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Abstract

A growing body of research supports the view that within-species sequence

variation in the mitochondrial genome (mtDNA) is functional, in the sense

that it has important phenotypic effects. However, most of this empirical

foundation is based on comparisons across populations, and few studies

have addressed the functional significance of mtDNA polymorphism within

populations. Here, using mitonuclear introgression lines, we assess differ-

ences in whole-organism metabolic rate of adult Drosophila subobscura fruit

flies carrying either of three different sympatric mtDNA haplotypes. We doc-

ument sizeable, up to 20%, differences in metabolic rate across these

mtDNA haplotypes. Further, these mtDNA effects are to some extent sex

specific. We found no significant nuclear or mitonuclear genetic effects on

metabolic rate, consistent with a low degree of linkage disequilibrium

between mitochondrial and nuclear genes within populations. The fact that

mtDNA haplotype variation within a natural population affects metabolic

rate, which is a key physiological trait with important effects on life-history

traits, adds weight to the emergent view that mtDNA haplotype variation is

under natural selection and it revitalizes the question as to what processes

act to maintain functional mtDNA polymorphism within populations.

Introduction

Sequence variation in mitochondrial DNA (mtDNA) has

traditionally been considered to be selectively neutral

(Ballard & Kreitman, 1995), but this view is being

replaced by one where mtDNA is under natural selec-

tion (Rand, 2001; Ballard & Whitlock, 2004; Ballard &

Rand, 2005; Meiklejohn et al., 2007; Christie et al.,

2011; Kazancioglu & Arnqvist, 2014). For example,

comparative genomic data indicate a role for positive

selection in shaping the mitochondrial genome (Bazin

et al., 2006; Meiklejohn et al., 2007; Breen et al., 2012;

Frankham, 2012), and several experimental studies

have documented important phenotypic effects of

between-species or between-population mtDNA variation

(Macrae & Anderson, 1988; Fos et al., 1990; Rand et al.,

2001, 2006; James & Ballard, 2003; Montooth et al.,

2003; Ellison & Burton, 2006; Dowling et al., 2007;

Arnqvist et al., 2010). However, very few studies have

explored phenotypic effects of sympatrically occurring

mtDNA variants, which is unfortunate given that natu-

ral selection primarily acts within populations. In

Drosophila simulans, sympatric mtDNA haplotypes do

show differences in in vitro assays of metabolic function

(Katewa & Ballard, 2007; Pichaud et al., 2012). Simi-

larly, Dowling et al. (2007) and Maklakov et al. (2006)

presented evidence suggesting the presence of mtDNA

effects on female longevity and fitness within a labora-

tory population of Drosophila melanogaster, although

these effects were to some extent contingent upon the

nuclear genetic background.

There are good reasons to predict that sequence vari-

ation in the mitochondrial genome should have funda-

mental effects on reproductive traits (Frank & Hurst,
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1996; Gemmell et al., 2004) and other life-history traits

(Ballard & Whitlock, 2004; Rand et al., 2004; Arnqvist

et al., 2010), because energy metabolism in eukaryotes

is determined by the intimate coordination of the mito-

chondrial and the nuclear genomes. Whereas genes

encoding mitochondrial proteins essential for transcrip-

tion and DNA replication are encoded by the nuclear

genome, important elements of the mitochondrial

translational machinery and the genes producing the

actual building blocks of the energy-producing oxida-

tive phosphorylation electron transport chain (OXPHOS)

are encoded by both mtDNA and nDNA. Considering

the central role of mtDNA in this basal metabolic path-

way, we expect mitonuclear genetic effects on meta-

bolic parameters and therefore, indirectly, on all

upstream life-history traits (Ballard et al., 2007). Many

in vitro studies of mitochondrial bioenergetics have con-

firmed that different naturally occurring mtDNA haplo-

types show important differences in metabolic function

in both vertebrates and invertebrates (Ballard et al.,

2007) and a few between-population studies have

shown that whole-organism metabolic rate is affected

by mtDNA haplotype in both birds (Tieleman et al.,

2009) and insects (Arnqvist et al., 2010).

