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Abstract

Mitochondrial genes generally show high levels of standing genetic variation, which is puzzling
given the accumulating evidence for phenotypic effects of mitochondrial genetic variation. Nega-
tive frequency-dependent selection, where the relative fitness of a genotype is inversely related to
its frequency in a population, provides a potent and potentially general process that can maintain
mitochondrial polymorphism. We assessed the change in mitochondrial haplotype frequencies over
10 generations of experimental evolution in 180 seed beetle populations in the laboratory, where
haplotypes competed for propagation to subsequent generations. We found that haplotypes
consistently increased in frequency when they were initially rare and decreased in frequency when
initially common. Our results have important implications for the use of mtDNA haplotype
frequency data to infer population level processes and they revive the general hypothesis that neg-
ative frequency-dependent selection, presumably caused by habitat heterogeneity, may commonly
promote polymorphism in ecologically relevant life history genes.
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INTRODUCTION

The processes that maintain ecological and genetic diversity
are not fully understood (Chesson 2000). In particular,
explaining the maintenance of genetic variation in the face of
natural selection is one of the most longstanding and out-
standing problems in biology (Lewontin 1974; Charlesworth
& Hughes 2000). Briefly, the problem is that natural selection
should drive alleles that encode high fitness to fixation while
deleterious alleles should be lost, resulting in the erosion of
genetic variation. Yet, fitness and ecologically relevant life his-
tory characters typically show much higher levels of standing
genetic variation than expected under mutation-selection
balance (Charlesworth & Hughes 2000).

The general problem of understanding the maintenance of
genetic variation is exacerbated for the small but vital part of
the eukaryotic genome that is carried within the mitochondria
(i.e. mtDNA), because the mitochondrial genome shows
maternal (i.e. cytoplasmic) inheritance, has a relatively low
effective population size, is haploid and does generally not
recombine. The mitochondrial genome encodes key building
blocks of the cellular energy producing pathway (Ballard &
Melvin 2010). Mitochondrial DNA has been extensively used
for a long time in population biology and ecology as a genetic
marker, under the implicit or explicit assumption that alterna-
tive extant mtDNA alleles are functionally equivalent and
thus selectively neutral. However, it has gradually become
evident that the pattern of molecular variation in mtDNA is
often inconsistent with a neutral expectation (e.g. Nachman
et al. 1996; Ruiz-Pesini et al. 2004; Ballard & Rand 2005;
Bazin et al. 2006; Breen et al. 2012; Frankham 2012) and
mtDNA haplotype frequencies have been found to correlate

with environmental factors in natural populations (e.g. Grant
et al. 2006). Further, experimental approaches have shown
that mitochondrial genetic variation affects a range of pheno-
typic traits, including ecologically relevant life history traits
(e.g. Rand et al. 2001; Dowling et al. 2008; Ballard & Melvin
2010; Arnqvist et al. 2010; Houtkooper et al. 2013). Func-
tional mitochondrial haplotype variation should thus rapidly
be exhausted by positive or negative selection (Rand et al.
2001). Yet, mtDNA typically exhibits sizeable levels of genetic
variation in natural populations (e.g. Clark 1984; Moritz et al.
1987, Nachman ez al. 1996). This suggests that additional
processes shape the evolution of mtDNA (Bazin et al. 2006).
Current theoretical models, based on positive selection, have
suggested that mtDNA polymorphism can only be maintained
under special and rather restrictive conditions (Clark 1984;
Babcock & Asmussen 1996; Rand ef al. 2001; Liu & Asmus-
sen 2007). In general, the most potent mechanism that can
maintain DNA sequence variation is balancing selection by
negative frequency-dependent selection (henceforth, NFDS)
(Mitchell-Olds et al. 2007), where the relative fitness of an
allele or a haplotype decreases if its frequency increases in a
population. There are several singular examples of NFDS
being important for the maintenance of genetic variation in
the nuclear genome (Mitchell-Olds ez al. 2007); notably in
genes mediating self-incompatibility in plants (Charlesworth
2006), in immunity-related genes such as the major histocom-
patibility complex in vertebrates (Loisel ez al. 2006), in genes
affecting behaviour (Fitzpatrick et al. 2007) and for haplo-
types/karyotypes with largely unknown function such as
inversions (Kojima & Tobari 1969). In terms of genes coding
for ecologically relevant life history characters, however,
empirical evidence is limited to phenotypic data alone and
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theory has had a historical tendency to ignore NFDS (Doebeli
& Ispolatov 2010). With regards to mtDNA, it has been hy-
pothesised that NFDS may act to maintain mtDNA polymor-
phism (Gregorius & Ross 1984), through its association with
variation in life history traits (Ballard & Melvin 2010).
Although direct experimental tests are lacking (Dowling et al.
2008), a few remarkable observations in insects are consistent
with balancing selection by NFDS. First, mtDNA polymor-
phism in natural fruit fly populations has sometimes been
found to be temporally (Adrianov et al. 2008) and spatially
(Oliver et al. 2005) stable. Second, observations of temporal
stability of mtDNA haplotype frequencies in unreplicated and
closed laboratory fruit fly populations (Macrae & Anderson
1988; Oliver et al. 2005) suggest that NFDS may be operat-
ing. Third, widespread sympatric coexistence between distinct
and ancient mtDNA haplotype families consistent with NFDS
has been observed in, e.g. ladybirds (Jiggins & Tinsley 2005)
and moths (Kvie et al. 2013). Here, we use a very large num-
ber of laboratory populations of an insect model system (the
seed beetle Callosobruchus maculatus) to provide, to our
knowledge, the first experimental test of the hypothesis that
NFEDS acts to maintain mtDNA diversity.

