posed to involve nuclear genes. mt genotypes were viewed
as neutral markers of divergence (Gerber et al. 2001; Dowling
et al. 2008).

Consideration of the coadaptation of mt and N-mt genes
and the speed with which mitonuclear incompatibilities can
evolve is now stimulating novel hypotheses for the process of
speciation. This new take on speciation proposes that once
gene flow is disrupted, the high mutational rate of mt genes
will lead to rapid and unpredictable divergences between
populations in coadapted mt and N-mt gene complexes
(Gershoni et al. 2009; Chou and Leu 2010). These diverged
mt and N-mt genotypes are then incompatible with the mt/
N-mt combinations from other populations creating postzy-
gotic barriers to gene flow and the opportunity for speciation
(Burton and Barreto 2012). Observations from model systems
such as copepods (Burton et al. 2013), yeast (Chou and Leu
2010), Drosophila (Sackton et al. 2003; Meiklejohn et al. 2013),
parasitoid wasps (Ellison et al. 2008), seed beetles (Arnqvist
et al. 2010), and fish (Bolnick et al. 2008) provide empirical
support that loss of viability resulting from mitonuclear
incompatibilities in crosses between diverged populations
can serve as a postzygotic isolating mechanism.

Studies by Burton and colleagues (Ellison and Burton 2006;
Burton et al. 2013a) on T. californicus copepods provide
unique insight into the potential role of mitonuclear interac-
tions in population structure and speciation. These
researchers demonstrated that there are incompatibilities
between N-mt and mt genes among populations of copepods
along the Pacific coast of California that reduce the viability of
hybrid offspring from interpopulation crosses. These mito-
nuclear incompatibilities likely evolved in large part due to
drift, but also in response to selection for different thermal
environments. Tigriopus californicus copepods from warm
water habitats are more heat tolerant than copepods from
cooler water habitats (Pereira et al. 2014). Insight into how
such divergent populations can remain a single species with a
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Fic. 4. The role of genetic changes to respiratory chain function in major adaptive radiations. In the transition from terrestrial locomotion to flight that
accompanied the evolution of bats, there was strong selection for changes to the functional capacity of the respiratory chain to allow for increased ATP
production to power flight muscles (Shen et al. 2010). In bats, 23% of the mt genes and about 5% of N-mt genes that code for OXPHOS proteins show
evidence of positive selection, a proportion that is much higher than for non-OXPHOS N-mt genes or non-mt nuclear genes (left). Moreover, these rates
of positive selection on OXPHOS genes are significantly higher in bats than in mice (left). Similarly in the evolution of snakes, nonsynonymous changes
in mt OXPHOS genes, and particularly in cytochrome ¢ oxidase subunit 1, suggest that a major shift in respiratory function accompanied the major
shifts in body plan and prey consumption (Castoe et al. 2008) (right). The Alethinophidia lineage is the clade within all snakes with the greatest adaptive
shifts. Deducing whether respiratory chain innovation leads or follows adaptive radiation will be a fascinating focus of future studies. Left panel redrawn
from Shen et al. (2010) and right panel drawn from data in Castoe et al. (2008).

shared evolutionary history came from experiments crossing
individuals from copepod populations with different thermal
tolerances. Although most hybrid offspring from F2 and later
generations showed significant loss of fitness due to mito-
nuclear incompatibilities, occasional hybrid mitonuclear com-
binations from diverged, heat-tolerant populations had
greater tolerance to heat stress than any parental population
(Pereira et al. 2014). It seems that even though most hybrid
crosses result in lost fitness, rare advantageous mitonuclear
interactions that significantly increased fitness can maintain
sufficient gene flow to resist speciation. More model systems,
including especially model systems with the potential for sex
linkage and hence F1 incompatibilities (copepods have no
sex chromosomes), are needed to more fully test the dynam-
ics of mitonuclear interactions in population structure and
speciation. Toward this end, it is noteworthy that recent
studies have found that some bird taxa are the result of
hybridization events, with novel mitonuclear combinations
playing a key role in both in isolation of the new hybrid
gene pool and generation of a fitness advantages in some
environments for the new hybrid taxa (Toews et al. 2014;
Trier et al. 2014).

In light of the role of mitonuclear compatibility in the
divergence of populations, the strong association between
COX1 genotype (the most widely used DNA barcode gene
for animals) and species boundaries (Hebert and Gregory
2005; Bucklin et al. 2011) is especially intriguing. COX1 is
one of three mt genes that form the catalytic center of com-
plex IV in the electron transport system—the complex that
controls the flow of electrons and the reduction of oxygen
(Arnold 2012; Pierron et al. 2012). Cytochrome ¢ oxidase
subunits produced by mt genes are intimately associated
with N-mt genes such that mitonuclear coadaptation is
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essential for proper respiratory function (Schmidt et al.
20071; Pierron et al. 2012). An emerging idea is that specific
mt genes that serve as DNA barcodes, including especially
COX1, are not simply neutral markers of allopatric speciation.
Rather, COX1 may be such an effective marker of species
boundaries because it plays a role in speciation (Lane 2009).
By this idea, divergence in interacting mt and nuclear genes
between populations creates postzygotic barriers to gene flow
(Gershoni et al. 2009; Lane 2009; Chou and Leu 2010). Such
incompatibilities in mt/N-mt genes might evolve much more
rapidly than incompatibilities among nuclear genes because
mt genes mutate at a higher rate and the coadaptations of
mt/N-mt genes accommodate less divergence (Burton and
Barreto 2012). DNA barcoding with mt genes has been suc-
cessful in identifying species boundaries for most metazoan
groups (Hebert and Gregory 2005), including among closely
related and recently diverged species (Hebert et al 2003; Baker
et al. 2009). It is intriguing to speculate that mt genes are the
best markers of species boundaries because speciation in
metazoans is a consequence of the disruption of gene flow
resulting from mitonuclear interactions. This mitonuclear
speciation hypothesis predicts that gene flow between species
should greater for nuclear genes than for mt genes or N-mt
genes as was observed among populations of the Eastern
Yellow Robin (Eopsaltria australis) (Morales et al. 2015). The
role of mitonuclear interactions in speciation is an exciting
area of current research.

Conclusions

The need for local regulation of OXPHOS necessitated the
retention of an mt genome, and the imperative for coadap-
tation of mt and nuclear genomes changed the fundamental
nature of the organism. Sexual reproduction with two mating
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types became essential to maintain mitonuclear coadaptation
across generations. Under pressure for maintaining mitonuc-
lear coadaptation, female mate choice evolved for male
ornaments that signaled mitonuclear type as well as
OXPHOS efficiency. Divergence in key OXPHOS genes
under selection for respiratory adaptation created barriers
to gene flow leading to speciation, with species boundaries
defined by ornamentation. The chromosomal position of
N-mt genes affected the cotransmission of coadapted mt/
N-mt complexes as well as the potential for coevolution of
mt and N-mt genes, and these sex-linkage effects hold large
implications for how chromosomal sex determination might
affect patterns of evolution. Such an integration of the inter-
actions of mt and nuclear genomes into theories of sex, sexual
selection, adaptation, and speciation is largely speculative at
this point, but mitonuclear ecology holds exciting potential to
transform our understanding of the most basic characteristics
of eukaryotes.
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