Mitochondrial DNA typically exhibits sizeable levels

of genetic variation in natural populations (Clark, 1984;

Moritz et al., 1987; Nachman et al., 1996). This general

observation is puzzling, to the extent that mtDNA vari-

ation is functional. The reason is simply that positive or

negative selection in females should rapidly exhaust

within-population mtDNA variation, because the mito-

chondrial genome shows maternal inheritance, has a

relatively low effective population size, is haploid and

generally does not recombine (Frank & Hurst, 1996;

Rand et al., 2001). This is verified by theory, showing

that positive selection can only act to maintain mtDNA

polymorphism within populations under special and

very restrictive conditions (Clark, 1984; Babcock &

Asmussen, 1996; Rand et al., 2001; Liu & Asmussen,

2007). In contrast, negative frequency-dependent selec-

tion could in theory maintain functional mtDNA poly-

morphism (Gregorius & Ross, 1984), a possibility that

recently received experimental support in replicated

laboratory populations of the seed beetle Callosobruchus

maculatus (Kazancioglu & Arnqvist, 2014) where the

relative fitness of mtDNA haplotypes over 10 genera-

tions of experimental evolution was inversely propor-

tional to their starting frequency. However, a first step

towards an understanding of the maintenance of

mtDNA polymorphism must be to assess phenotypic

effects of mitochondrial genetic variation across sympat-

ric mtDNA haplotypes. Here, metabolic phenotypes are

prime suspects, both because of the key role that

mtDNA plays in metabolic processes (Ballard et al.,

2007) but also because metabolism is ultimately the

process by which resources are converted to fitness

(Brown et al., 2004). Because mtDNA does not respond

to selection in males, there are reasons to believe that

mitochondrial genetic effects may be sex specific (Frank

& Hurst, 1996; Gemmell et al., 2004).

Drosophila subobscura provides a very interesting

model system for the study of within-population varia-

tion in mtDNA, for three reasons. First, the mitochon-

drial genome of D. subobscura displays sequence

divergence as revealed by extensive restriction site

polymorphism (RSP; Latorre et al., 1986; Pinto et al.,

1997; Garc�ıa-Martinez et al., 1998; Castro et al., 1999;

Jelic et al., 2012a). Second, the geographic pattern of

RSP is intriguing. Within most populations, the two

dominating mtDNA haplotypes (named I and II) occur

at almost equal frequencies, whereas a number of pop-

ulation specific haplotypes are very rare (Castro et al.,

1999; Christie et al., 2010; Jelic et al., 2012a). This pat-

tern of mtDNA haplotype polymorphism is confirmed

when analysing nucleotide sequence data from the

mitochondrial ND5 gene rather than RSP (Castro et al.,

2010). Third, D. subobscura is a classic model system for

studying how selection acts to maintain autosomal

polymorphism (Balany�a et al., 2009), and several previ-

ous studies collectively suggest that selection plays a

role in the maintenance of mtDNA polymorphism in

this species. This is in part because there are consistent

trends of seasonal changes in frequency of the two

dominant mtDNA haplotypes in natural populations

that cannot be accounted for by genetic drift (Latorre

et al., 1992; Gonz�alez et al., 1994; Christie et al., 2010).

In addition, previous laboratory experiments have sug-

gested that flies carrying the two dominant haplotypes

show differences in some life-history traits and in

behaviour (Castro et al., 2003; Christie et al., 2004).

However, these studies did not control for nuclear

genetic background and, when expressed in the same

uniform nuclear background, phenotypic differences

between mtDNA haplotypes seem much less pro-

nounced (Christie et al., 2011). This implies that mito-

nuclear epistasis may be important in D. subobscura, and

other studies have provided evidence supporting the

existence of mitonuclear epistatic interactions between

mtDNA and nuclear markers (Fos et al., 1990; Garc�ıa-
Martinez et al., 1998; Castro et al., 1999) which is further

supported by within-population linkage disequilibrium

between mtDNA haplotypes and nuclear genetic mark-

ers (Oliver et al., 2002). Other studies suggest, however,

that mitonuclear epistatic interactions are complex and

may show temporal and spatial variation (Jelic et al.,

2012a, b).

Here, we use mitonuclear introgression lines in con-

junction with whole-organism microrespirometry to

disentangle the effects of mitochondrial and nuclear

genetic variation within a single natural population on

metabolic phenotypes in D. subobscura. We estimated

genetic effects across three sympatric mtDNA haplo-

types (I, II and D) to test the hypotheses that (i) sym-

patric mtDNA haplotypes differ in metabolic rate, (ii)
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nuclear genetic background modulates the genetic

effects of mtDNA on metabolism and (iii) the metabolic

effects of mtDNA are to some extent sex specific.