MATERIALS AND METHODS

Seed beetles of the genus Callosobruchus (Coleoptera, Bruchi-
dae) complete their life cycle within a single seed of their
legume hosts and are common cosmopolitan pests on stored
legumes. Polymorphism in mtDNA is very pronounced in
these seed beetles, both within and between natural popula-
tions, and a very large number of haplotypes have been
sequenced from natural populations of C. maculatus. We
tested for NFDS by seeding beetle populations with beetles
carrying either of two alterative mtDNA haplotypes at a
known frequency. Our primary goal was to test the effect of
starting frequency (either common or rare) on the evolution-
ary fate of a given mtDNA haplotype over many generations.
Here, we give only an overview of the materials and methods
used. A complete description of our experimental procedures
is given in the Supporting Information.

Mitonuclear introgression lines

To isolate the genetic effects of mtDNA from the nuclear
genome with which it was originally associated, our experi-
ments were based on mtDNA introgression lines. Three
distinct mtDNA haplotypes (2-3% sequence divergence) were
expressed in either of three outbred nuclear genetic back-
grounds in a fully crossed manner (i.e. 3 x 3 types of mito-
nuclear introgression lines, each replicated twice), through
repeated introgressive backcrossing for 15 generations. The
fact that we thus staged 18 independent introgression
lines not only allowed us to assess effects of particular
mtDNA haplotypes across several nuclear genetic back-
grounds but also to exclude the possibility that capricious line
specific genetic effects would influence our results. To pre-
clude the possibility of cytoplasmic bacterial infections, we
treated all introgression lines with antibiotics (tetracycline
hydrochloride).

EXPERIMENTAL PROCEDURE

We established each of 180 experimental populations with
beetles (N = 500) representing a mixture of two distinct mito-
nuclear lines (at a precisely known proportion of 0.2 and 0.8)
that shared the same nuclear genetic background but differed
in their mtDNA haplotype. We employed a fully crossed
three-way design in which the factors were mtDNA haplo-
types in competition, nuclear genetic background and starting
frequency of the focal haplotype (3 x 3 x 2 = 18 cells in the
design, each replicated 10 times). The two haplotypes were
then allowed to compete for 10 generations at a fixed popula-
tion size (N = 500) under laboratory conditions with both
thermal and resource heterogeneity. At generation 10, we esti-
mated the mtDNA haplotype frequency in each experimental
population by sequencing (650 bp of cytochrome oxidase sub-
unit I) a random sample of 10 individuals from each popula-
tion (i.e. N = 1800 individuals sequenced).

Statistical analyses

We used the estimated change in haplotype frequency from
the start to the end of the experiment in each replicate popu-
lation (Af) as the response variable in the statistical models
reported here. Under the null hypothesis of no selection on
mtDNA alleles, the mean value of this parameter equals zero
(Ho: Af= 0). See Supporting Information for additional and
supporting statistical evaluations of our results.

