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Secondary contacts can play a major role in the evolutionary
histories of species. Various taxa diverge in allopatry and later
on come into secondary contact during range expansions.
When they meet, their interactions and the extent of gene flow
depend on the level of their ecological differentiation and the
strength of their reproductive isolation. In this study, we present
the multilocus phylogeography of two cryptic whiskered bat
species, Myotis mystacinus and M. davidii, with a particular focus
on their putative sympatric zone. Our findings suggest that
M. mystacinus and M. davidii evolved in allopatry and came into
secondary contact during range expansions. Individuals in the
area of secondary contact, in Anatolia and the Balkans, have
discordant population assignments based on the mitochondrial
and the nuclear datasets. These observed patterns suggest that
the local M. mystacinus populations hybridized with expanding
M. davidii populations, which resulted in mitochondrial
introgression from the former. In the introgression area,
M. mystacinus individuals with concordant nuclear and
mitochondrial genotypes were identified in relatively few
locations, suggesting that the indigenous populations might
have been largely replaced by invading M. davidii. Changing
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environmental conditions coupled with ecological competition is the likely reason for this

replacement. Our study presents one possible example of a historical population replacement that
was captured in phylogeographic patterns.
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1. Introduction
Geographic distribution of species is complex expression of their ecology and evolutionary histories.
Various factors, such as environmental conditions (abiotic), interaction with other taxa (biotic) and the
ability to access areas that have the right set of abiotic and biotic factors, regulate the spatial
distribution of species [1]. There is a widespread view that environmental components and
biogeographical processes are the major factors that regulate species distributions at large spatial
scales, whereas species interactions seem to have less importance [2]. However, the role of biotic
factors in shaping biogeographic patterns remains largely unexplored [3].

Phylogeographic patterns of related species, especially in their contact zones, can provide insights
about their interactions and how these interactions shape their evolutionary histories. Species usually
diverge in allopatry and later on they can come into contact during range expansions. When they
meet, their interactions depend on the combination of their ecological divergence and also the extent
of their reproductive isolation. For instance, if taxa ecologically differentiated during their time in
isolation, then they would be able to extend their ranges with minimal competition, eventually
forming overlapping distributions. By contrast, if their niches still overlap, they would compete for
the available resources; either forming allopatric distributions or one replacing the other. Pigot &
Tobias [2] showed that in a diverse clade of passerine birds (Furnariida), rates of secondary sympatry
were positively associated with both phylogenetic and morphological distance between species. As the
time since speciation increases, the range expansions of sister species are more likely to lead to
sympatry. This suggests that ecological competition is one of the major factors that shape the
distribution patterns of related species.

Species interactions during range expansions also provide chances for genetic exchange. If taxa have not
become fully reproductively isolated during their time in allopatry, then they might interbreed in their
putative contact zones. Such gene flow might lead to introgression of genomic regions. Various studies
show that genomic introgression occurred in diverse taxonomic groups [4–8], probably happening when
species were colonizing new areas [9,10]. These introgression patterns suggest that species are not as
reproductively isolated as once thought but may occasionally admix when they get into contact.

In this study, we investigate the evolutionary history of two cryptic whiskered bat species,
Myotis mystacinus and M. davidii, with a particular focus on their putative sympatric zone. Whiskered
bats, M. mystacinus sensu lato or referred as the M. mystacinus morphogroup, represent one of the most
complex species groups of Myotis [11,12]. They include some of the smallest representatives of the
genus Myotis and have a relatively conserved morphotype. Despite their morphological resemblance,
these species are not monophyletic, but are scattered all around the species tree [13,14]. In the western
Palaearctic, this morphogroup is represented by five species: (i) M. mystacinus; (ii) M. davidii
(previously as M. aurascens; see [15]); (iii) M. brandtii; (iv) M. alcathoe, and (v) M. hyrcanicus.
Genetically, M. mystacinus and M. davidii are closely related, as are M. alcathoe and M. hyrcanicus.
These two pairs of sister species are deeply diverged from each other [12,13,16]. Myotis brandtii is even
more distantly related and clusters within the New World clade of the genus Myotis [13]. In East Asia,
there are other related species, such as M. ikonnikovi and M. altarium [13], yet relatively little is known
about them.

Both of our study species have wide and largely allopatric distribution ranges: M. mystacinus spreads
from northwest Africa in the west to the Caucasus in the east, and M. davidii ranges from the Balkans in
the west to South Korea in the east. They can be separated from the other members of the morphogroup
by their size and some dental characters [12,17]. However, their morphological distinction is rather
difficult, especially in the Balkans and Anatolia, where both taxa are supposed to coexist [12,17]. In
these regions, their distribution is poorly known [12,17–19]. Surprisingly, in this area, almost all the
genetically screened individuals belong to the M. mystacinus mtDNA lineage [14,20], yet their nuclear
DNA (nuDNA) have not been analysed.