Material and methods

Construction of mitonuclear introgression lines

Associations between specific mtDNA haplotypes and

phenotypic traits across individuals are complicated by

the fact that mtDNA may be in linkage disequilibrium

with nuclear genes within populations. We overcame

this inferential hurdle by setting up a series of mitonu-

clear introgression lines, which allows disentanglement

of the independent effects of mtDNA and nDNA. Flies

were genotyped for their mtDNA haplotype using the

methods described in Jelic et al. (2012a). Our experi-

ments were performed using a series of isofemale (IF)

lines collected from a single D. subobscura population in

the Sicevo Gorge, Serbia (S 43°19055.58″ N,

22°08037.98″ E), each IF line deriving from a single

inseminated female collected in the wild using fer-

mented fruit traps. The IF lines were maintained under

standard laboratory conditions approximately

10 months prior to the backcrossing procedure

described below. The founding IF lines carried either of

three different mtDNA haplotypes: I (N = 10 IF lines),

II (N = 10 IF lines) and D (N = 1 IF lines). The single D

IF line was expanded in the laboratory into 10 descen-

dant IF lines. We note here that the D haplotype is

interesting as it shows the same restriction sites as hap-

lotype I but is much longer (Jelic et al., 2012a). This is

the result of additional sequences in that A + T-rich

control region, an additional srRNA gene copy, addi-

tional genes for three tRNAs, a hymeric sequence of a

large ribosomal RNA (lrRNA) and a duplication of ND2.

In total, the entire mtDNA of the D haplotype is 2.7 kb

longer (17% of total the mtDNA) than any other natu-

rally occurring haplotype in D. subobscura, but it is not

known whether any of these duplications/insertions are

expressed and functional. Below, we denote the

nuclear genome associated with a particular mtDNA

haplotype after the mtDNA haplotype with which it

was co-expressed in the field (i.e. ‘nDNA I’ represents a

nuclear genome from an IF line that originally carried

the mtDNA haplotype I).

To disentangle the phenotypic effects of mitochon-

drial and nuclear genetic variation, as well as their

interaction, we constructed lines that carry distinct

mtDNA haplotypes introgressed into potentially distinct

nuclear genetic backgrounds using a standard introgres-

sive backcrossing scheme. Briefly, we generated seven

crossed combinations of distinct cytoplasmic and

nuclear lineages (see Fig. 1). Each such combination

was replicated 10 times, such that we constructed 70

distinct mitonuclear introgression (MNI) lines in total.

Each MNI line derived from two particular IF lines,

which carried the desired mtDNA and nDNA genotypes.

Each MNI line was founded by 10 virgin females from

a specific IF line carrying desired mtDNA haplotype

which were mated to 20 males from an IF line carrying

the desired nDNA background. Within a particular

mtDNA 9 nDNA cross-type, the 10 replicate MNI lines

were founded by different IF lines. In each subsequent

generation, 10 virgin females from a given MNI line

were then backcrossed to 20 males from the founding

paternal (i.e. nDNA) IF line. We performed 12 genera-

tions of backcrossing, thus disassociating the maternal

mtDNA genome from the nuclear genome that it was

originally co-expressed with, at which point more than

99.9% of the original nuclear genome was replaced

with the nuclear genome of the paternal IF line (this

number assumes a lack of strong selection on specific

mitonuclear allelic combinations during the introgres-

sion procedure). To avoid the possibility of MNI line

specific adaptation, we conducted additional backcross-

ing to the nDNA source populations during the two

consecutive generations that preceded the respirometry

assays described below. The mtDNA integrity of all MNI

lines was validated at the 5th, 8th, 10th and 12th gen-

eration by genotyping a sample of flies from each MNI

line. Our crossing design was constructed to allow com-

parisons of (A) mtDNA haplotype I and D when

expressed in I or D nDNA backgrounds, (B) mtDNA

haplotype II and D when expressed in II or D nDNA

backgrounds and (C) mtDNA haplotype I and II in a

common non-native nDNA background (see ‘Statistical

Modelling’ below).

Fig. 1 The crossing design used in the

mitonuclear introgression experiment.

