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Abstract

Combining nuclear (nuDNA) and mitochondrial DNA (mtDNA) markers has improved
the power of molecular data to test phylogenetic and phylogeographic hypotheses and
has highlighted the limitations of studies using only mtDNA markers. In fact, in the past
decade, many conflicting geographic patterns between mitochondrial and nuclear genetic
markers have been identified (i.e. mito-nuclear discordance). Our goals in this synthesis
are to: (i) review known cases of mito-nuclear discordance in animal systems, (ii) to
summarize the biogeographic patterns in each instance and (iii) to identify common
drivers of discordance in various groups. In total, we identified 126 cases in animal
systems with strong evidence of discordance between the biogeographic patterns
obtained from mitochondrial DNA and those observed in the nuclear genome. In most
cases, these patterns are attributed to adaptive introgression of mtDNA, demographic
disparities and sex-biased asymmetries, with some studies also implicating hybrid zone
movement, human introductions and Wolbachia infection in insects. We also discuss
situations where divergent mtDNA clades seem to have arisen in the absence of
geographic isolation. For those cases where foreign mtDNA haplotypes are found deep
within the range of a second taxon, data suggest that those mtDNA haplotypes are more
likely to be at a high frequency and are commonly driven by sex-biased asymmetries
and/or adaptive introgression. In addition, we discuss the problems with inferring the
processes causing discordance from biogeographic patterns that are common in many
studies. In many cases, authors presented more than one explanation for discordant
patterns in a given system, which indicates that likely more data are required. Ideally, to
resolve this issue, we see important future work shifting focus from documenting the
prevalence of mito-nuclear discordance towards testing hypotheses regarding the drivers
of discordance. Indeed, there is great potential for certain cases of mitochondrial
introgression to become important natural systems within which to test the effect of
different mitochondrial genotypes on whole-animal phenotypes.
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(nuDNA). This variety of genetic information is, in

Introduction .
many cases, now complemented with broad taxon sam-

It is now commonplace for studies of molecular
biogeography to employ a diverse suite of genetic
markers, including loci both in the mitochondrial
genome (mtDNA) and throughout the nuclear genome
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pling encompassing a large geographic scope. In most
studies that employ a diverse array of genetic markers
and a robust sampling effort, the patterns observed
between different genetic marker types generally align
(Avise 1994). This is true for comparisons between
species as well as phylogeographic structure that arises
within species — the localities that harbour deep splits
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between mtDNA clades also have corresponding differ-
ences in the nuclear genome (Zink & Barrowclough
2008). This observation is one reason the ‘barcoding of
life” project has proved successful: clades identified in
mtDNA are generally concordant with other phenotypic
and genetic information (e.g. 94% of taxonomic bird
species in North America have concordant mtDNA
clusters; Kerr et al. 2007). However, concordant patterns
between mtDNA and nuclear DNA are not always
observed (Funk & Omland 2003; Chan & Levin 2005).
In fact, the number of studies that report discordant
patterns between mtDNA and nuclear markers, while
not large, is increasing, especially within the last dec-
ade, as more researchers have been able to use both
types of markers in combination.

Discordance between mtDNA and nuDNA can be
most broadly defined as a significant difference in the
patterns of differentiation between these two marker
types. Most commonly, these conflicts can be in the
overall amount of differentiation or in how these mark-
ers reconstruct relationships among groups. This type
of discordance is expected because the mitochondrial
genome is haploid and uniparentally inherited in most
animals (but see Hoeh et al. 1991), and therefore has a
fourfold smaller effective population size (Hudson &
Turelli 2003; Zink & Barrowclough 2008). This means
that mtDNA will complete the process of lineage sort-
ing, where ancestral polymorphisms are lost over time,
faster than nuDNA, as this rate is inversely propor-
tional to the effective population size (Funk & Omland
2003). While the inheritance properties of mtDNA make
it more likely than any single nuclear marker to accu-
rately reflect recent divergence (Zink & Barrowclough
2008), studies that rely solely on mtDNA to infer phylo-
genetic relationships risk generating gene trees that do
not represent the true relationships among taxa
(Edwards & Bensch 2009). The prevalence of incomplete
lineage sorting in contributing to discordant patterns
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between mtDNA and nuDNA has been discussed
extensively (Funk & Omland 2003; Zink & Barrowc-
lough 2008; McKay & Zink 2010), and the primary reso-
lution is that, where feasible, researchers should include
multiple independent loci to generate robust phyloge-
netic relationships (Edwards & Bensch 2009).

Even if numerous nuclear loci are employed, mito-
nuclear discordance can also arise if there are differ-
ences in how selection acts on the mitochondrial gen-
ome as compared to the nuclear genome or if there is
biased movement of either marker type driven by
demographic asymmetries, such as sex-biased dispersal
(Rheindt & Edwards 2011). For instance, despite the
long-held assumption that variation in mtDNA is pri-
marily neutral, a number of studies have identified
intra- and interspecific variation in the proteins encoded
by genes in the mitochondrial genome that authors
have attributed to natural selection (Bazin et al. 2006;
Meiklejohn et al. 2007; Edwards 2009; Ballard & Rand
2005; Ballard & Melvin 2010; Scott et al. 2011). If selec-
tion for mtDNA variants varies geographically, then
discordant patterns between mtDNA and nuDNA can
arise (Irwin 2012). In addition to differences in the
adaptive landscapes for nuDNA and mtDNA, demo-
graphic asymmetries can also create discordant patterns
and distributions of these different marker types. For
instance, female-biased dispersal or disparities in range
size or abundance between hybridizing groups can pro-
mote the dispersal of mtDNA in the absence of concor-
dant movement of nuDNA (Funk & Omland 2003).

Distinguishing between incomplete lineage sorting
and these other types of discordance can be difficult
(McKay & Zink 2010). One important distinction, how-
ever, is that discordance that arises from incomplete
lineage sorting is not expected to leave any predictable
biogeographic pattern (Fig. 1; Funk & Omland 2003).
Therefore, in cases where there are strong geographic
inconsistencies between patterns in mtDNA and
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Fig. 1 A scenario illustrating different biogeographic patterns expected under incomplete lineage sorting versus hybridization and
introgression. The left panel is consistent with a pattern of incomplete lineage sorting of mtDNA, where two mtDNA clades are
distributed between two nuclear clusters (as illustrated with the phylogenetic tree), taxon A (blue) and taxon B (white), with no
discernible geographic pattern in the distribution of mtDNA clades among the nuclear groups. While less likely, this pattern is also
consistent with complete introgression of mtDNA that is maintained at low frequency across the range of both taxa. The right panel
illustrates a pattern that is consistent with partial introgression of mtDNA from taxon A into taxon B (as distinguished by nuDNA
markers), where individuals in the range of taxon B have mtDNA from taxon A at the range edge.
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nuDNA, incomplete lineage sorting can usually be
ruled out. This type of discordance, referred to more
generally as biogeographic discordance, can result from
clines in mtDNA being displaced from nuclear DNA in
both their location and/or their width (Fig. 2). Biogeo-
graphic discordance can be extensive, such as the
complete replacement of mtDNA of one species by
another (i.e. ‘mitochondrial capture’), or more limited,
where mtDNA haplotypes show a higher frequency in
a given population than would be expected from
nuDNA markers.

Two general situations can lead to biogeographic
discordance between mtDNA and nuDNA: following
isolation and hybridization or in situ (i.e. secondary
versus primary contact). Most of the taxa that display
patterns of biogeographic mito-nuclear discordance are
groups that were isolated for long periods of time and
are either currently in secondary contact or have experi-
enced range contact at some point in their past. During
this period of isolation, it is assumed that divergent
groups accumulated mutations in both their mitochon-
drial and nuclear genomes, which increased to high
frequency via selection, drift or some combination of
the two (i.e. ‘genetic draft’; Hudson & Turelli 2003).
Upon secondary contact, these groups formed hybrid
zones, interbreeding to varying extents, and mtDNA-
nuDNA discordance was promoted by divergent
patterns of gene flow between the two genomes.
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Fig. 2 A hypothetical scenario with a range map and geo-
graphic clines of alternative means to quantify biogeographic
patterns of discordance. The top panel shows the ranges of
two taxa, taxon A (blue) and taxon B (white), as distinguished
by nuclear genetic markers, where the mtDNA of taxon A can
be found within the range of taxon B (red area); this demon-
strates the geographic extent of discordance. The bottom panel
depicts this mito-nuclear discordance measured as relative to
frequencies of nuclear markers (blue) and mtDNA (red) of
taxon A.
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It has also been suggested that mito-nuclear discor-
dance can arise in the absence of geographic isolation,
where mitochondrial types show strong frequency
differences between localities that potentially arose in
the face of gene flow (Irwin 2002; Ribeiro et al. 2011). In
these cases, patterns in the nuclear genome, combined
with the biogeographic history of the taxa, suggest a
narrow mtDNA divide that may not be the product of
geographic isolation followed by secondary contact.
This pattern is consistent with a scenario where selec-
tion favours one mitochondrial variant over another in
a given area; in some cases, these differences may be
associated with important environmental characteristics
(Cheviron & Brumfield 2009; Irwin 2012).