Here, by using nuclear and mtDNA markers, we investigate the phylogeography of these species. We
aim to (i) infer the evolutionary histories of M. mystacinus and M. davidii, (ii) investigate the discordance
between the morphology and the mtDNA of the Balkan and the Anatolian populations, and (iii) resolve
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the taxonomic identity of the populations in the putative sympatric range, especially the Bulgarian

populations which were suggested as a distinct taxon, M. mystacinus bulgaricus.
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2. Material and methods
2.1. Genetic data sampling
We generated genetic data for 292 samples collected from 125 localities (electronic supplementary
material, appendix). DNA isolation and the sequencing of a partial mitochondrial gene, NADH
dehydrogenase subunit 1 (ND1), were conducted as described in [21]. For mtDNA analysis, we
generated 240 sequences (450 bp long) and analysed them with 133 sequences gathered from GenBank
(electronic supplementary material, appendix). For nuDNA analysis, a subset of samples was
sequenced for four nuclear introns––the intron 5 of ABHD11 gene (n = 103), the intron 3 of ACOX2
gene (n = 156), the intron 4 of COPS gene (n = 136) and the intron 7 of ROGDI gene (n = 152)––
following [22] and [10], who previously used these markers for M. nattereri species complex (table 2).

Generated sequences were edited and aligned in CodonCode Aligner (CodonCode Corporation, MA,
USA). We used the PHASE algorithm as implemented in DnaSP 5.10 [23] to phase the nuclear sequences.
Estimates of genetic divergence among lineages were conducted in MEGA7 [24] and sequence
polymorphism estimates in DnaSP. We used the HaploNet function as implemented in the R package
Rpegas 0.10 [25] to generate haplotype networks. All the genetic data generated are deposited in
GenBank with accession numbers MN706627–MN707417 (electronic supplementary material, appendix).

2.2. Phylogenetic reconstructions
For the mtDNA analysis, we reconstructed a Bayesian phylogenetic tree using BEAST 1.8.3 [26]. We ran
two independent 20 million chains, both with coalescent exponential population and coalescent constant
population priors, and HKY was selected as the substitution model. Convergence of the runs and the
effective sample size (ESS) of the estimated parameters were checked in TRACER 1.6.0 (http://tree.
bio.ed.ac.uk/software/tracer). In all the runs, all the parameters converged and they had ESS values
higher than 200. For both population priors, results were similar; here we present the results of the
coalescent exponential population prior. The resulting tree and log files of repeated runs were
combined in LOGCOMBINER 1.8.0 (http://beast.bio.ed.ac.uk/logcombiner) with a 10% burn-in. The
trees were summarized using the maximum clade credibility topology in TreeAnnotator and the final
tree was rooted with M. alcathoe.

For the nuclear markers, we used two different approaches. In the first one, we used �BEAST [27] as
implemented in BEAST 1.8.3 [26]. We assembled the samples in five groups, based on their mtDNA and
also clustering in nuDNA (see Results §3.3): The Europe––including the Anatolian mystacinus––(1) and
the Caucasus (2) mystacinus clades, the western (3) and the eastern (4) davidii clades and the
genetically discordant individuals (5), which have M. mystacinus mtDNA but cluster with M. davidii in
nuDNA. We randomly selected ten samples for each of these groups and used Yule model for the tree
prior and HKY as the substitution model. Three independent runs of 50 million chains were
computed and post-processed similar to the mtDNA BEAST runs.

In the second approach, we used the Bayesian Phylogenetics and Phylogeography program (BPP) v. 4
in the unguided species delimitation mode (A11) as described in [28]. The same dataset was used as in
the �BEAST analysis. We used the ‘algorithm 1’ for the rjMCMC and selected ‘uniform rooted trees’ for
the species model prior with using the default fine-tuning parameters. For the theta and the tau
estimates, we assigned the inverse γ priors ‘a’ and ‘b’ as 3 and 0.02, respectively. We repeated these
runs changing the inverse γ priors ‘a’ and ‘b’ for the tau estimates as 3 and 0.08. The runs were
replicated two times and all of the estimates were consistent.

2.3. Population genetic structure
We used principal component analyses (PCA) and STRUCTURE 2.3.4 [29] to investigate the population
structure. For these analyses, we used the allele data of phased sequences. For PCA, we used the R
package adegenet 2.1.1 [30]. Samples which had data for at least three intron markers were used.
For STRUCTURE analysis, we ran ten independent 100 000 chains and discarded the first 20% for K =
1–5. We used the admixture model with the correlated allele frequencies. We repeated the runs also
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with the ‘loc prior’ model [31] assigning individuals into five populations, which were described in the

�BEAST analysis section. These runs were merged in CLUMPAK server [32] and visualized in R.
In order to infer the level of population splits, we used two different approaches. In the first one, we

calculated Evanno’s ΔK [33] as implemented in CLUMPAK server, to estimate the optimal value of K for
the STRUCTURE runs. In the second approach, we calculated the genealogical divergence index (gdi) [34]
as described in [35]. This index was proposed for delineating species and suggested that gdi estimates less
than 0.2 suggest a single species and gdi estimates greater than 0.7 suggest distinct species, while gdi
values within the range indicate ambiguous delimitation [34]. For the gdi estimates, we again used the
BPP v. 4 with the previously described priors. But this time, we used A00 model, which estimates
parameters on a fixed species phylogeny. Here, we used the phylogeny estimated in the previous A11
runs. As described in [35], sister populations inferred to belong to same species by gdi are collapsed, and
resulting species tree is used to conduct a new BPP analysis until root of the tree is reached.