Indicated are also the three crossed

modules used for inferential modelling

(A–C).
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Many insects are infected by maternally inherited,

cytoplasmic bacteria (i.e. Wolbachia), and this can

potentially confound the results of experiments that

aim to investigate mitochondrial genetic effects. We

thus screened for the presence of Wolbachia in all MNI

lines, by a PCR assay using 16S rDNA Wolbachia-specific

primers (O’Neill et al. 1992) according to the method

detailed in Garc�ıa-Martinez et al. (1998). We used two

different Drosophila strains containing Wolbachia as posi-

tive controls (D. melanogaster stock no. 5, Bloomington

Stock Centre, D. simulans, Riverside strain). These PCR

assays were negative for all of our MNI lines.

All lines were maintained and all experiments per-

formed under constant laboratory conditions, at 19 °C,
at approximately 60% relative humidity, light of

300 lx, and at a photoperiod of 12-h light : 12-h dark.

All flies were fed standard Drosophila cornmeal med-

ium.

Metabolic rate measurement

Metabolic rate was measured as CO2 production (Terb-

lanche & Chown, 2007) using a Sable Systems (Las

Vegas, NV, USA) microrespirometry system (Lighton,

2008). Briefly, this system pumps air scrubbed of CO2

and water (using ascarite and drierite, respectively) at a

regulated flow rate through a respirometry chamber

containing the focal flies. Downstream gas analysers are

then used to measure the amount of CO2 produced by

the flies, and this measure provide a direct estimate of

metabolic rate. We used an infrared absorption analyser

to measure CO2 (Li-7000; Li-Cor Biosciences, Lincoln,

NE, USA), a dual fuel cell differential oxygen analyser

(Oxzilla II; Sable Systems) to measure O2 and a RH-300

water vapour pressure meter (Sable Systems) to mea-

sure water vapour. Inflowing air was pumped using a

SS-4 (Sable Systems) and flow rate was regulated to

100 ml min�1 using a Model 840 mass flow control

valve (Sierra Instruments, Monterey, CA, USA). Air-

flow was alternately allocated using 2 9 8-channel

multiplexers (RM8; Sable Systems) to each of 16 respi-

rometry chambers (RC-M, ∅ = 2 cm, length = 4 cm;

Sable Systems) that were housed inside a Sanyo MIR-

153 incubator, in darkness and at a constant tempera-

ture of 19 °C.
The respirometry system was set up in stop-flow

mode (Lighton, 2008), in which each chamber was

sealed for a period of 50 min and then flushed for a

period of 200 s in a cyclical pattern. We ran five con-

secutive cycles (through all chambers) in each session.

This resulted in five readings for each individual cham-

ber, of which the first two were discarded as a burn-in.

Each respirometry chamber was placed in an activity

detector (AD-2; Sable Systems) connected to a data

acquisition interface (Quick-DAQ; National Instru-

ments, Coleman Technologies, Newton Square, PA,

USA), which uses reflective infrared light technology to

provide a precise and continuous measure of locomotor

activity of the subjects in each chamber during the

entire session. One of the 16 chambers was left empty

and was used as a baseline to control for any drift of

the gas analysers during each session. Thus, each single

observation (i.e. a cycle) essentially consisted of the

amount of CO2 produced during 53.33 min by the flies

in a given chamber and the total amount of activity

performed by these flies during this time.

The system was calibrated once every day prior to

the experimental runs. The oxygen analyser was cali-

brated using outside air scrubbed of CO2 and water

vapour with ascarite and drierite, and the carbon diox-

ide analyser was span-calibrated with pure N2 and air

of a known concentration (1000 p.p.m.) of CO2 in N2.

Upstream of the CO2 analyser, but downstream of the

water vapour pressure meter, the outflowing air from

the chambers was scrubbed of water vapour with mag-

nesium perchlorate Sigma- Aldrich Sweden AB (Stock-

holm, Sweden). All analogue input gas data were

acquired at 1 Hz via a UI2 analogue–digital interface

(Sable Systems). Data acquisition and data analyses

were performed in ExpeData Pro 1.5.6 (Sable Systems).

We measured metabolic rate of 5-day-old adult virgin

flies, placed in a group of five same-sexed flies (i.e. a

quintet) inside a respirometry chamber. For each MNI

line, we measured metabolic rate in three replicate

quintets of each sex (70 9 3 9 2 9 5 = 2100 flies

assayed in total) and, as stated above, data from each

quintet consisted of three repeated observations. Fol-

lowing our metabolic rate measurements, we recorded

the body mass of each quintet to the nearest 0.00001 g

(Sartorius� Genius ME 235P).