RESULTS

We asked whether the frequency of a given mitochondrial
haplotype increased when initially rare and decreased when
common over the course of our experiments and whether
frequency changes (Af) were due to the particular mtDNA
haplotype pair or to the nuclear genetic background in which
haplotype pairs were competing. Whether a given focal
haplotype was common or rare at the beginning of the exper-
iment had a highly significant and sizeable effect on the
change in haplotype frequency among all of the three
mtDNA haplotypes used (Table 1). Overall, the frequency of
the rare mtDNA haplotype increased across experimental
populations by 5.3% (95% CI: 0.027-0.080; ¢ = 4.0; df = 177;
P <0.001) and, consequently, the frequency of the common
haplotype decreased by the same amount (Fig. la). Thus,
changes in mtDNA haplotype frequencies during the
course of the experiment were indeed negatively frequency-
dependent. Furthermore, the observed negative frequency-
dependent effects were consistent over nuclear backgrounds
(Fig. la) and particular mtDNA haplotypes (Fig. 1b;
Table 1).

A closer examination of our results suggests an additional
facet of the evolution of mtDNA haplotype frequencies in our
experimental populations. The strength of NFDS was, to
some extent, contingent upon the interaction between nuclear
genetic background and competing mtDNA haplotype, as
suggested by significant three-way interactions between start-
ing frequency x competing mtDNA haplotype x nuclear
genetic background for two out of three focal mtDNA
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Table 1 The effect of starting frequency on the change in mtDNA haplotype frequencies

C B Y
Focal mtDNA haplotype:
Source df F P df F P df F P
Starting frequency (SF) 1,98.7 11.64 <0.001 1,98.4 7.25 0.008 1, 98.6 18.65 <0.001
Competing haplotype (CH) 1,59 0.03 0.875 1,62 0.49 0.510 1, 6.0 0.25 0.635
Nuclear background (NB) 2,38 0.09 0.916 2,22 4.49 0.170 2,4.1 0.99 0.444
SF x CH 1,98.7 2.69 0.104 1,984 1.01 0.316 1,98.6 0.32 0.570
SF x NB 2,98.7 0.75 0.473 2,98.4 1.13 0.328 2, 98.6 1.01 0.368
CH x NB 2,59 0.51 0.627 2,6.2 0.52 0.620 2,6.0 1.19 0.366
SF x CH x NB 2,98.7 0.29 0.752 2,98.4 3.28 0.041 2, 98.6 3.29 0.040

Linear mixed models (REML estimation) of the effects of fixed factorial variables on changes in haplotype frequency (Af") during the course of the experi-
ment, when modelled as Af across all replicates that involved a given focal mtDNA haplotype (n = 120 for all three models). In all models, introgression
line identities were included as random effects variables. Values in bold face are those that are statistically significant at o< 0.05.

Haplotype frequency

Generation

Figure 1 Overall, mtDNA haplotypes decreased in frequency when
common and increased in frequency when rare across all three nuclear
genetic backgrounds. Here, each pair of matched lines (one in the top
part of the graph and one in the mirroring bottom part) represents the
mean haplotype frequencies (over 60 replicate populations) in one of the
three distinct nuclear genetic backgrounds (black circle: C; red triangle: B;
blue diamond: Y). Error bars represent SEM. Note scale break along the
ordinate.

haplotypes (Table 1). The observed effect was apparently
caused primarily by NFDS (i.e. the effect of starting fre-
quency) being particularly strong when a focal haplotype was
competing against another haplotype within the focal haplo-
type’s own nuclear genetic background (see Supporting Infor-
mation). For example, the strength of NFDS was stronger
when the B haplotype competed against the Y haplotype
within a B nuclear genetic background compared with a C
nuclear genetic background (| Af | when rare + | Af | when
common = 0.29 and 0.05 respectively).

© 2013 John Wiley & Sons Ltd/CNRS
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Common Rare
Starting frequency of focal haplotype

Figure 2 A given mtDNA haplotype decreased in frequency when initially
common and increased in frequency when initially rare. Shown here are
mean changes in haplotype frequency from the start to the end of the
experiment (Af") for the different focal mtDNA haplotypes (black circle:
C; red triangle: B; blue diamond: Y) and starting frequencies. Error bars
represent 95% bootstrap CI, based on 10000 bootstrap replicates, and
asterisks indicate significant (P < 0.05) deviations from zero (one sample
t-tests of Hp: Af'=0; df =159). Note that the variation in haplotype
frequency changes across replicate populations was symmetrical and of
similar magnitude across haplotypes and starting frequencies. Combined
probability tests showed that across all three haplotypes, Af < 0 when a
focal haplotype was common (P < 0.001) while Af>0 when a focal
haplotype was rare (P < 0.001) (see Supporting Information).