In many cases, discordant biogeographic patterns
have been used to infer the potential drivers of discor-
dance. For situations where the mtDNA of one taxon
shows complete fixation in another or where a mtDNA
cline centre is displaced and/or wider as compared to
nuDNA, a number of processes have been inferred: (i)
adaptive introgression of mtDNA; (ii) demographic dis-
parities; (iii) sex-biased asymmetries; (iv) hybrid zone
movement; (v) Wolbachia infection; and (vi) human
introductions. Adaptive processes can create discor-
dance if selection favours mutually beneficial mitochon-
drial variants and promotes introgression upon
secondary contact. Demographic disparities can gener-
ate discordance if there are large differences in popula-
tion or range size between two taxa, especially if there
is the potential for very small population sizes to influ-
ence mtDNA frequency by sampling effects (i.e. genetic
drift), promoting asymmetric introgression (i.e. Currat
et al. 2008). A subset of more general demographic dif-
ferences, systems with female-biased dispersal propen-
sity, behavioural differences in mating likelihood and
differential production of offspring can promote
mtDNA introgression because of its matrilineal inheri-
tance. Hybrid zone movement can also create discor-
dance when the majority of nuclear markers (in
addition to phenotypic traits) shift their geographic
location, leaving a wake of mtDNA behind (Rohwer
et al. 2001). In insects, Wolbachia infection is a poten-
tially important driver of discordance, where mating
incompatibilities can arise between individuals with
and without this cytoplasmic endosymbiotic parasite
and mtDNA hitchhikes (i.e. infected males mated with
uninfected female are incompatible, whereas infected
females mated with uninfected males suffer less fitness
loss; Jiggins 2003). It has also been recognized that
human actions can facilitate secondary contact and gen-
erate some of the demographic asymmetries outlined
previously by moving individuals (i.e. Perry et al. 2001)
or by facilitating interaction via habitat alteration,
potentially generating discordance.
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Biogeographic discordance is also distinguished if sec-
ondary contact and hybridization generate more struc-
turing in mtDNA and/or narrower geographic clines as
compared to nuDNA. These are likely produced by
either nuclear introgression and/or sex-biased asymme-
tries. Sex-biased asymmetries in this context can be
driven by male-biased dispersal, mating behaviour or
sex-biased offspring production. This latter scenario
(sex-biased offspring production) has been the focus of
theoretical and empirical investigations, as it is a specific
prediction of ‘Haldane’s rule’ (reviewed in Coyne & Orr
2004). This theory posits that, following secondary con-
tact and interbreeding between divergent taxa, if one
sex suffers a fitness loss, it will more often be the heter-
ogametic sex. It follows that in those systems that where
females are the heterogametic sex (i.e. ZW systems), as
in Aves and Lepidoptera, mtDNA will be less likely to

introgress between divergent groups as compared to
other taxonomic groups with XY sex determination
(such as mammals), and subsequently, mtDNA will
have a narrow cline (Coyne & Orr 2004).

Given the increase in interest and the availability of
molecular markers, biogeographic patterns of mito-
nuclear discordance are being identified more readily in
many systems (Edwards & Bensch 2009). However, in
most cases, the processes driving such patterns are still
unknown. Here we attempt to address some of these
knowledge gaps by reviewing recent progress in our
understanding of mito-nuclear discordance in animal
taxa. Our goals in this synthesis are to: (i) review
known cases of biogeographic mito-nuclear discordance
in animal systems, (ii) to summarize the geographic
patterns in each instance and (iii) to identify common
drivers of discordance in various groups. Our treatment

Box 1. Previous Treatments of Mitochondrial Discordance and Introgression

Discordance between mtDNA, nuDNA and other taxonomic characters has been the focus of a number of previous reviews and
discussions. In an early synthesis, Avise (1994) highlighted a number of systems that were among the first to report strong
discordance between nuDNA markers and mtDNA, owing to hybridization and introgression. Funk & Omland (2003) extended
this in a more general review by attempting to quantify the prevalence, causes and consequences of genealogical polyphyly at the
species level. Patterns of biogeographic discordance and asymmetric introgression of mtDNA were considered along with a
number of other processes contributing to discordant phylogenetic patterns, such as imperfect taxonomy, inadequate
phylogenetic information and incomplete lineage sorting (Funk & Omland 2003).

McKay & Zink (2010) further explored Funk & Omland’s (2003) analysis by trying to distinguish, in each case of polyphyly in
avian systems, whether imperfect taxonomy, incomplete lineage sorting or gene flow was responsible for the discordance. While
some authors suggest that taxonomy may not be the ideal guide for studies of mtDNA paraphyly (i.e. Rheindt & Edwards 2011),
McKay & Zink (2010) reported that approximately 14% of 856 avian species examined showed evidence of paraphyly and that
imperfect taxonomy was the most prevalent explanation for the discordances (55.7% of cases) as compared to incomplete lineage
sorting (15.6%) or introgression (5.7%), although in many cases, they suggest that the latter two processes could not be
distinguished (21.3%; McKay & Zink 2010).

By more specifically examining the correspondence between estimates of divergence in mtDNA and nuDNA in avian systems,
Zink & Barrowclough (2008) suggested that, in most cases, there was little conflict between the estimates obtained from nuDNA
and mtDNA. For instance, in most of the cases, they reported that mtDNA divergence was greater than estimates from nuDNA,
as would be expected from the differences in effective population size. This result was interpreted as an affirmation of mtDNA,
‘under siege’ in phylogeography, to recover robust relationships (Zink & Barrowclough 2008). In their reply, Edwards & Bensch
(2009) suggest that this conclusion may be true in many cases, but argue that there is much value at little cost if mtDNA data are
supplemented by additional loci in the nuclear genome.

Models of mito-nuclear discordance have been derived analytically (Chan & Levin 2005) and from simulations (Currat et al.
2008). Chan & Levin (2005) modelled the propensity for incomplete premating barriers (i.e. strong mating preference) to promote
mtDNA introgression between taxa as compared to postmating barriers (i.e. strong selection against hybrids). They found that
postmating barriers to reproduction were better at preventing introgression, an observation that has generally been borne out in
empirical systems (e.g. Lamb & Avise 1986), although in many cases, there is little information on the barriers acting in any given
system. The simulations performed by Currat et al. (2008), which were supplemented by a review of empirical examples by Petit
& Excoffier (2009), focused on mtDNA introgression following invasion and hybridization with a related taxon. They found that
gene flow was consistently in the direction of the native taxon towards the colonizer, and, counter-intuitively, the genetic markers
with lower intraspecific gene flow were more likely to introgress between taxa (Currat et al. 2008; Petit & Excoffier 2009). They
suggest this is because these low-dispersing genetic markers are less likely to be swamped out by gene flow of from other
populations of the colonizing taxon. From this result, they predicted that gene flow of mtDNA in systems with male-biased
dispersal will be higher as compared to those systems with female-biased dispersal (Currat et al. 2008; Petit & Excoffier 2009).
Unfortunately, in the cases reviewed by Petit & Excoffier (2009), the dispersing sex is confounded with taxonomy (i.e. birds
versus mammals), sex-determining system and, combined with limited data on dispersal bias, it is currently difficult to determine
how prevalent this process is in natural systems. However, these nonintuitive results were not predicted based on previous
surveys of empirical systems, suggesting that such simulation studies present a promising line of enquiry into the drivers of
discordance in the future (i.e. [rwin 2012).

© 2012 Blackwell Publishing Ltd
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differs from previous articles in both scope and inclu-
siveness, as the primary criterion for our survey is only
that the systems display a strong biogeographic signal
of mito-nuclear discordance (see Box 1 for a discussion
of previous treatments of mito-nuclear discordance).
We focus on biogeographic discordance because these
cases are much more likely to be associated with other
complementary historical, biological and ecological
information that can be used to reveal the underlying
processes driving discordance.

Methods

Our survey consisted of two approaches. First, we col-
lected all papers where authors explicitly reported
mito-nuclear or cytonuclear discordance in animals. We
used discordance that has occurred between divergent
genera, species, subspecies and, in some cases, distinct
genetic clusters within a taxon. We restricted our sur-
vey to animals to maintain reasonable bounds on the
extent of our review and also because the mitochondrial
genome can behave very differently in other taxonomic
groups, such as plants (Galtier 2011). Second, to provide
a more objective metric for the prevalence of biogeo-
graphic mito-nuclear discordance, we searched 100 ran-
domly chosen studies published in Molecular Ecology for
articles referring to mitochondrial markers and micro-
satellites, AFLPs or nuclear introns. For those studies
that were relevant (i.e. empirical, in animal systems, not
asexual hybrids and presented both marker types) and
had sufficient sampling to identify potential discor-
dance, we looked for congruence between the geo-
graphic patterns of mtDNA versus nuDNA makers. We
did this to evaluate the extent of mito-nuclear discor-
dance in the absence of an author’s explicit discussion
of discordance.