2.4. Demographic analysis
We used Bayesian and extended Bayesian skyline analysis to estimate the demographic history of the
lineages for mitochondrial and nuclear datasets, respectively. Both of these analyses were run in BEAST
v. 2.5.1 [36] using the default priors and HKY as the substitution model. Runs were computed for 100
million chains. Their convergence and effective sample size (ESS) of the estimated parameters were
checked in TRACER 1.7.1 (http://tree.bio.ed.ac.uk/software/tracer). In all the runs, all the parameters
converged and they had ESS values higher than 200. We used TRACER 1.7.1 for the Bayesian skyline,
and EBSPAnalyser for the extended Bayesian skyline reconstructions with a 10% burn-in.
3. Results
3.1. Mitochondrial phylogeography
Phylogenetic reconstruction of the ND1 sequences revealed a deeply divergent tree (figure 1c). We
identified three lineages, which differ by approximately 11% in p-distances from each other. One
lineage is distributed in the west, ranging from Northern Africa to the Caucasus (figure 1a). We refer
to this lineage as the Clade M, which includes the M. mystacinus individuals from western Europe; in
this area, M. mystacinus is allopatric from its sister species, M. davidii. Within the Clade M, some of
the individuals from the Caucasus formed a subclade, which differed from the rest by approximately
3%. Within the former subclade, the largest distance is approximately 3% between the samples from
Israel and Greece; within the Caucasus subclade, diversity is relatively lower, with approximately
1.4% highest divergence.

The second lineage is formed by M. ikonnikovi samples from Mongolia and Japan. They cluster with a
third lineage, which covers a wide area, ranging from Bulgaria to South Korea. We refer to this latter
lineage as the Clade D, which includes the M. davidii individuals from Mongolia (following [15]). This
lineage is also composed of two subclades, which are geographically structured: the western Clade D
is found to the north of the Black Sea, the Caucasus, northern Iran and Kyrgyzstan; the eastern Clade
D is found in Mongolia and its bordering region from Russia, and South Korea (figure 1b). These
subclades differ from each other approximately by 4%. Within the western Clade D, the highest
divergence is around 2.2%, and within the eastern Clade D, it is 1.8%.

The distribution of the Clade M haplotypes shows a weak spatial structuring (figure 2). In the
haplotype network, the European samples exhibit a star-like structure, where the majority of the
haplotypes were connected to one of the central ones. These star-like structures are signatures for
population expansion. Some haplotypes are widely distributed. For instance, the most common
haplotype––haplotype 3––is found across a wide area, ranging from western Anatolia to southern
Germany, again suggesting a recent population expansion (figure 2c). Samples from the most western
ranges––from Ireland, Spain and Morocco––share the haplotypes that are found in Central Europe or
that are closely related to them.

In the eastern ranges, in the Caucasus, Anatolia and the Balkans, populations have high haplotype
and nucleotide diversities (table 1), and in the network, haplotypes are connected with more
mutational steps. These patterns are signatures for older and more persistent populations. Samples
from the western ranges, on the other hand, have lower nucleotide diversities and were connected to
each other with few mutational steps suggesting a younger age.

http://tree.bio.ed.ac.uk/software/tracer
http://tree.bio.ed.ac.uk/software/tracer
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Figure 1. Mitochondrial phylogeography of the M. mystacinus and M. davidii complex. (a) Distribution of the Clade M and
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Within the western Clade D, samples from the Caucasus have the highest nucleotide diversity
(table 1). Samples from Kyrgyzstan belong to two haplotypes and are connected to the most common
haplotype in the Caucasus (figure 3). Similarly, samples from the west and north of the Black Sea––
Bulgaria, Ukraine and Russia––are very similar to a haplotype from the Caucasus.

3.2. Nuclear intron diversities
Among the four sequenced introns, the intron 3 of ACOX2 has the highest haplotype and nucleotide
diversities (figure 4; table 2). Other introns have relatively lower and similar diversity values. The
haplotype network of the intron 5 of ABHD11 has a star-like structure, in which almost all the
haplotypes are connected to one central one. Other markers show more diverse patterns, yet none of
them have a clear sorting for the mitochondrial lineages nor do they form two distinct clades
(figure 5). Various haplotypes are shared by both of the mitochondrial lineages.

3.3. Population structure
We used STRUCTURE and PCA analyses to investigate population structuring. Both approaches
revealed similar results. In the STRUCTURE analysis, both with and without loc prior models,
samples group into two clear clusters for K = 2 (figure 5b; electronic supplementary material, figure
S1). The first group is exclusively composed of the individuals which belong to the Clade M in
mtDNA. This cluster is distributed in the Caucasus and Europe, but excluding most of the Balkans
(figure 5a). One individual from Anatolia also clusters within this group. We did not identify any
admixed individuals for K = 2. This might represent a lack of contemporary hybridization between
these groups, but also might be affected by the resolution of analysed nuclear markers. Further
studies, especially using genomic approaches can provide more definitive results.
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Hap. 3. The sizes of the points and haplotypes are proportional to the sample sizes.

Table 1. Summary statistics for the partial ND1 gene: number of individuals (N ), number of identified haplotypes (h) and
segregating sites (ss), haplotype (Hd) and nucleotide (π) diversity estimates for each population.

lineage population N h ss Hd π

Clade M Ireland 11 1 0 0.0000 0.0000

Morocco 2 2 1 1.0000 0.0022

Spain 3 3 2 1.0000 0.0030

C Europe 78 26 30 0.8342 0.0050

Italy 16 13 12 0.9750 0.0067

Balkans 121 16 25 0.7930 0.0056

Turkey 18 10 17 0.8824 0.0088

Israel 9 1 0 0.0000 0.0000

Caucasus 13 6 17 0.8590 0.0165

Clade D N Black Sea 15 5 3 0.4762 0.0012

Caucasus 38 7 14 0.5832 0.0058

Kyrgyzstan 4 2 2 0.5000 0.0022

Mongolia 24 8 14 0.6486 0.0042
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Figure 4. Haplotype networks of the analysed nuclear introns. The sizes of the haplotypes are proportional to the sample sizes and
their colours are based on the mtDNA assignment. Individuals which did not have mtDNA sequences are coloured grey.