DISCUSSION

The results of our experiments were remarkably clear-cut:
NFDS acted to maintain mtDNA polymorphism within our
experimental populations and this pattern was consistent over
multiple mtDNA alleles and nuclear genetic backgrounds.
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Below, we briefly discuss four facets of our results. First, we
address the likely mechanism behind the observed NFDS. Sec-
ond, we discuss some of the ramifications of our findings for
the use of mtDNA frequency data in population biology and
ecology. Third, we note that our results are consistent with a
role for mitonuclear epistasis for fitness. Fourth, we suggest
that our findings may also have wider implications for our
understanding of the maintenance of genetic variation in
ecologically relevant life history traits.

While several mechanisms could in theory have contributed
to the NFDS on mtDNA haplotypes that we observed, we sug-
gest that the general scenario delineated by Lewontin (1974) is
the most probable one. Lewontin (1974) proposed that NFDS
within populations may be pervasive because whenever ‘a
genotype is its own worst enemy, its fitness will decrease as it
becomes more common’. His proposition was built on three
prerequisites, all of which were upheld in our experiment. First,
it requires environmental heterogeneity (Kassen 2002). We
allowed our experimental populations to evolve under condi-
tions in which they experienced small-scaled environmental
heterogeneity both with regards to resource type and thermal
conditions. Second, it requires genotype-by-environment
interactions, such that the relative performance of different
genotypes depends on the biotic and /or abiotic environment in
which they live (Kang & Gauch 1996). We note that the
mtDNA haplotypes used in our experimental populations are
known to show complex genotype-by-environment interactions
for life history traits, e.g. temperature specific growth rate
(Dowling et al. 2007), metabolic rate (Arnqvist et al. 2010) and
the economics of reproduction (Dowling et al. 2010), such that
the relative performance of haplotypes differs across environ-
ments. Third, it assumes that there is competition for resources.
Our experimental populations evolved under conditions of
pronounced juvenile resource competition.

There are striking similarities between Lewontin’s (1974)
proposed scenario and other negative-frequency-dependent
processes thought to maintain diversity at a range of ecologi-
cal and evolutionary scales (e.g. Chesson 2000; Kassen 2002).
In fact, we suggest that Lewontin’s (1974) three prerequisites
are likely to prevail in many natural populations and NFDS
within populations may thus often act to promote the
maintenance of mtDNA polymorphism. Environmental heter-
ogeneity is ubiquitous (Kassen 2002) and resource competition
is certainly strong in many taxa (Gurevitch et al. 1992). More-
over, genotype-by-environment interactions seem to be a
prominent feature of the phenotypic effects of mitochondrial
genetic variation (Willett & Burton 2003; Dowling et al.
2008). The facts that the effects seen in our experiment were
largely independent of nuclear genetic background and were
consistent across replicate introgression lines also implicate a
general mechanism.

Irrespective of mechanism, our demonstration of NFDS on
mtDNA haplotypes has important potential implications for
studies that use haplotype frequency data to infer population
level processes in nature. Based on the assumption that
mtDNA variation is selectively neutral (Moritz et al. 1987;
Moritz 1994) such data has been extensively used for more
than three decades to infer, e.g. rates of migration, colonisa-
tion events, effective population size, gene flow, population

structure, phylogeography, introgression in hybrid zones and
several other population parameters (Avise et al. 1987; Harri-
son 1989). Such inferences will be fundamentally problematic
if mtDNA haplotype frequencies commonly reflect selection
and adaptation rather than within-population coalescence and
diffusion of selectively neutral haplotypes across populations
(Ballard & Kreitman 1995; Ballard & Whitlock 2004; Ballard
& Rand 2005; Bazin et al. 2006; Dowling et al. 2008). This
concern is deepened by (1) the fact that that the large scale
pattern of variation in mtDNA polymorphism is often incon-
sistent with the neutrality assumption (e.g. Bazin et al. 20006)
and (2) the fact that experimental tests often reject neutrality
(Ballard & Melvin 2010; Dowling et al. 2008). We note that
studies based on genetic variation in mtDNA markers which
is characterised exclusively by synonymous substitutions or is
located in non-coding regions are of course not immune to
these potential problems, simply because mtDNA haplotypes
may show ‘hidden’ non-synonymous substitutions in sites that
have not been sequenced. We suggest that the neutrality
assumption of mtDNA variation should be adequately tested
in studies that use haplotype frequency data to infer process
from pattern (Ballard & Kreitman 1995; Bazin et al. 20006;
Galtier et al. 2009). Unfortunately, however, it is very difficult
to devise unambiguous statistical tests for NFDS based on the
frequency distribution of mtDNA haplotypes within open nat-
ural populations where the demographic history is unknown
(using an infinite allele model) (Whittam et al. 1986; Gerber
et al. 2001; Jiggins & Tinsley 2005; Galtier et al. 2009). Yet,
our results provide a basis for proposing that NFDS should
be tested for in studies using the pattern of mtDNA haplotype
frequency data to infer population level processes.