Biogeographic mito-nuclear discordance is best illus-
trated by studies that report geographic clines for
mtDNA along with multiple nuclear markers and other
phenotypic traits (Fig. 2). A number of studies do not
report these clinal data, so for some cases in our litera-
ture survey we identified mtDNA-nuDNA discordance
from maps, figures and supporting text. From these
data we extracted two important characteristics for our
synthesis: first, we estimated the geographic extent of
mitochondrial and nuclear discordance, and second, we
determined the average frequency of mtDNA haplo-
types throughout the area of discordance. In the case of
secondary contact, the geographic extent of discordance
is defined as the percentage of the range for which the
mtDNA of taxon 1 is observed within the range of
taxon 2 (relative to the overall range of taxon 2) as
defined by nuclear markers or, in a small number of
cases, phenotypic characteristics (Figure 2). The fre-

© 2012 Blackwell Publishing Ltd

quency of mtDNA throughout the area of discordance
is quantified as the average haplotype frequency of the
foreign mtDNA in the region between the contact zone
inferred from nuDNA and where the native mtDNA
haplotype becomes fixed (in the cases where introgres-
sed mtDNA is not at complete fixation; Fig. 2).

There are two points that should be noted in defining
these groups based primarily on differences in the
nuclear genome. First, most studies use only a small
number of nuclear loci (i.e. <10) to assay the nuclear
genome, especially studies employing intron sequencing
or allozyme variation, and therefore may not be repre-
sentative of the rest of the genome. Second, nuclear
markers can be discordant among themselves, as a
result of drift or of different patterns of dispersal, selec-
tion or demography. Only in cases where mtDNA was
a clear outlier to the general pattern of other nuclear
markers did we include it in our survey. Quantifying
this type of discordance among nuclear markers was
beyond the scope of the review; however, given the
number of studies now employing numerous loci in a
robust geographic framework, there is a need for future
syntheses to quantify these patterns.

We used three bins to categorize both the geographic
extent of discordance and the frequency of discordant
haplotypes: <50%), 50-95% and >95%. These large bins
allowed us to reliably quantify data reproduced in dif-
ferent forms in various papers. We use these biogeo-
graphic patterns to gain insight into some of the factors
that may be promoting mito-nuclear discordance. In the
case of mtDNA introgression following secondary con-
tact, the extent and frequency of discordant haplotypes
can indicate the relative importance of selection or neu-
tral processes in driving discordant patterns (Rheindt &
Edwards 2011). For instance, it is less likely that neutral
genetic drift would explain the distribution of the
mtDNA of taxon 1 at near fixation (>95% frequency)
across more than half of the range of taxon 2, unless
historical bottlenecks during or following introgression
were frequent.

We supplement this coarse quantitative evaluation of
inferred drivers of discordance with information pro-
vided by the authors in the text of each study. For the
systems where mito-nuclear discordance is identified by
less structuring of mtDNA and/or wider geographic
clines compared with nuDNA, or where mtDNA and
nuDNA were both structured, but the taxon boundaries
differed between marker types, we classified each study
(based on the interpretations of the authors of each
study) as having evidence that supports one or more of
the following scenarios (discussed in detail earlier): (i)
adaptive introgression of mtDNA; (ii) demographic dis-
parities (including genetic drift); (iii) sex-biased asym-
metries; (iv) hybrid zone movement; (v) Wolbachia
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infection; and (vi) human introductions. Cases in which
mtDNA was more structured and/or had narrower geo-
graphic clines compared with nuDNA were classified
as being driven by either (i) nuclear introgression
and/or (ii) sex-biased dispersal, mating or offspring
production (discussed in detail earlier). Genetic drift is
ubiquitous in finite populations and can interact with
many of the aforementioned processes to increase dis-
cordance between mtDNA and nuDNA. While drift
alone can also produce geographically discordant pat-
terns (e.g. Petit & Excoffier 2009), authors of studies
documenting mito-nuclear discordance typically pro-
pose other explanations. When authors did cite genetic
drift as a likely explanation, there was usually comple-
mentary evidence of historical bottlenecks producing
small population sizes, and therefore, we included these
cases under the broad category of ‘demographic dispar-
ities’.

We excluded studies based on a number of criteria,
especially in cases where discordance was suspected,
but was based on limited sampling. We also excluded
studies where mtDNA-nuDNA discordance was gener-
ated by asexual offspring produced by sexual parental
species. In this case, discordance is brought about when
the female parental species always contributes its
mtDNA to the asexual hybrid offspring (reviewed in
Avise 1994). Dealing with potential cases of incomplete
lineage sorting was more difficult. For instance, sharing
of similar mtDNA haplotypes across the range of two
taxa (i.e. >95% geographic extent and >95% haplotype
frequency) can be the result of introgression and com-
plete fixation of a foreign mtDNA or the result of
incomplete lineage sorting. We excluded situations
where morphology or traditional taxonomy was used to
infer this type discordance. In fact, only in a few cases
where phenotypic data showed a strong biogeographic
signal, such as mtDNA discordance with morphology
across a hybrid zone, were phenotypic characters
included in our survey as proxy for patterns in the
nuclear genome. This is because phenotypic conver-
gence can create the impression of discordance where
this is most likely the result of imperfect taxonomy
(Funk & Omland 2003).

We included cases where there are strong differences
in nuDNA markers, but much less differentiation in
mtDNA if there was additional information supporting
the discordance, such as evidence for current or past
potential for hybridization. This is because it is
expected that the mitochondrial genome will show
either greater or comparable levels of divergence and
structuring compared with markers in the nuclear gen-
ome (Zink & Barrowclough 2008). In these cases, signifi-
cantly less mtDNA divergence compared with nuclear
differentiation can implicate mitochondrial introgression

between taxa (e.g. Cathey et al. 1998; Bachtrog et al.
2006; Irwin et al. 2009).

However, given the ability for high-resolution nuclear
genetic markers such as AFLPs, microsatellites and full
genome sequencing to detect very subtle and poten-
tially very recent reductions in gene flow, it is becoming
increasingly difficult to determine whether mtDNA
homogeneity between groups divergent in nuclear
DNA is a result of hybridization or of the high power
of multi-locus nuclear data sets to detect differentiation
(Edwards & Bensch 2009). These types of discordant
patterns, where there is low but detectable amounts of
nuDNA differentiation, were not included in our survey
because incomplete lineage sorting of mtDNA could
not be dismissed, even though many of these had excel-
lent taxonomic and genetic sampling. Several examples
of such discordant patterns can be found between sym-
patric colour morphs of the rockfish Sebastes inermis
(Kai et al. 2002), in different host races of the leaf miner
Phytomyza glabricola (Scheffer & Hawthorne 2007) and
the grasshopper Hesperotettix viridis (Apple et al. 2010),
between two subspecies of willow warbler Phylloscopus
trochilus in Sweden (Bensch et al. 2009), and between
various populations of the dispersal limited newt Calo-
triton asper (Mila et al. 2010). Other studies where bioge-
ographic discordance is suggestive, but requires further
confirmation with additional data, can be found anno-
tated in Table S3, Supporting information.

Results and discussion

Prevalence of mito-nuclear discordance

The initial studies that identified mito-nuclear discor-
dance were in systems where early genetic tools were
more developed compared with other taxa: mitochon-
drial introgression between two species of fruit fly
(Drosophila pseudoobscura and D. persimilis; Powell 1983)
and between two species of the house mouse (Mus do-
mesticus and M. musculus Ferris et al. 1983). Following
these early discoveries, the number of cases slowly
increased until, around 2001, methods for assaying
numerous individuals for their nuclear genotype
became more widely available to researchers and, sub-
sequently, the number of cases increased dramatically
(Fig. 3). For instance, between 2001 and 2011, on aver-
age, over eight studies have been published per year
documenting mito-nuclear discordance in animals.