Table 2. Polymorphism information about the analysed nuclear introns; length after removing gaps (bp), number of individuals
(N ), number of variable sites (S), number of haplotypes (h), haplotype diversity (Hd) and nucleotide diversity (π).

gene length (bp) N S h Hd π

ABHD11 intron 5 330 103 19 24 0.7948 0.0038

ACOX2 intron 3 142 156 23 45 0.9307 0.0206

COPS intron 4 621 136 33 37 0.7666 0.0048

ROGDI intron 7 307 152 27 37 0.7638 0.0062
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The second cluster is composed of all the individuals that belong to the Clade D in mtDNA, but also
includes individuals which belong to the Clade M. This cluster has a wide distribution, ranging from
Slovenia in the west to Mongolia in the east. Samples which have discordant mtDNA are found in the
Balkans, Anatolia and the Caucasus (figure 5a). For K = 3, the second group splits further into two,
where the eastern Clade D individuals form a distinct cluster. In the runs without the loc prior, this
group also included some samples from the west and structuring was not as discrete as in the loc
prior model (figure 5b; electronic supplementary material, figure S1). For both of the models, with or
without loc prior, the optimal K value estimated by Evanno method was identified as two.

The PCA analysis revealed a similar structuring (figure 5c). The first principal component splits
M. mystacinus and M. davidii (variance explained 3.5%), and the third component mostly splits the
eastern Clade D from the western Clade D (variance explained 2.4%); similar to the STRUCTURE
result for K = 3. The second component explains the variation within the western Clade D (variance
explained 2.5%) (electronic supplementary material, figure S2). We ran another PCA for M. davidii
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samples only (electronic supplementary material, figure S3). This analysis showed that the Caucasus and
Mongolia harboured high diversity, and the rest of the regions, including the area of discordance,
clustered as a subset within the Caucasus samples. Overall, 48 individuals had discordant
assignments M. davidii nuclear background with clade M mtDNA, and 78 were concordant.

3.4. Nuclear phylogeny
Both the �BEAST and the A11 runs of BPP revealed the same phylogenetic reconstruction for nuclear
markers. There were two major clusters: (i) the Europe and the Caucasus lineages of the Clade M
group together, and (ii) the Clade D lineages and the majority of the populations from Anatolia and
the Balkans which belonged to the Clade M clustered together. In the second cluster, the eastern
Clade D is further split from the rest (figure 5d ).

TheA11 analysis identified all of these clades as distinct groups. However, the gdi estimates group them
into three clades, suggesting that they might represent three distinct species: (i) the Europe and the
Caucasus lineages of the Clade M were collapsed, both had gdi less than 0.1; (ii) the western Clade D
and the Anatolian and the Balkan populations with the introgressed M. mystacinus mtDNA were
collapsed together, both had low gdi estimates less than 0.1; and (iii) the eastern Clade D, which had
gdi > 0.9 (figure 5d ). We have a sampling gap from the eastern ranges, between the possible contact area
of the western and the eastern Clade D lineages. The deep separation signal identified by gdi might be
related to this and further studies are needed to investigate the taxonomic status of the Clade D subclades.

3.5. Demographic analysis
For the mtDNA sequences, Bayesian skyline analysis for the Clade M––excluding its Caucasian
subclade––shows a recent population expansion. For a 4.7% divergence rate per million years [37], this
expansion dates back to around 20 000 years ago (approximately starting at 0.0005 mutations/site ago
in figure 6). There is a similar expansion signal for the western Clade D.

For the extended Bayesian skyline analysis, we used nuclear markers. We divided the data into two
sets based on the nuclear clusters: M. mystacinus in Europe and the western Clade D populations. Here,
the expansion signature of M. mystacinus was relatively weak compared to mtDNA (figure 6). Myotis
davidii showed a clearer expansion pattern; both starting at relatively the same time.
4. Discussion
We identified genetically distinct clusters both in mtDNA and nuDNA. Assignment of some of the
individuals differed based on the dataset. Individuals with such discordant assignments were
identified in the Balkans, Anatolia and the Caucasus. In these regions, almost all the analysed
individuals have the mtDNA of the clade M, yet in nuDNA, they cluster with the M. davidii samples.
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Such discordant patterns can be explained either with incomplete lineage sorting or introgression.

Considering that the discordant individuals are located in the contact zone of the M. mystacinus and
the M. davidii mtDNA lineages, it is likely that this spatial pattern resulted from introgression events
rather than incomplete lineage sorting. In the latter, discordant individuals would be expected to be
randomly distributed rather than being geographically structured [38]. We have two possible
introgression scenarios that can explain the observed pattern of discordance.