Products of the mitochondrial and the nuclear genome join
to form the major energy producing cascade within mitochon-
dria (Ballard & Melvin 2010) and there are therefore good
reasons to believe that mitonuclear epistatic interactions should
be important. Mitonuclear epistasis has been experimentally
documented for life history traits (Dowling ez al. 2008; Ellison
& Burton 2008) and the pattern of mtDNA protein evolution
is consistent with a major role for epistasis (Breen et al. 2012).
Our study suggests an additional role for mitonuclear epistasis
in mtDNA evolution. The fact that the strength of NFDS
seemed, to some extent, contingent upon mitonuclear combina-
tion suggests that the experimental evolution of mtDNA was
affected by the nuclear genome with which it was co-expressed
(Fos et al. 1990). This implies that coadaptation between
mitochondrial and nuclear genes, which is well documented
(Rawson & Burton 2002; Rand et al. 2004; Ellison & Burton
2008; Houtkooper et al. 2013), may also affect NFDS. Such
intergenomic epistasis predict that the ecological and evolu-
tionary dynamics of mtDNA haplotypes may be quite complex
(Rand ef al. 2001), especially when considering sex-specific
effects of mtDNA variation (Innocenti et al. 2011), and NFDS
may thus also contribute to the maintenance of nuclear genetic
variation. Thus, our results suggest that mtDNA polymor-
phism in natural populations of our model system represents a
complex interaction between NFDS, sex-specific positive/
negative selection (Dowling et al. 2007), environmental varia-
tion (Arnqvist ef al. 2010), mitonuclear epistasis (Dowling
et al. 2010), genetic drift and gene flow.
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A persistent problem with studying the maintenance of
variation in ecologically relevant life history traits lies in
relating variation in important life history phenotypes to
genetic variation at the loci that control them (Lewontin
1974; Charlesworth & Hughes 2000; Mitchell-Olds ez al.
2007). The fact that most life history traits are influenced by
a very large number of genes with small effects (Charlesworth
& Hughes 2000) aggravates this problem. Here, mtDNA
markers provide an interesting alternative for the more gen-
eral study of life history genotypes, simply because they
represent haplotypes containing a large set of well character-
ised and non-recombining genes with important effects on
metabolic and life history phenotypes (Ballard & Melvin
2010). Future studies of mitochondrial genes may thus help
improve our general understanding of the genetics, ecology
and evolution of life histories. To the extent that our results
speaks to this more general question, they are certainly con-
sistent with the view that balancing selection though NFDS
is an underrated contributor to standing genetic variation in
life history traits in natural populations (Doebeli & Ispolatov
2010).

Our understanding of the ecological and evolutionary
significance of mtDNA is currently being revised (Ruiz-Pesini
et al. 2004; Ballard & Rand 2005; Bazin et al. 2006; Dowling
et al. 2008). The traditional view that sequence variation in
the mitochondrial genome is selectively neutral is being
displaced by a growing body of evidence for selection on
mitochondrial genes from a variety of empirical domains and
this paradigm shift has wide-ranging evolutionary and ecologi-
cal implications (Ballard & Whitlock 2004; Ballard & Rand
2005; Galtier et al. 2009; Arnqvist et al. 2010). Our study
adds a novel and critical piece to our understanding of
mtDNA polymorphism by experimentally demonstrating that
selection acts upon mtDNA and, most importantly, by show-
ing that NFDS acts to maintain non-neutral mitochondrial
genetic variation. Challenges for future research include
uncovering the processes that generate NFDS, which should
involve a combination of ecological and evolutionary experi-
mental approaches, but also developing methods and tests
that may allow us to detect the footprint of NFDS in natural
populations.
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