In total, we identified 126 cases in animal systems
where there is strong evidence of discordance between
the biogeographic patterns identified in mitochondrial
DNA and those observed in the nuclear genome. The
majority of cases (97%) are those where discordance
likely arose following geographic isolation and second-

© 2012 Blackwell Publishing Ltd
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Fig. 3 The number of papers that report mito-nuclear discordance between 1983 and 2012 (filled bars). The cumulative number of

papers (secondary axis) from 1983 is also shown (grey line).

ary contact (Table 1 and Table S1, Supporting informa-
tion). Of those, 109 (89%) found evidence that mtDNA
was an outlier, showing little affinity to boundaries
identified by nuclear DNA. In the thirteen remaining
cases, mtDNA showed a general geographic concor-
dance with the nuclear genome, but had a narrower
cline and/or more geographic structure (Table 2 and
Table S2, Supporting information). In seven studies,
there is evidence for extensive introgression of mtDNA
between numerous pairs of closely related taxa (see
Box 2). Interestingly, in four systems, there is evidence
of strong mtDNA structuring that has likely arisen in
situ in the absence of geographic isolation and main-
tained in the face of nuclear gene flow (see Box 3).

Our random survey of 100 articles in Molecular Ecol-
ogy found 75 relevant studies and 61 of those that
included both mitochondrial and multi-locus nuclear
data that were presented in a way that would show
major discrepancies between the marker types (see
Table S3, Supporting information for additional infor-
mation on each study). Of the 61 systems, 11 had dis-
cordant biogeographic patterns between mitochondrial
and nuclear DNA (18%). While in all cases the authors
noted discordance, most mentioned it in passing and
did not make it a focus of the study. While this survey
method does not avoid publication bias, it does try to
control for author bias, and the finding of 18% of stud-
ies employing both marker types identifying mito-
nuclear discordance is interesting. This is a large figure,
especially when combined with the number of systems
with discordance documented in the last two decades
(Table 1), the suggestive cases requiring further confir-
mation (Table S3, Supporting information) and those
likely caused by incomplete lineage sorting not
included in our survey (e.g. McKay & Zink 2010). This
suggests that discordance between the mitochondrial
and nuclear genomes is a prevalent and important phe-
nomenon.

© 2012 Blackwell Publishing Ltd

In general, the prevalence of discordance was not dis-
proportionate among any taxonomic group, although
mammals and fish have a higher frequency of reported
discordance compared with other groups (Fig. 4). This
may represent a propensity for these taxonomic groups
to exchange mtDNA and/or a publication bias for stud-
ies investigating these species. It has been suggested
that birds, which have a ZW sex determination system,
would be less likely to exchange maternally inherited
mtDNA upon secondary contact owing to Haldane’s
rule (Chan & Levin 2005). We find limited support for
this prediction: while almost half of the cases of narrow
mtDNA compared with nuDNA clines were in avian
systems (Fig. 4; Table 2), there are also a number of
cases showing strong evidence of mtDNA introgression
in birds (Table 1), a pattern not appreciated in previous
treatments (e.g. Petit & Excoffier 2009).

Extent and type of discordance following secondary
contact

When populations experience periods of geographic iso-
lation and subsequent secondary contact, patterns of
genetic variation in mtDNA and the nuclear genome
can become dissociated. The most common form of
mito-nuclear discordance is asymmetric movement of
mtDNA, with our survey finding only four papers
reporting bidirectional movement of mtDNA (Table S1,
Supporting information; see also Chan & Levin 2005;
Currat et al. 2008). In those cases where there was no
directionality in the movement of mtDNA, this was
because clines in mtDNA were wider than nuDNA (e.g.
Tamiasciurus ~squirrels; Chavez ef al. 2011). Some
authors suggest that this pattern may be due to the fact
that, in those cases, mtDNA harbours fewer genetic
incompatibilities as compared to the nuclear genome,
and thus, there are fewer barriers to introgression (Col-
liard et al. 2010).



8 D. P. L. TOEWS and A. BRELSFORD

(8007) 33amy
(S002) ‘17 12 S1q9H

(£002) ‘1v 42 s19RJ

PpaseIq-xag
PpaseIq-xag

onyderdowap ‘paserq-xag

USNIY} s, uosuremg
sa[3ea papods 1ossa] pue I191eaIn)

[[empen) pue spnp pajedreq

10SUIMS 1 "))
SNIVINISN SNIVINISN SNADLID)
vutivod
vuv)o vjmby
viaadasjs 'y
eyed[ey suuy

spirg

(€002) "1v 12 M1qeq
(6000) ‘v $2 UdZIUTY
(0102) ‘v 42 0]

(8002) "1V 2 WL
(Z10) ‘1 32 noyy
(€007) umorg 3 Uasuoy
(0102) ‘Iv 12 PIRI0D
(S002) 17 42 MOOISDM
(0102) ‘[v 12 uoshig
(9861) 9sIAY 7 quueT]

010T ‘17 32 uoshig

(S00Q) ‘1v 42 earanbag

(1002) 1v 32 sowreN

oryderdowsp ‘@andepy
paseirq-xag

paseiq-xag

aandepy

paseiq-xag
onyderdowag
onyderdouwaq
paseiq-xag

paseig-xas ‘aandepy
paselq-xag

paserg-xas ‘oandepy

onyderdowsp ‘eandepy

onyderBowap “paserq-xag

JMIU JJOOWS PUE S, UOPUBJUOIA]
JMIU PI[GIBW PUB PIJSIII-JLIID)
sGoxy puod usain)
Souy ysrew pue [00]
s3oxy umorg
Soay sapeose)
SprO) U210
Iapueureles
pa83ar-pax pue Awr[s UISYIION
o1y 9a13 UOAUEDd pue LUOZLIY
oy so1y uva1d

uedLRWY pue Junjreg

Gouy sa1],

Iopueweles padins-pioo

peO} BUOZIIY PUe S,9SNOYPOOA

suvSma ]
1UOPUVIUOLL STLINGLL]
SHIDAOULIDUL ],
SNIVISIAD SMANJLLT,
SNIVNIVUIOLSIU Y
1houvyd vuvy
vpungipti =y
aV10S52] VUDY
SISUIUISUIYD VUDY
SLOUNYNY vUvY
JUO)SUIYSBAN, dUppIsyd Y
JU0821Q), avppIsvd vuvy
snoLwajvg g
snynais ofng
WoUYS *q
snsounnis uopoyjalg
10]0o1U2UY "F]
wniogytim vjAE]
vatauLd [
vso13u.8 VAL
10]021U2D "]
viuxa vjAY

,8eaur| yyIou, wouwjisn] *D

,L3eaur] ynos,
voIUVISN] VSS0]S011D)

snydposoonu g
nusnoypoom ofng

(£002) oryderdowsap viquioq g
eINWAZg 3 UeWJOR] ‘paserq-xas ‘0andepy  peo) paI[[Rq-aiy pue paI[[oq-MO[[Px vppdariva vuiquiog
suerquydury

U %G6< %9605 %050 %G6< %9605 %09-0 (8)§59001 paLIdFu] SUWEN Uouros (,2AneU,) T UOXe],

(,u8re10y,) 1 uoxe]

Aouanboaur ad£jordery Juaxy oryderdoan)

(uoneurrojur Suntoddng) 1g o[qe], a3 99s ‘sassadoxd parrajur pue sureyed drouad uo s[reIRp [EUOHIPPE 04 *,VN(IW dALEU, 3 SI g UOXE) SLaIoyM NI uda10§, oYy SI
[ UOXE} ‘9DUBPIOISIP JLIPWWASE JO S9Sed U] “YN(NU UeY} JOPIM dIe NI Ul SUID 3I9UYM JOLJU0D AIPu0dds SUIMO[[0F 9DULPIOISIP Ie[DNU-[ELIPUOYD0IIW JO SIse)) I d[qeL

© 2012 Blackwell Publishing Ltd



BIOGEOGRAPHY OF MITO-NUCLEAR DISCORDANCE 9

(1661) Y2OH 3 SunmoQq
(z661) ddiryd 3 opuoy
(6007) ‘v 12 OpeadN
(100T) ‘v 32 epewex
(9007) woadmy, 7 (udy

(8002) ‘v 2 Aey

JuauwLAOW ZH
‘paserq-xag

paseiq-xag
aandepy
onyder8owa(q
paserg-xas ‘aandepy

snyderdowap
PaseIq-xag

sprutid4D

ysguns [8onyq pue passupdung
PP erduedue] aye|
Speqappns paurds-aary ],

ysyIey papueg

SI9)IEP MOquIel pue JuaLmn))

snjvydaooshiyo ]
SHINUL0D SNJIXNT
SNAIYI040DUL ]
sns0qqL8 suoday
snjvosvf sndojoiduvioaN
snaa3dfjpo snSojoiduvy
,opep uede[ jo eag, snypajniy o)
PRI dYIdR ], SNJUa|NIY SNajS0ajSuo)
vuouauL *p
snuvydvip snuvydpp snnpung
winiodun g
WUNJNIIVI VUL0JS0IY]T
snguiosvfiq D

(9007) Surmo(q 3 uosIeD . ° paserq-xag ysydng Sn1043v uopoutidiy
APe[ wIdses, 01qos D