4.1. Breakdown of reproductive isolation
In the first scenario, we presume that the past distribution ranges of both species were similar to their
current ones, with an overlap ranging from the Balkans to the Caucasus. At some point, the
reproductive barrier between the sympatric populations broke and they started to hybridize. This
might have happened during a period of environmental change, when one species became
advantageous and started to increase its population size, whereas the other one possibly started to
decline. In such a scenario, there would be more gene flow from the expanding taxon to the other,
shifting the nuDNA profile of the admixed populations to resemble the former. If there are no sex
specific mating preferences, their mtDNA, on the other hand, would be inherited from both of the
taxa. However, we found that all the discordant individuals from the Balkans and Anatolia have the
mtDNA of M. mystacinus. Additionally, the introgressed mtDNA shows geographical structuring,
suggesting that it happened independently at multiple locations. This pattern would be expected if
the mtDNA of M. mystacinus had a selective advantage or genetic drift would have acted in the same
directions for all the admixed populations. Both the exclusive presence of mtDNA of M. mystacinus
among discordant individuals and the evidence for multiple introgression events suggest that the
scenario of reproductive isolation breakdown is unlikely.

4.2. Mitochondrial introgression during range expansions
In the second scenario, we presume that the ancestral origin of M. davidii is located in the east, probably
further east than the Caucasus. At some point, this ancestral taxon expanded its range towards the west.
First contact of these expanding M. davidii and the local M. mystacinus populations was probably in the
Caucasus. Here, we found that both species occur and their gene pools remained unmixed. Later on,
M. davidii expanded its range further to the west, possibly through Anatolia. These expanding
populations admixed with local M. mystacinus populations and acquired at least their mtDNA. Later,
they moved further westwards, and this time, they acquired the mtDNA from the Balkan populations.
This westward expansion pattern is supported by the nuclear structuring of the M. davidii
populations. Thus, our findings match the scenario of a westward range expansion of M. davidii
accompanied with multiple mitochondrial introgression of M. mystacinus.

Admixture events during range expansions are one of the major mechanisms that can lead to
observed introgression patterns [9,39]. Similar cytonuclear discordances are observed among other
Myotis species [40,41], some also occurring in the same geographical areas such as the Balkans,
Anatolia and the Caucasus [10,42]. Such exchange of genes might have fuelled species radiations by
contributing to their adaptations in changing environments [43].

4.3. Expansion of Myotis mystacinus
One interesting question is the timing of the M. mystacinus expansion: did it happen before M. davidii
invaded the Balkans or after? If the latter is the case, could adaptive introgression have played a role
in its rapid expansion?

Demographic analysis showed that the extant M. mystacinus populations in Europe originated
relatively recently from the Balkans. Bayesian skyline analysis of mtDNA sequences estimate a
population size increase within the last 25 000 years, possibly starting after the Last Glacial Maximum.
The western M. davidii lineage shows a similar expansion pattern, yet less pronounced. Here, we did
not include the expansion time of M. davidii populations in Anatolia and the Balkans using mtDNA,
since in these regions, their mtDNA was introgressed from M. mystacinus, along with their signatures
of population demography.

To compare the relative timing of the M. mystacinus and the M. davidii expansions, we used nuDNA
sequences. In the extended Bayesian skyline analysis, the signal of M. mystacinus expansion was weaker
than the signal in mtDNA. This might be because of the relatively low diversity of nuclear markers and
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the numbers of markers that we used. The M. davidii populations, on the other hand, showed a stronger

signal for population expansion. The timing of these expansions is relatively the same.
The similarity of the expansion time estimates suggests that the range expansion of M. mystacinus

started before the arrival of M. davidii in the Balkans. Accordingly, we do not consider that a genetic
exchange occurred between them, prior to the expansion of M. mystacinus. Yet, our analysis is based
on very few markers and these expansion time estimates require further investigation, preferably with
genome wide approaches.

4.4. Taxonomic identity of the Balkan populations: Is M. m. bulgaricus a valid taxon?
The taxonomic identity of the Balkan populations has been an issue of debate for a long time (addressed
in [12,14,19]). The uncertainty about their classification was caused by extensive morphological variation
in the region. Only in 2001, M. alcathoe was described as a new species [44] and explained some of the
morphological variation. As individuals with M. mystacinus mtDNA were still morphologically
heterogeneous, some representing the nominotypical form and some M. davidii, the latter were
considered to represent a separate taxon, M. m. bulgaricus [14,17,45]. Our analysis suggests that the
presence of these different mtDNA lineages resulted from complex biogeography of this species
group, including mitochondrial introgression and different colonization routes. Accordingly, we
conclude that M. m. bulgaricus is a synonym of M. davidii. In the case that further studies would
identify that the subclades of Clade D are distinctive at a taxonomic level, then the name aurascens
should be recalled to name the western Clade D.

4.5. Population replacement in Anatolia and the Balkans
In the area of introgression, in few locations, we identified individuals that are assigned as M. mystacinus
in nuclear markers. This finding is consistent with previous studies, which used morphological
characters to discriminate these species. Myotis davidii is the most widespread and also the most
abundant form in the Caucasus and adjacent areas [12], in Anatolia [18] and in the Balkans [11]. This
pattern, M. davidii being the more abundant taxon in the introgression zone, raises a question about
the historical M. mystacinus populations in this wide area: what happened to them?