Statistical modelling

Our experimental design represents a partial orthogonal

design, and we evaluated our results using three differ-

ent main inferential modules (see Fig. 1), each repre-

senting a distinct subset of the data that is internally

orthogonal and crossed. To avoid inflation of the

denominator degrees of freedom in our inferential

models, each MNI line was regarded as our replicated

experimental unit. Each module was thus analysed by

a within-subjects ANOVA, where replicate MNI line was

treated as a random effects subject, mtDNA and nDNA

as between-subjects factors and sex as a within-subjects

factor. The first model (A) focussed on differences in

metabolic rate between haplotypes I and D, the second

(B) on differences between II and D and the third (C)

on differences between I and II. These three models

represent our main inferential models. For all three

models, residual distributions were well behaved and in

no case did variance ratio tests reveal potential prob-

lems with heteroscedasticity (P > 0.07 in all cases).

To provide focused within-subjects ANOVAs of the

effects of mtDNA haplotype on variance in standard
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metabolic rate, however, we first removed variance in

metabolic rate that was due to variation in activity and

body weight in initial global general linear models, in

the form of quadratic ANCOVAs with sex included. The

effect of sex was included here, and hence, the main

effect of sex was diminished in the downstream within-

subjects ANOVAs, as the slope and intercept of the rela-

tionship between metabolic rate and weight/activity

differed between the sexes, whereas the shape of this

relationship did not (i.e. the sex 9 activity 9 activity

and the sex 9 weight 9 weight interactions were small

and nonsignificant; P > 0.05 in all cases). These models

used raw CO2 production as the response variable and

included sex, activity and weight as covariates (zero-

centred data), the quadratic terms of the two covariates

and the two 2-way interactions between sex and the

covariates (modelled separately for the three modules).

Mean residual CO2 production across cycles and quin-

tets per replicate MNI line and sex from these models

was then used as the response variable in our inferen-

tial models. Prior to calculating these mean residuals,

however, we omitted a few outliers from our data.

These were observations showing an absolute value of

the standardized residuals larger than 2.57 (correspond-

ing to Z0.995) in our global ANCOVAs, likely representing

observations from channels with leaky connections to

the respirometry chambers (< 2% of all observations).

Results

Overall, mass-specific and activity-adjusted metabolic

rate (henceforth, MR) differed across the seven mitonu-

clear cross-types in both sexes (females: F6,63 = 2.46,

P = 0.033; males: F6,63 = 2.89, P = 0.015) and was

higher in adult males compared to females (Fig. 2).

Males and females differed in MR by some 22% (paired

t-test: t = 9.05, d.f. = 6, P < 0.001). Mean male and

female MR was positively associated, but the correlation

was moderate both across mitonuclear cross-types

(r = 0.67, n = 7, P = 0.099) and across replicate lines

(r = 0.29, n = 70, P = 0.015).

Our within-subjects ANOVAs of residual MR revealed

three main findings (Table 1; Fig. 2). First, there was a

lack of significant effects of nuclear genetic background,

or of mitonuclear epistatic interactions, on MR. Second,

and more interestingly, mtDNA haplotype significantly

affected MR. This was most apparent when comparing

haplotypes I with D (module A), where flies carrying

haplotype I showed a markedly and significantly higher

MR compared to those carrying haplotype D. Here, the

difference in MR across haplotypes was approximately

13% in males and 23% in females. A similar pattern

occurred when comparing haplotype II and D (module

B) (Fig. 2), but this was not statistically significant

(Table 1). Here, the difference in MR across haplotypes

was approximately 18% in males but only 10% in

females. Third, flies carrying haplotype I differed in MR

from those carrying haplotype II, but this effect was con-

tingent upon sex (module C): whereas males carrying

haplotype I showed a 5% reduction in MR compared to

haplotype II, females carrying haplotype I instead

showed a 10% increase in MR compared to haplotype II

(Fig. 2). The significant sex 9 mtDNA interaction seen

(Table 1) provides evidence for sex specificity of mito-

chondrial genetic effects in D. subobscura.