(F00T) e[oureA % e[muoy . o paselq-xag peayng ueadoing OPE[d WId)SOM, 0108 SnjjoD)
10V Y

(€002) ‘Iv 12 Stmpn . . onyder8ouwra(q u0931N3S dRLIPY pue uerssny 113pavsuapians tasuadioy

ysig

van] 7

(2661) ZILIOIN 1 weudaq . . oryderdowaq QAIIIATIS pUR $9K3-93TYUM MO[DX s1jpiaqv] sdoiajsoy
moureds pjpdvoryy 7

(100Q) ]V o UIISYOIM . . oryderowa  PauUMOId-UIP[O3 pue PIUMOII-IITYA shuydoona) vuyprizouoyz
vaovule g

(0102) ‘[v 2 Soyrer] uap . . onyderdowaq 9AOP SNOADEUIA puE Paspau-3ury vjoo1dvo vijadojdalys

(6007) 1oMUOY 29 AqSOI]
(1102) ‘Iv J2 pIojspaig
(0102) v 12 udsqode(

(2107) "IV 12 UdIIepp
(£00T) ‘1v 12 BSUDIIN

(6000) 1V 4o uImiy

JUSWDAOW 7] ]
aandepy
UaAIS SUON
paserq-xag
oryderdowa

aandepy

IS[GIEM JIWIdY PUE S,pUasSumo],
Id[IeMm s,uoqnpny pue AN
S[OLI0 PaYdRg-YOr[q pue dIoWneg
Apoy pa1 pue 353104

UOdTRy IOMES Pue UOd[eJIAD)

Sunung surd pue roUIWEYMO[[ A

S1DIUIPIIN0 °§
11puasumoy v8vydojasg
ognpny °§
pjpU0400 VEVYd0JIS
1219 1
vnqus snajor
S1SuaLIwISSypu *J
vSS1UL0 DIPHoq
Sniiayo g
SNjod13SNL 0I[V
sojpydaooona) g
pjjauL10 vzZ1aqUI

ERISCACIC) |

%56< %5609 %050

%56<

%5608 %050

Aouanbaur adfjordery

juayxy onyder8oan)

(5)$S9001J PaLIdJu]

SWIEN] Uowuwo))

3,U0d spIrg

panuyuo) ‘I dqelL

© 2012 Blackwell Publishing Ltd



10 D. P. L. TOEWS and A. BRELSFORD

,adAy wersaxxo], vaidvo mpajp)

(886T) TUeYDIRIA . . JUsWRAOW 7 1addoysserny  adAy uojarop, vardvo vipajp>d
¥ sewads, snup 'y

(1002) ‘1Y 12 UOI A . . onyderdowap ‘@andepy soymbsoy ,( soads, snip sajaydouyy

spasu]

onyder8ouwrap sipjuatio snuufyj "I,

(S661) ounysy I MoyD . . aandepy eUN} Uyan[q pue aIodeq[y vSunuiy snuunyJ,
onyder8ouwep snyo1souvhd snpouijalq

(100Q) ‘1Y 12 QY e . aandepy PIYPD exiduedue], vovsa1 *fo snpooupuv],
i g

(9002) ‘1v 2 o0UrEUWER X . . paseIq-xag uapiea AJ[op pue Lreyd papods-o3npn SIUAVULI0ONI] SNULJIQIVS
U g

(T007) I0[Ae], 3 Yoequapay o . paselq-xag uaprea A[[op pue nox [ng snjuanifuos snuaajvs
(8661) ysnohvwwu g

Zoydjeusdg 1 UOS[IM e . aandepy JNOI} B[ pue LILYD dLIIY snuidp snugjaavs
sipuiguof g

(8661) IV 12 PWRA[D o . aandepy LIBYD 0OIq pue LIeyd d1oIy snuidjp snuijpajvs
s1dajoSijo vuiojsospuoydy

(0102) "IV 72 WIOqy o . aandepy sprurid4A> ueraqp ISUILIND VUI0ISOLPUOLIOPNIS]
509 *q

(T10Q) T0JAR], 29 DN o aandepy  ooep A[[oqpal UISY}IOU pue S[LdSIUL] SNavS0auU SNUIX01YJ
snayopiu “QO

(£007) 2suly 29 13UIAN o o uewngy PIYRID $113013800113] SILUL0ALI0I40)
(€000) onyderdoursp snanojiu O

plewoAno) 3 uoudoy e . “paserq-xas ‘@andepy PIYRID SHAUND SIU041{20240)
vpmsvu O

(1102) ']V 12 OpeAdN . . paselq-xag PIYPD eiduedue] aye| sdooq mdvjgouvigydo
uewrny W O

(8007) '1v 12 JIedIPIN . . ‘paselq-xas ‘eandepy JNOJ} JROIYPND pue moqurey ssiyfiwt sniyoufiy 10010
JNOI) JeOIYHPND 1a10n0q 2 °0Q

(1661) JIOPUR[[Y 2P SIGIO] . . paserq-xag auosmoPx pue adorsisap 1S103] 1YAV]D SMYPUALL0OUO)

snjvauljyns ‘N
SMIOUDIGOLO]YD N

(6002) TedN 7 9] o o paselg-xas ‘oandepy s1oyIe(] pue SN snjouoyjoN
sisuandunivur "N
(2002) 1v 72 198maz[es . . PIYoD erAuedue], aye] -dds sn8ojosduwioan
DULINIY  %G6< %S6-0S %05-0 %S6< %S6-0S %050 (5)s52001 paLIdzu] auwreN uouwo)) 3,u0d ysig
Aouanbaig adAjordery Juaixy oryder8oan

panuyuo) ‘T dqelL

© 2012 Blackwell Publishing Ltd



BIOGEOGRAPHY OF MITO-NUCLEAR DISCORDANCE 11

(6007) ‘v 12 eIPIIDJ-O[IA
(9007) utuessery 2y 3onbidoy
(6007) UOMIDqUID] 2P UUDG
(9007) ‘[v #2 IoLUEPL]
(1661) IV 2 uewrya]

(£007) “[v 42 ZRIQ-$33410D

paseiq-xas ‘aandepy
paseig-xas ‘aandepy
paselq-xag

onqderdowap “paserq-xag
uewny ‘paserq-xag

pasergq-xag

arey
epeueln) pue urejunojy

syeo8 ueadoinyg

I99P BYIS
asauede[ pue 10ap pay
syeo3 ueadoing

SIAJOM PUe SJ0AD)

sAayuow I9[MOL]

SISUJVUDLS "]
snpuuyy sndag
-dds vudv)
snonyjal snEvIuar]
uoddi *D
snydvjo snaia)
,2dAy xaqr, dds vidvy
,2d4)y xeozaq, “dds vidv)
snfni D
SUBIY] SIUVD)
vvvd
vi81d vygvnopy
S[eUIuIe A

(#002) ‘1v 12 [[PMOI]
(F661) ‘17 32 24og

(9002) ‘1v 12 ydwon
(€002) Strem

3 spreydny-ue3IoN
(2007) UOSLLIEL] 29 SSOY

(9002) “1v 12 e3LIeN

(0661) deuSIjog 3 J_qNY

(9007) ‘v 12 Soxydeg

(€861) TPMOJ

(£007) 1v 42 eloxey
(2007) ‘Iv 12 UIsUON

(5002) PInzZng % uexe],

paseig-xas ‘oandepy
paseIq-xag
aandepy

JUSWIDAOW 7]
“PIseIq-Xag

vnovqoM
‘paselq-xas ‘eandepy
v1ouq10M
vijovgjop “dandepy
vjovgiopm “oandepy

paselg-xas ‘aandepy

UDAIS SUON
paserg-xag

paselg-xas ‘aandepy

SULIOM ALY

S[1A99M Teg

ApIaynq anjq Iourey

eIPM

121D PRy
Ayronnq

MOT[PA uowruro))

SaIfy HNL

SaI[y HNL

SaIfy yNL

9[399q >jIeq donidg
S9[399q PIPWOSAIYD)

S9[199q puUNoIn)

urens wiod, vpiadidn.f viajdopods
urexns aouL, vpadidnif viajdopods
190438 "
SISUAIOUIAU SIPOSSL]
SIONUIYS “UL "]
vss1jauL vssijauL Saplavohy
,d&yohrey z1=u, voovioy; ‘[
,dKyohrey gr=u, vorwvioy; vuIIpPIUIE]
snuay o
snoivaejfisunad snjjiio
,2d&y morpx, aquoay vuaing
,odAy umoig, aguoay vimaing
puvlLInYUL (]
suvpnuiis vjiydosoi(q
vqnyvh *q
vawiojups vjiydosoi(]
sipusaad
vanasqoopnasd vjiydosos
,ope[ WIdYIION],
swuadini (@ ,9pe urejunour
Aoy, stuuadin snuogooipuag
SHjpInY *D
SNU1Ipqod snydoshiy))
y224q1v *D
SHUDISINA] SNQVADD)