Changing environmental conditions might have initiated the local extinction of M. mystacinus by
forcing them to compete with the expanding M. davidii. Previous studies show that both species have
relatively high plasticity in their ecological preferences (it has to be noted that these studies might
have confused the species identifications, especially in the introgression area). In the Caucasus,
M. davidii occupies various ecosystems, from arid lowland steppes to mountain steppes and forest,
although with a certain preference for open habitats [12]. In central Europe, M. mystacinus is found in
open and semi-open landscapes with isolated patches of woodland and hedgerows [17]. In Ireland, it
was found to prefer mixed woodland and riparian habitats [46], in contrast with another study from
Britain where only pasture was used [47]. In the Balkans, M. mystacinus is mostly restricted to the
higher elevations in the mountainous regions [11]. It is likely that M. davidii has a competitive
advantage in the Mediterranean habitats, which are characterized by a warmer and more arid climate,
and hence replace the M. mystacinus populations in such habitats. Further ecological studies focusing
to these contact zones can elucidate their niche preferences.

Our study demonstrates how species interactions, both in terms of gene flow and interspecific
competition, play a role in the evolutionary history of related species and how these interactions can
be inferred from phylogeographical patterns. Various studies identified evidence for past gene flow in
diverse taxonomic groups including birds [4], cats [6], fishes [8] and humans [5]. Such genetic
introgressions suggest that species interactions were widespread and probably had a crucial role in
shaping the evolutionary history of species. Using a multilocus phylogeographic approach can
elucidate the role of species interactions in shaping the current distribution patterns of related taxa.
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Friedo Kretzschmar, Radek Lučan, Elena Papadatou, George Papov, Primoz Presetnik, Guido Reiter, Bernd-Ulrich
Rudolph, Konrad Sachanowicz, Wolfram Schulze, Niya Toshkova, Anton Vlaschenko, Maja Zagmajster, Violeta
Zhelyazkova and various other researchers for their help during the fieldwork and/or getting access to tissue
samples. We would like to thank Mozes Blom and Darija Josic ́ for their comments on the manuscript, and Ulla
Lächele and Anne Hänel for discussions about morphological comparisons. We are also grateful to Bridgit
Schofield and Henry Schofield for language editing and proofreading.
.Soc.Open
References
Sci.7:191805
1. Soberón J, Peterson AT. 2005 Interpretation of
models of fundamental ecological niches and
species’ distributional areas. Biodivers. Inform. 2,
1–10. (doi:10.17161/bi.v2i0.4)

2. Pigot AL, Tobias JA. 2013 Species interactions
constrain geographic range expansion over
evolutionary time. Ecol. Lett. 16, 330–338.
(doi:10.1111/ele.12043)

3. Wiens JJ. 2011 The niche, biogeography and
species interactions. Phil. Trans. R. Soc. B 366,
2336–2350. (doi:10.1098/rstb.2011.0059)

4. Rheindt FE, Edwards SV. 2011 Genetic
introgression: an integral but neglected
component of speciation in birds. The Auk 128,
620–632. (doi:10.1525/auk.2011.128.4.620)

5. Prüfer K et al. 2014 The complete genome
sequence of a Neanderthal from the Altai
Mountains. Nature 505, 43–49. (doi:10.1038/
nature12886)

6. Li G, Davis BW, Eizirik E, Murphy WJ. 2016
Phylogenomic evidence for ancient hybridization
in the genomes of living cats (Felidae). Genome
Res. 26, 1–11. (doi:10.1101/gr.186668.114)

7. Payseur BA, Rieseberg LH. 2016 A genomic
perspective on hybridization and speciation.
Mol. Ecol. 25, 2337–2360. (doi:10.1111/mec.
13557)

8. Wallis GP, Cameron-Christie SR, Kennedy HL,
Palmer G, Sanders TR, Winter DJ. 2017
Interspecific hybridization causes long-term
phylogenetic discordance between nuclear and
mitochondrial genomes in freshwater fishes. Mol.
Ecol. 26, 3116–3127. (doi:10.1111/mec.14096)

9. Currat M, Ruedi M, Petit RJ, Excoffier L, Wolf J.
2008 The hidden side of invasions: massive
introgression by local genes. Evolution 62,
1908–1920. (doi:10.1111/j.1558-5646.2008.
00413.x)

10. Çoraman E, Dietz C, Hempel E, Ghazaryan A,
Levin E, Presetnik P, Zagmajster M, Mayer F.
2019 Reticulate evolutionary history of a
Western Palaearctic Bat Complex explained by
multiple mtDNA introgressions in secondary
contacts. J. Biogeogr. 46, 343–354. (doi:10.
1111/jbi.13509)

11. Benda P, Tsytsulina KA. 2000 Taxonomic revision
of Myotis mystacinus group (Mammalia:
Chiroptera) in the western Palearctic. Acta Soc.
Zool. Bohemicae 64, 331–398.

12. Benda P, Gazaryan S, Vallo P. 2016 On the
distribution and taxonomy of bats of the Myotis
mystacinus morphogroup from the Caucasus
region (Chiroptera: Vespertilionidae).
Turk. J. Zool. 40, 842–863. (doi:10.3906/zoo-
1505-47)

13. Ruedi M, Stadelmann B, Gager Y, Douzery EJ,
Francis CM, Lin L-K, Guillén-Servent A, Cibois A.
2013 Molecular phylogenetic reconstructions
identify East Asia as the cradle for the evolution
of the cosmopolitan genus Myotis (Mammalia,
Chiroptera). Mol. Phylogenet. Evol. 69, 437–449.
(doi:10.1016/j.ympev.2013.08.011)

14. Mayer F, Dietz C, Kiefer A. 2007 Molecular
species identification boosts bat diversity.
Front. Zool. 4, 1742–9994. (doi:10.1186/1742-
9994-4-4)

15. Benda P, Faizolâhi K, Andreas M, Obuch J, Reiter
A, Ševčík M, Uhrin M, Vallo P, Ashrafi S. 2012
Bats (Mammalia: Chiroptera) of the Eastern
Mediterranean and Middle East. Part 10. Bat
fauna of Iran. Acta Soc. Zool. Bohemicae 76,
163–582.