Discussion

Several in vitro studies have shown that OXPHOS

enzyme activity differs across mtDNA haplotypes, or is

affected by mtDNA mutations, suggesting a causal link

between mitochondrial genetic effects, metabolic rate

Fig. 2 Mean (� SE) metabolic rate in

males (filled circles) and females (open

circles) across all mitonuclear cross-

types employed (denoted as

mtDNA 9 nDNA). Given are mean

amount of CO2 produced per milligram

per hour, after adjusting for the effects

of activity (predicted mass-specific

resting metabolic rate).
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and life-history phenotypes (Ballard et al., 2007). Yet,

very few studies have assessed the effects of mtDNA

variation on whole-organism metabolic rate and those

that have compared allopatric mtDNA haplotypes (Tiel-

eman et al., 2009; Arnqvist et al., 2010). To our knowl-

edge, our study is the first to document differences in

whole-organism metabolic rate across sympatric mtDNA

haplotypes in any taxa. Our results have important

implications for our understanding of (i) the phenotypic

effects of mitochondrial genetic variation and (ii) the

maintenance of mitochondrial genetic variation. We

discuss both of these issues below.

Drosophila subobscura represents a very interesting

model system for microevolutionary studies of mtDNA

variation, both because of the extensive data sets on

mtDNA variability collected in nature and because of

the interesting pattern of mtDNA haplotype polymor-

phism (see Introduction). It is, however, premature to

even try to associate phenotypic effects with particular

mtDNA sequence variants: less than a handful of haplo-

types have been studied in terms of their phenotypic

effects and the mtDNA genome has only been partially

sequenced (Beckenbach et al., 1993; Moya et al., 1993;

Stenico & Nigro, 1998; Brehm et al., 2004; Christie

et al., 2004; Castro et al., 2010; Christie et al., 2011;

Herrig et al., 2014). Although these efforts have

revealed variation at a very large number of both

synonymous and nonsynonymous sites in several

genes, it is unclear which genetic variants are associ-

ated with phenotypic effects. The best-studied variants

thus far are mtDNA haplotypes I and II, for which

Christie et al. (2004, 2011) documented several differ-

ences in life-history phenotypes. To the extent that

metabolism provides a link between mtDNA and

upstream life-history traits (Ballard et al., 2007; Arnq-

vist et al., 2010), our study provides a causal explana-

tion for these findings: because metabolic processes are

ultimately the manner in which acquired resources are

converted to fitness (Brown et al., 2004), the docu-

mented effects of mtDNA haplotypes on metabolic rate

in D. subobscura that we document here are likely to be

reflected in differences in life-history traits.

Our results showed that the mtDNA effects were, to

some extent, sex specific, such that the effects of

mtDNA haplotype differed in males and females. Sex-

specific genetic effects of mitonuclear variation are of

particular interest, considering the fact that mtDNA is

maternally transmitted and hence not under selection

in males (Frank & Hurst, 1996). The lack of selection

on mitochondrial genes in males can generate a male-

specific genetic load, known as the mother’s curse

(Gemmell et al., 2004). It has been predicted that one

should thus observe larger phenotypic main effects of

mtDNA variation in males compared to females (Camus

et al., 2012). However, this was apparently not the case

in the current study, where variation in male and

female MR across introgression lines was comparable

(variance ratio test: F6,6 = 1.05, P = 0.95) (Fig. 2). We

note that there is evidence that sex-specific selection in

males on those nuclear metabolic genes that interact

with mitochondrial genes may provide at least partial

release from the mother’s curse, for example by gene

duplication and evolution of sex-specific expression of

paralogs involved in metabolic pathways in males

(Gallach et al., 2010; Gallach & Betr�an, 2011). It is

therefore possible that the evolution of sex-specific

expression of nuclear genes has nullified sex differences

in the effects of mtDNA genetic variation on general

metabolic processes. This is perhaps most likely in cases

where particular mtDNA variants are maintained for

extended periods in a polymorphic state, which seems

to be the case for haplotype I and II in D. subobscura

(Latorre et al., 1992).

The differences we document in MR across sympatric

mtDNA haplotypes in D. subobscura were sizeable, up to

20% or so, and previously reported differences in sev-

eral fitness components across these mtDNA haplotypes

are of similar magnitudes (Christie et al., 2004, 2011).

This implies that natural selection upon mtDNA haplo-

types must, at least in some environments and at cer-

tain times, be strong. This, in turn, motivates the

question as to what mechanisms might maintain

mtDNA polymorphism in this species. This is particu-

larly intriguing considering the fact that the mtDNA

Table 1 Within-subjects analyses of variance of residual metabolic

rate across mitonuclear introgression lines of Drosophila subobscura.