QOURIIJIY

%56< %9605 %050

%56<

%5605 %09-0

Aouanboaur ad£jordery

Juaixy oryderdoan)

(5)SS9001J PaLIdJu]

SQWIEN UOWwoD)

3,U0D S1ISuY

panuyuo) ‘I dqelL

© 2012 Blackwell Publishing Ltd



12 D. P. L. TOEWS and A. BRELSFORD

(1100) 17 J2 sprempg
(L661) ‘v 12 1paMY
(1100) ‘17 32 ZoneyD
(0102) ‘v 12 PRI
(9002)
‘v 32 eaouoprirdg
(0102) ‘17 42 dTUURX
(0100) ‘v 12 elhrg
(0102) ‘17 32 BAINH
(#000) ‘v 12 SHUIIM
(8661) 17 12 Loye)
(9007) ‘v 12 12131g
(£861) wonspPSaL
(1102) ‘17 32 eLIqRD

(€861) 1V #2 SLLID]

(1102) Iv 42 preshog
(6002) “17 32 108119

(¥002) 17 12 @20y

(600T) ‘7 32 IRLIB-OPPI

(6007) 1v 72 eIRLIS-O[PN

paselq-xag
JUSWIDAOW Z ]
“ryderSowa(g
oryderdouwsp
PaseIq-xag
sryderdowsp
2andepy

U2AIS SUON
onyderowap
“paserq-xas ‘@andepy
oryderdowap
‘paserq-xag
oryderdowap
“paserq-xag

paselq-xag
paselqg-xag
onyder8ourap
‘paseig-xag

paseig-xas ‘aandepy

paselq-xag
oryderdowap
2andepy

sryderdowsp
‘paseig-xag
JudwPAOW ZH
paseIq-xag
paseIq-xag

paserq-xag

Ieaq
rejod pue reaq umorg

s1aydo8 19300
sppaxmbs par

uedLPWY pue se[dnoq
Spunuwdng

surdmorA pue payre;-pay
Prmbs punoid

JOSSTLI pue PIaxad-PIY

MIIYUS uouwruod EGQQOH—JM

asnowr s,uoje|
sorensidid
ouerdos pue uowwo))

astodio

J199p SN pue PI[re}-AjIyAA
jeq pares-asnow

I9SS3] pue Iojealrn)
a0A ueq

pue pasoeg-pal WIBYON
jedajod

pue surw ueadoing

osSnouwr 9asnoy

SI[0A P[L]
INWI[ 9SNout
Aa13-ystppal pue o105
jueydape
YRUUBARS PUP }S3I0§ URDLJY

aIeY WO00Iq pue Urejunojy

arey ueadoinyg pue urejunNoON

snuLv N

503041 SNSIN
snsonjo *q "I,

apsopini avj3oq shouioy
snoospny "

1SDISNOp SANIISYIUD ]
snuaomy *J

snpnwoyni sviuy ]
dolv *g

shuadoayphiia snjydoutiads
SNLIDUDLS *§

SHIUDIY X210G
€D PRI, 1ojvp °d

)V 9peLD, 1ojpp sAuovi
snavwSAd g

snjjaAgsidid snjjoagsidig
pua020yd VUIOI0YJ

1J]Vp SapPI0UI0I0Y ]
snuomuaYy O

snupuigaia SnajioIopo
kg W

s1jofitu SO
SN0Vl W

snjiyna sapolN
sniiognd N

Dj02.3N] V]AISHIN
snpnasnui

SNoLSAUOP SN

opepP

WISYINOS, S1jSaL8y ‘TN

opep

UISUIOU, S17Sa.L8D SNJOLNAT
Sn09s148 N

SNULINUL SNGIIOIIN
puvILLY "7

S1301oh2 vUOPOXOT
10la10043800 T

snpuuy sndag
snavdoina -]

snpuuy sndag

ERIVERCEH |

%86<  %S6—0S %090

%86<

%S6—09 %090

Aouanbaig adAjordery

juaxy onyder8oan

(5)$$9001J paLIdJu]

dureN UOWWOoD)

3,U0D STeUuIeyAl

panuyuo) ‘T dqelL

© 2012 Blackwell Publishing Ltd



BIOGEOGRAPHY OF MITO-NUCLEAR DISCORDANCE 13

(S007) ¥eH % UOSIPPY
(1002) ‘1v 12 A1
(6661) v 12 epesand

(8661) USIqIIH 9 uosmey

(2002
Iaperdre 2 uRquajuen)

(1107) Surreq

onyder3owap ‘paserq-xog
uewnyy “paserq-xog
onyderdowsp ‘eandepy
aandepy

paseiqg-xas ‘aandepy

paseIq-xag

sunpIn eag
ysyAeId 1ojemiIea)d
pue wdypou Asny

Essnw Aeq pue anjg
[essnw
UBDURLIDJIPI]A pUe anjg

uordiodg

sqeld uoaln)

SISUANIVI0LP °S

snpijvd snjoijuadojisuoss
snnbuidoid O

SNI1ISNL S9JIIU02L0)
snynssol W

sunpa snjifin
sipouieoidorps

sinpa sniHAW
2dAy 18, snsoqqid

,2dAy werjoyeuy, snsoqqr sniygnqosapy
11DNISay "))

SUUIVUL SHUIDVD)

s_YIO

(£007) 910D % daydea]
(6000) [V #2 nousy
(0102) ‘1v #2 Trepad
(1100) ‘1v 92 ezIeZ
(£002) "1V 2 SIMDON
(£002) ‘[v 2 SIMDON

(1102) 101D 3 SN

JUSUIDAOW Z ]
aandepy

onyder3ourap ‘paserq-xog
onyder8oura(g

aandepy

onyderdowsp ‘eandepy

paseIgq-xag

pIezi| aoua
pIezi| [[em ueLdq[
opany puod ueadoinyg
euengr Yor[q ULDIXIIA
pIezi paIefjod
9)E[NDTAI PUE UOWWO))
pIezi| paIefjod

urseq 1eaIn) pue Uowuwo))

spaezi| syouy

,oPe[ WIBYINOS, SHYIIIsLy 'S
LOPR[D WIDYIIOU, Snydiystiy sniodojaosg
sidajor] “J “smowwdsyy g
(pardures jou) *dds sw.ivpog
po1ywJ10]]U3 *0 *q “13sqouadioniziiif o g
s1pnaigo sAug
ApepR d 23 D yMou, vjpuiad D
opep ses[eg—ew[o)), vjwu1joad vinvsoua)
SHIVIMINaL "D
S1]100 sniAydvio4D)
$24030U1919 "D
SL]100 sniAydvioi)
supndus: p 'y
wngiaj1avd SNYILSIP SHOUY
sanday

ERIVERCIE M |

%56< %5605 %09-0 %S6< %5605 %090

Aouanbaury ad£jordery

Juaxy oryder8oan

(S)SS9001J PaLIdJU]

dwreN UOWWOD)

panuuo) ‘I qeL

© 2012 Blackwell Publishing Ltd



14 D. P. L. TOEWS and A. BRELSFORD

Table 2. Cases of mitochondrial-nuclear discordance following secondary contact where clines in mtDNA are narrower than nuD-
NA. For additional details on genetic patterns and inferred processes, see the Table S2 (Supporting information)

Animal nuDNA Sex-
Taxa Group Common Name Introgression biased Reference
Rana blairi Amphibian Plains and northern leopard frog e ° Di Candia & Routman (2007)
R. pipiens
Hippolais icterina Bird Icterine and melodious warbler o Secondi et al. (2006)
H. polyglotta
Larus spp. Bird Larus Gulls . o Crochet et al. (2003)
Parus minor Bird Japanese and great tit ° Kvist & Rytkoenen (2006)
P. major
Passerina cyanea Bird Indigo and lazuli bunting ° Carling & Brumfield (2008)
P. amoena
Phylloscopus collybita collybita  Bird Iberian and common chiffchaff ° Bensch et al. (2006)
P. c. brehmii
Setophaga petechia “west’ Bird Yellow warbler . Gibbs et al. (2000)
S. petechia ‘east’
Coregonus clupeaformis Fish Lake whitefish . Lu et al. (2001)
Limenitis arthemis astyanax Insect Admiral butterflies o Mullen et al. (2008)
L. a. arthemis
Macaca mulatta Mammal Rhesus and long-tailed macaque e o Bonhomme et al. (2008)
M. fascicularis
Microtus arvalis Mammal Common vole o Braaker & Heckel (2009)
Pongo pygmaeus Mammal Orang-utan ° Nietlisbach et al. (2012)
Sorex antinorii Mammal Valais shrew ° Yannic et al. (2012)

Box 2. Extensive Discordance in Various Groups

mitochondrial introgression (Linnen & Farrell 2007).