16. Morales AE, Ruedi M, Field K, Carstens BC. 2019
Diversification rates have no effect on the
convergent evolution of foraging strategies in
the most speciose genus of bats, Myotis.
Evolution 73, 2263–2280. (doi:10.1111/evo.
13849)

17. Dietz C, Kiefer A. 2016 Bats of Britain and
Europe. London, UK: Bloomsbury Publishing.

18. Benda P, Karataş A. 2005 On some
Mediterranean populations of bats of the Myotis
mystacinus morpho-group (Chiroptera:
Vespertilionidae). Lynx Praha 36, 9–38.

19. Tsytsulina K, Dick MH, Maeda K, Masuda R.
2012 Systematics and phylogeography of the
steppe whiskered bat Myotis aurascens
Kuzyakin, 1935 (Chiroptera, Vespertilionidae).
Russ. J. Theriol. 11, 1–20. (doi:10.15298/
rusjtheriol.11.1.01)

20. Çoraman E, Furman A, Karataş A, Bilgin R. 2013
Phylogeographic analysis of Anatolian bats
highlights the importance of the region for
preserving the Chiropteran mitochondrial
genetic diversity in the Western Palaearctic.
Conserv. Genet. 14, 1205–1216. (doi:10.1007/
s10592-013-0509-4)

21. Dietz C, Gazaryan A, Papov G, Dundarova H,
Mayer F. 2016 Myotis hajastanicus is a local
vicariant of a widespread species rather than a
critically endangered endemic of the Sevan lake
basin (Armenia). Mamm. Biol.-Z. Für
Säugetierkd. 81, 518–522. (doi:10.1016/j.
mambio.2016.06.005)

22. Salicini I, Ibáñez C, Juste J. 2011 Multilocus
phylogeny and species delimitation within the
Natterer’s bat species complex in the Western
Palearctic. Mol. Phylogenet. Evol. 61, 888–898.
(doi:10.1016/j.ympev.2011.08.010)

23. Librado P, Rozas J. 2009 DnaSP v5: a software
for comprehensive analysis of DNA
polymorphism data. Bioinformatics 25,
1451–1452. (doi:10.1093/bioinformatics/
btp187)

24. Kumar S, Stecher G, Tamura K. 2016 MEGA7:
Molecular Evolutionary Genetics Analysis version
7.0 for bigger datasets. Mol. Biol. Evol. 33,
1870–1874. (doi:10.1093/molbev/msw054)

25. Paradis E. 2010 pegas: an R package for
population genetics with an integrated–
modular approach. Bioinformatics 26, 419–420.
(doi:10.1093/bioinformatics/btp696)

26. Drummond AJ, Suchard MA, Xie D, Rambaut A.
2012 Bayesian Phylogenetics with BEAUti and
the BEAST 1.7. Mol. Biol. Evol. 29, 1969–1973.
(doi:10.1093/molbev/mss075)

27. Heled J, Drummond AJ. 2010 Bayesian inference
of species trees from multilocus data. Mol. Biol.
Evol. 27, 570–580. (doi:10.1093/molbev/
msp274)

28. Flouri T, Jiao X, Rannala B, Yang Z. 2018 Species
tree inference with BPP using genomic
sequences and the multispecies coalescent. Mol.
Biol. Evol. 35, 2585–2593. (doi:10.1093/
molbev/msy147)

29. Pritchard JK, Stephens M, Donnelly P. 2000
Inference of population structure using multilocus
genotype data. Genetics 155, 945–959. (doi:10.
1111/j.1471-8286.2007.01758.x)