Module Source SS 9 10�6 d.f. F P

A

Between

subjects

nDNA 2.144 1 3.48 0.070

mtDNA 2.582 1 4.19 0.048

mtDNA 9 nDNA 1.984 1 3.22 0.081

Error 22.186 36

Within

subjects

Sex 0.004 1 0.01 0.937

Sex 9 nDNA 0.034 1 0.05 0.816

Sex 9 mtDNA 0.590 1 0.96 0.334

Sex 9 nDNA 9 mtDNA 0.710 1 1.15 0.289

Error 22.151 36

B

Between

subjects

nDNA 0.894 1 1.08 0.306

mtDNA 0.967 1 1.16 0.288

mtDNA 9 nDNA 0.585 1 0.70 0.407

Error 29.880 36

Within

subjects

Sex 0.096 1 0.23 0.632

Sex 9 nDNA 0.000 1 0.00 0.975

Sex 9 mtDNA 0.168 1 0.41 0.526

Sex 9 nDNA 9 mtDNA 0.000 1 0.00 0.995

Error 14.751 36

C

Between

subjects

mtDNA 0.856 1 0.01 0.330

Error 15.342 18

Within

subjects

Sex 0.318 1 0.70 0.414

Sex 9 mtDNA 2.534 1 5.58 0.030

Error 8.172 18

The significant values are in bold.
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haplotypes I and II studied here occur in roughly equal

frequencies within most investigated Old and New

World populations and dominate throughout the distri-

butional range of D. subobscura (Latorre et al., 1992;

Garc�ıa-Mart�ınez et al., 1998). Although mitonuclear

epistasis might help promote genetic variation in

mtDNA within populations (Fos et al., 1990; Garc�ıa-
Martinez et al., 1998; Castro et al., 1999), theory shows

that the conditions for this to be true are actually very

restrictive (Clark, 1984; Rand et al., 2001). Further, the

absence of within-population mitonuclear epistasis seen

in our current experiments is not consistent with this

hypothesis, and the lack of stable linkage disequilibrium

between nuclear and mitochondrial genes within popu-

lations (Jelic et al., 2012a, b) is also not supportive.

Instead, we suggest that negative frequency-dependent

selection may act to maintain mtDNA polymorphism in

D. subobscura. Negative frequency-dependent selection

on mtDNA haplotypes would arise if, in essence, a

given mtDNA haplotype is its own worst competitor

(Lewontin, 1974; Maynard Smith, 1982). This scenario

has been suggested to maintain mtDNA polymorphism

in other insects (Kazancioglu & Arnqvist, 2014) where

different mtDNA haplotypes encode for different meta-

bolic syndromes (Dowling et al., 2007; Arnqvist et al.,

2010). Negative frequency-dependent selection would

then promote mtDNA polymorphism, much like it

can act to maintain individual variation in ‘slow’ and

‘fast’ lifestyles (Wolf & McNamara, 2012; Løvlie et al.,

2014). Three facts provide support for this hypothesis

in D. subobscura. First, the observation that haplotypes

I and II occur at roughly equal frequencies over a

wide distributional range, over which both the environ-

ment and the nuclear genome show much variation

(Latorre et al., 1992; Huey et al., 2000; Noor et al.,

2000), is compatible with widespread negative fre-

quency-dependent selection. Second, a recent study

provided unequivocal experimental evidence for nega-

tive frequency-dependent selection on mtDNA haplo-

types within populations in another insect species

(Kazancioglu & Arnqvist, 2014). Third, the microevolu-

tionary frequency dynamics of haplotype I and II in

replicated laboratory populations of D. subobscura,

reported by Oliver et al. (2005), seemingly match those

expected under negative frequency-dependent selection

with an equilibrium frequency of about 50% of each

haplotype.

In conclusion, our study adds to a recent body of

experimental research documenting functional differ-

ences between mtDNA haplotypes. Importantly, we

show that within-population variation in mtDNA hapl-

otypes in D. subobscura is associated with sizeable and

partly sex-specific differences in whole-organism meta-

bolic rate, a key life-history trait. We suggest that

future efforts in this system should focus on identifying

the selective processes that maintain sympatric mtDNA

variation.
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