A number of studies evaluating mtDNA and nuclear variation in many taxa have reported rampant discordance between marker
types, where there is evidence for extensive introgression of mtDNA between numerous pairs of taxa within a single taxon
complex. Such patterns have been reported in: Laupala crickets (Shaw 2002), Neodiprion sawflies (Linnen & Farrell 2007), Bufo
Toads (Fontenot et al. 2011), Brienomyrus electric fishes (Sullivan et al. 2004), Ohomopterus carabid beetles (Sota 2002), Lycaeides
butterflies (Gompert et al. 2008) and Tibetan megophryid frogs (Chen et al. 2009). Most studies show numerous cases of
discordance between phylogenies generated from mtDNA and nuDNA in the absence of specific cases of hybridization (i.e. Shaw
2002). In a particularly well-developed case, Linnen & Farrell (2007) report that mitochondrial gene flow was consistently higher
than nuclear gene flow across 120 pairwise species comparisons in Neodiprion sawflies. They suggest that shared hosts and/or
pheromones facilitate hybridization between species and that differences in abundance between pairs could promote

In another interesting case, Gompert ef al. (2008) identified a single mitochondrial haplotype (‘h01’) that is distributed among
various taxonomic groups of Lycaeides butterflies. This pattern is not concordant with other mtDNA clades or nuclear DNA, but
was positively associated with the presence of the endosymbiotic bacterium Wolbachia. In general, however, it is not clear why
these taxonomic groups tend to show a propensity to introgress mtDNA compared with others, aside from incomplete
reproductive barriers facilitating hybridization. Indeed, identifying any unifying characteristics across these disparate taxonomic
groups displaying extensive discordance will be important for future studies.

However, in the majority of studies, sampling suggests
that asymmetric discordance does not extend far beyond
the current area of sympatry — most studies found that
foreign mtDNA did not extend beyond 50% of the range
of the native taxon (Fig. 5). For example, in a hybrid zone
between the Guatemalan black howler monkey, Alouatta
pigra, and the Mantled howler, A. palliata, hybrids are
rare, but the majority have A. pigra mtDNA (Cortes-Ortiz
et al. 2007). In this case, the authors suggest that this is
caused by a combination of biased mating and postzygot-
ic selection on offspring, where hybrids between female

A. palliata and male A. pigra do not develop. In some
cases where human-mediated introgression has been
implicated, discordance also does not appear to be exten-
sive. For instance, in lakes where rainbow trout (On-
corhynchus mykiss) have been introduced and allowed to
hybridize with native cutthroat trout (O. clarkii), mtDNA
shows a bias towards O. mykiss haplotypes, beyond what
would be expected based on nuclear genotypes, but not
to complete fixation (Metcalf et al. 2008).

In those cases where foreign mtDNA haplotypes are
found deep within the range of a second taxon, they are

© 2012 Blackwell Publishing Ltd
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Box 3. Mitochondrial Structure in the Absence of Geographic Isolation

The vast majority of studies that identify mitochondrial DNA structure and/or divergence also have complementary historical and
biogeographic evidence that imply divergent mitochondrial haplotypes evolved during periods of geographic isolation (Tables 1
and 2). Interestingly, four recent studies have identified mtDNA divergence where long periods of allopatry are less likely, all of
which are in avian systems. This pattern has been observed between highland and lowland mtDNA clades of the rufous-collared
sparrow (Zonotrichia capensis; Cheviron & Brumfield 2009), arid and mesic clades of the karoo scrub-robin (Cercotrichas coryphaeus;
Ribeiro et al. 2011), eastern and western clades of the greenish warbler (Phylloscopus trochiloides; Irwin et al. 2005), and between
tree-nesting and ground-nesting host parasites of the greater honeyguide (Indicator indicator; Spottiswoode ef al. 2011). While
empirical examples of such phenomena are rare, simulation studies suggest that such phylogenetic breaks can arise in the absence
of barriers to gene flow if dispersal and population sizes are low (Irwin 2002) or if selection favours different mtDNA haplotypes
in different environments (Irwin 2012). In three of these four cases, the molecular markers used to assay the nuclear genome were
microsatellites. It is important to note that because of their complex mutational patterns, microsatellites may imply higher gene
flow than might otherwise be estimated from other nuclear markers with a simpler mutation mechanisms, such as SNPs (Brito &
Edwards 2008). While differences in the biogeographic patterns between microsatellites and mtDNA are not necessarily expected,
it would be valuable in the future for some of these cases to be confirmed with additional multi-locus nuclear markers.

Of the four cases, some period of allopatry is possible in the greenish warblers, but is not implied by phenotype or nuclear
AFLPs (Irwin et al. 2001). In this case, it is thought that an ancestral population, which occurred near India, expanded its range
northward as a ‘ring’ around the Tibetan plateau (Irwin et al. 2005). During this time, reproductive isolation evolved between
northern ends of eastern and western groups and, in parallel, mtDNA structure around the southern side of the ring arose in the
face of nuclear gene flow. The southern break between the two clades currently occurs in the Lahul Valley, in the Himachal
Pradesh province of India, in populations that are otherwise similar in phenotype and in their nuclear genome (Irwin ef al. 2005).
Future genomic studies employing many more nuclear genetic markers will be able to determine the role that geographic
isolation did or did not play in generating the genetic patterns in this system.

In the karoo scrub-robin, genetic patterns in mtDNA and microsatellites are quite discordant — over its range in Southern
Africa, the species shows little to no variation in nuclear DNA, but displays a strong east-west genetic break in mitochondrial
DNA (Ribeiro et al. 2011). The authors report that mtDNA variation is explained best by environmental data, such as annual
precipitation, as opposed to geographic distance. Whether mitochondrial variation can be attributed to adaptation to different
climactic regimes, or whether other historical explanations can explain the observed patterns, will require further confirmation.

One of the most striking cases of discordance in the absence of geographic isolation can be found in mtDNA haplotype
variation in the rufous-collared sparrow along an elevational gradient in South America (Cheviron & Brumfield 2009). Cheviron
& Brumfield (2009) sampled individuals in populations at varying elevations in addition to populations at similar elevations at
varying distances. Surprisingly, they report that the frequency of a mtDNA clade that is primarily found at high elevation,
showing more genetic structure than implied by geographic variation in microsatellites along control transects. The authors
hypothesize that this high-elevation haplotype may be adaptive for lower temperatures and oxygen levels in these populations,
but have not yet tested these predictions.

Fig. Box 3 Examples of systems where mitochondrial structure is inferred to have arisen in the absence of geographic isolation
a) greenish warbler (Phylloscopus trochiloides) b) karoo scrub-robin (Cercotrichas coryphaeus) c) rufous-collared sparrow (Zonotrichia
capensis) and d) greater honeyguide (Indicator indicator). Photographs reproduced with permission from Darren Irwin (a), Angela
Ribeiro (b), James Lowen (c) and Warwick Tarboton (d).

© 2012 Blackwell Publishing Ltd
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Box 3. Continued

sympatry without a long period of geographic isolation.

Finally, a recent study of the greater honeyguide, an avian brood parasite in Africa, demonstrates strong mtDNA structure
between individuals with ecologically distinct host species (ground-nesting birds versus tree nesters) with little to no structure in
microsatellites (Spottiswoode et al. 2011). By comparison, other taxa closely related to the greater honeyguide show much more
nuclear divergence for the same mtDNA distance. The authors suggest this is because of an ancient switch and subsequent
adaptation to a new host species, which is faithfully parasitized by females (a behaviour that the authors suggest may be
encoded by genes on the W chromosome), but where there is random mating by males between the types, facilitating nuclear
gene flow. The current phylogeographic distribution of the mitochondrial clades suggests that these patterns likely arose in
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Fig. 4 The number of papers reporting mito-nuclear discordance following secondary contact distinguished by taxon group. The
filled portion of the bars represent number of cases where mtDNA was less structured than nuDNA. Cases where mtDNA cline was
more structured than nuDNA are indicated by the open portion of the bars.

likely to be at a high frequency (Fig. 5). For instance, we
did not find any studies that identified a foreign mtDNA
present at <50% frequency throughout the entire range
of another taxon. In those cases where low-frequency
mtDNA haplotypes (i.e. 0-50%) did extend over a large
area (50-95% geographic extent), it was inferred to be
caused either by hybrid zone movement (e.g. phenotypic
Townsend’s warblers, Setophaga townsendii, moving into
the range of hermit warblers, S. occidentalis; Krosby &
Rohwer 2009), large asymmetries in range size (e.g.
introgression of the Woodhouse toad’s mtDNA, Bufo
woodhousii, into the Arizona toad, B. microscaphus, which
has a nested range within B. woodhousii; Malmos et al.
2001) or differences in population sizes (e.g. the Russian
sturgeon, Acipenser gueldenstaedtii, introgressing mtDNA
into the critically endangered Adriatic sturgeon, A. nac-
carii; Ludwig et al. 2003). In many cases, authors could
neither confirm nor rule out demographic explanations
for observed discordance, where mtDNA introgression
occurred because of variation in range sizes or preceding
a population bottleneck and range expansion; however,
most offered more specific explanations, such as adap-
tive introgression or sex-biased asymmetries.

Most studies identifying a large geographic extent of
discordance found that, throughout the area of discor-

dance, foreign mtDNA was either at or near fixation,
completely replacing the mtDNA of the native taxon. In
many of these cases, authors ascribed this to a hypothe-
sized selective advantage of the introgressed mitochon-
drial type (Fig. 6a). For example, the replacement of the
northern redbelly dace’s (Phoxinus eos) mtDNA with that
of the finescale dace (P. neogaeus) across most of its range
is thought to be promoted by P. neogaus, with a more
northerly distribution, having a mitochondria being bet-
ter adapted to cold temperatures (Mee and Taylor 2012).
The finding of myrtle warbler (Sefophaga coronata)
mtDNA throughout the majority of the range of the
Audubon’s warbler (S. auduboni), with considerably less
nuclear introgression, also presents the potential for
adaptive introgression, which authors presents may be
correlated to a shift in migratory strategy (Brelsford et al.
2011; Mila et al. 2011). The repeated waves of introgres-
sion of common collared lizard (Crotaphytus collaris)
mtDNA into populations of the Great Basin collared liz-
ard (C. bicinctores) is a pattern that would not be
expected under a neutral scenario and, as the authors
suggest, is consistent with C. collaris mtDNA having a
selective advantage (McGuire ef al. 2007). In one of the
few studies to test for the selective advantage of mtDNA,
Aubert & Solignac (1990) found that experimental labora-
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Fig. 5 The number of cases of mito-nuclear discordance fol-
lowing secondary contact (where mtDNA is less structured
than nuDNA) distinguished by the geographic extent of discor-
dance and the frequency of discordant haplotypes. The area of
the circles is proportional to the number of cases observed in
each bin, displayed in the centre of the circle.

tory conditions favoured the Drosophila simulans mtDNA
over D. mauritiana haplotypes, consistent with the pat-
tern of introgression documented in natural populations.
In contrast to adaptive introgression, sex-biased mat-
ing or offspring production (the most common explana-
tion for discordance; Fig. 7), while in some cases is
implicated in large-scale discordances, is more often
associated with cases of less extensive discrepancies
(Fig. 6b). For example, a classic study by Lamb & Avise
(1986) found that the mtDNA of the barking tree frog,
Hyla gratiosa, was disproportionately found in hybrids
with the American green tree frog, H. cinerea. This was
supported by behavioural observations, which sug-
gested that H. cinerea males were more likely to act as
satellites and tended to intercept H. gratiosa females,
facilitating the movement of mtDNA from the latter to
the former. Recently, Ng & Glor (2011) identified strong
discordance between Bayesian clustering assignments
from nuclear markers, mtDNA haplotypes and dewlap
coloration between two subspecies of Anolis lizards in
the Caribbean. In one of their transects, they found the
mtDNA of Anolis distichus ravitergum throughout popu-
lations that were otherwise A.d.ignigularis in their
nuclear genome, which they attributed to asymmetric
mating and/or survival of offspring (Ng & Glor 2011).

Untangling processes driving discordance
from biogeographic patterns

One difficulty in interpreting the differences in the extent
and frequency between sex-biased gene flow versus
adaptive introgression is that, in many cases, authors
base their interpretation of the drivers of discordance on
biogeographic patterns themselves. Indeed, the fact that
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Fig. 6 The number of cases of mito-nuclear discordance fol-
lowing secondary contact (where mtDNA is less structured
than nuDNA) distinguished by the geographic extent of discor-
dance and the frequency of discordant haplotypes, for those
cases that report only (a) adaptive introgression or (b) asym-
metric dispersal, mating or offspring production. The area of
the circles is proportional to the number of cases observed in
each bin, displayed in the centre.

many authors presented more than one explanation for
discordant patterns in a given system (i.e. areas of over-
lap in Fig. 7) suggests that more data are required.
Ideally, experimental manipulations or other types of
complementary data could elucidate the evolutionary
processes generating discordant genetic patterns. For
instance, sex-biased dispersal, mating and offspring pro-
duction is a common explanation for mito-nuclear discor-
dance, but behavioural and crossing data have only been
collected for a handful of systems. For example, in a
genetic survey of the dark-spotted frog (Rana nigromacu-
lata), Liu et al. (2010) found that many populations are
fixed for the eastern golden frog’s (R. plancyi) mtDNA.
Data combined from the field and laboratory suggest that
all F1 males were sterile, but that females were partially
fertile, consistent with Haldane’s rule and with patterns
of mito-nuclear discordance in natural populations (Liu
et al. 2010). Unfortunately, these data are difficult to col-
lect in many systems, and researchers instead rely on
more general patterns.

Explanations invoking adaptive introgression between
related species present another paradox: the conserva-
tion of mitochondrial genes, the interplay between
mitochondrial and nuclear gene products, and the
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adaptive
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Fig. 7 A Venn diagram illustrating the prevalence of and
overlap between different explanations for observed patterns
of mito-nuclear discordance. The size of the circle is propor-
tional to the number of cases within each category. It should
be emphasized that overlap between the circles illustrates cases
where authors offered more than one explanation for the
observed discordance and is usually based on speculation as
few studies have measured adaptation, dispersal or mating fre-
quency driving discordant patterns.

central role of the electron transport chain in oxidative
phosphorylation and basic metabolic functioning sug-
gest that (i) functional mutations would only rarely
have a selective advantage, and (i) introgression
between taxa with divergent mitochondrial clades
would be unlikely. In fact our survey, in addition to
previous work (Ballard & Whitlock 2004; Ballard &
Melvin 2010) suggests that selection on the mitochon-
drial genome may commonly drive introgression,
although few studies have tested for it. Surprisingly, of
the few studies to assay potential functional differences
between mitochondrial types that could influence intro-
gression, most have found only limited support (e.g.
Salvelinus by Blier et al. 2006; Myodes by Boratynski
et al. 2011). For example, testing for differences in meta-
bolic rate between sympatric individuals of the bank
vole (Myodes glareolus), some with northern red-backed
vole (M. rutilus) mitochondria, Boratynski et al. (2011)
found that mitochondrial type explained very little vari-
ation in basal metabolic rate. Blier ef al. (2006) also
found little evidence to suggest that functional differ-
ences in enzyme activity could explain the introgression
of Arctic charr (Salvelinus alpinus) mtDNA into brook
charr (S. fontinalis). Combining these types of approach
with more sensitive techniques assaying mitochondrial
function directly, such as respiration in isolated mito-
chondrial preparations (Scott et al. 2009), will be valu-

able in determining whether introgressed mitochondria
differ phenotypically from the native type and, ideally,
how this might affect whole-animal fitness (reviewed
by Dalziel et al. 2009 and Ballard & Melvin 2010). In
this way, cases of mitochondrial introgression could
potentially be used to link the effects of specific mtDNA
mutations in introgressed genetic variants to phenotypic
differences (Dalziel et al. 2009; Scott et al. 2011).

Conclusions and future research

Our survey extends previous reviews of mito-nuclear
discordance by focusing on the biogeographic differ-
ences that can be recovered between these divergent
genomes. The prevalence of this type of discordance
confirms that this is a prevalent and important phenom-
enon shaping genetic variation in natural populations.
While some have lamented the fact that such processes
may muddy the phylogenetic waters, it is clear that
most authors now recognize the potential pitfalls from
inferring relationships from only a small portion of the
genome (Edwards & Bensch 2009). We suggest the next
generation of multi-locus studies should focus on the
drivers of discordance rather than simply documenting
discordance in and of itself. While improved sequenc-
ing technologies will greatly aid in identifying mito-
nuclear and nuclear—nuclear discordances, testing vari-
ous alternative explanations (including a null model of
simple genetic drift) for observed patterns will be one
of the biggest challenges. Gathering phenotypic and
environmental data from natural populations will be a
first step, with subsequent experimental and genetic
crosses ideal where feasible. Therefore, these natural
systems provide a number of unique research opportu-
nities, which include quantifying the relative impor-
tance of introgression from independent evolutionary
lineages in providing genetic variation for adaptive evo-
lution, linking genotype to phenotype in introgressed
populations and individuals and, more generally,
addressing fundamental questions about how natural
selection and demographics act and interact in nature.
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