30. Jombart T. 2008 adegenet: a R package for the
multivariate analysis of genetic markers.

http://dx.doi.org/10.17161/bi.v2i0.4
http://dx.doi.org/10.1111/ele.12043
http://dx.doi.org/10.1098/rstb.2011.0059
http://dx.doi.org/10.1525/auk.2011.128.4.620
http://dx.doi.org/10.1038/nature12886
http://dx.doi.org/10.1038/nature12886
http://dx.doi.org/10.1101/gr.186668.114
http://dx.doi.org/10.1111/mec.13557
http://dx.doi.org/10.1111/mec.13557
http://dx.doi.org/10.1111/mec.14096
http://dx.doi.org/10.1111/j.1558-5646.2008.00413.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00413.x
http://dx.doi.org/10.1111/jbi.13509
http://dx.doi.org/10.1111/jbi.13509
http://dx.doi.org/10.3906/zoo-1505-47
http://dx.doi.org/10.3906/zoo-1505-47
http://dx.doi.org/10.1016/j.ympev.2013.08.011
http://dx.doi.org/10.1186/1742-9994-4-4
http://dx.doi.org/10.1186/1742-9994-4-4
http://dx.doi.org/10.1111/evo.13849
http://dx.doi.org/10.1111/evo.13849
http://dx.doi.org/10.15298/rusjtheriol.11.1.01
http://dx.doi.org/10.15298/rusjtheriol.11.1.01
http://dx.doi.org/10.1007/s10592-013-0509-4
http://dx.doi.org/10.1007/s10592-013-0509-4
http://dx.doi.org/10.1016/j.mambio.2016.06.005
http://dx.doi.org/10.1016/j.mambio.2016.06.005
http://dx.doi.org/10.1016/j.ympev.2011.08.010
http://dx.doi.org/10.1093/bioinformatics/btp187
http://dx.doi.org/10.1093/bioinformatics/btp187
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1093/bioinformatics/btp696
http://dx.doi.org/10.1093/molbev/mss075
http://dx.doi.org/10.1093/molbev/msp274
http://dx.doi.org/10.1093/molbev/msp274
http://dx.doi.org/10.1093/molbev/msy147
http://dx.doi.org/10.1093/molbev/msy147
http://dx.doi.org/10.1111/j.1471-8286.2007.01758.x
http://dx.doi.org/10.1111/j.1471-8286.2007.01758.x


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.7:191805
13
Bioinformatics 24, 1403–1405. (doi:10.1093/

bioinformatics/btn129)
31. Hubisz MJ, Falush D, Stephens M, Pritchard JK.

2009 Inferring weak population structure with
the assistance of sample group information.
Mol. Ecol. Resour. 9, 1322–1332. (doi:10.1111/j.
1755-0998.2009.02591.x)

32. Kopelman NM, Mayzel J, Jakobsson M,
Rosenberg NA, Mayrose I. 2015 Clumpak: a
program for identifying clustering modes and
packaging population structure inferences across
K. Mol. Ecol. Resour. 15, 1179–1191. (doi:10.
1111/1755-0998.12387)

33. Evanno G, Regnaut S, Goudet J. 2005 Detecting
the number of clusters of individuals using the
software structure: a simulation study. Mol. Ecol.
14, 2611–2620. (doi:10.1111/j.1365-294X.2005.
02553.x)

34. Jackson ND, Carstens BC, Morales AE, O’Meara
BC. 2017 Species delimitation with gene flow.
Syst. Biol. 66, 799–812. (doi:10.1093/sysbio/
syw117)

35. Leaché AD, Zhu T, Rannala B, Yang Z. 2019 The
spectre of too many species. Syst. Biol. 68,
168–181. (doi:10.1093/sysbio/syy051)

36. Bouckaert R, Heled J, Kühnert D, Vaughan T,
Wu C-H, Xie D, Suchard MA, Rambaut A,
Drummond AJ. 2014 BEAST 2: a software
platform for Bayesian evolutionary analysis.
PLOS Comput. Biol. 10, e1003537. (doi:10.1371/
journal.pcbi.1003537)

37. Ruedi M, Mayer F. 2001 Molecular systematics
of bats of the genus Myotis (Vespertilionidae)
suggests deterministic ecomorphological
convergences. Mol. Phylogenet. Evol. 21,
436–448. (doi:10.1006/mpev.2001.1017)

38. Toews DPL, Brelsford A. 2012 The biogeography
of mitochondrial and nuclear discordance in
animals. Mol. Ecol. 21, 3907–3930. (doi:10.
1111/j.1365-294X.2012.05664.x)

39. Currat M, Excoffier L. 2011 Strong reproductive
isolation between humans and Neanderthals
inferred from observed patterns of introgression.
Proc. Natl Acad. Sci. USA 108, 15 129–15 134.
(doi:10.1073/pnas.1107450108)

40. Morales AE, Jackson ND, Dewey TA, O’Meara BC,
Carstens BC. 2017 Speciation with gene flow in
North American Myotis bats. Syst. Biol. 66,
440–452. (doi:10.1093/sysbio/syw100)

41. Platt RN et al. 2018 Conflicting evolutionary
histories of the mitochondrial and nuclear
genomes in New World Myotis bats. Syst. Biol.
67, 236–249. (doi:10.1093/sysbio/syx070)

42. Furman A, Çoraman E, Çelik YE, Postawa T,
Bachanek J, Ruedi M. 2014 Cytonuclear
discordance and the species status of Myotis
myotis and Myotis blythii (Chiroptera). Zool. Scr.
43, 549–561. (doi:10.1111/zsc.12076)

43. Meier JI, Marques DA, Mwaiko S, Wagner CE,
Excoffier L, Seehausen O. 2017 Ancient
hybridization fuels rapid cichlid fish adaptive
radiations. Nat. Commun. 8, 14363. (doi:10.
1038/ncomms14363alcatho)

44. von Helversen O, Heller KG, Mayer F, Nemeth A,
Volleth M, Gombkötö P. 2001 Cryptic
mammalian species: a new species of whiskered
bat (Myotis alcathoe n. sp.) in Europe.
Naturwissenschaften 88, 217–223. (doi:10.1007/
s001140100225)

45. Volleth M, Heller K-G. 2012 Variations on a
theme: karyotype comparison in Eurasian Myotis
species and implications for phylogeny.
Vespertilio 16, 329–350.

46. Buckley DJ, Lundy MG, Boston ESM, Scott DD,
Gager Y, Prodöhl P, Marnell F, Montgomery WI,
Teeling EC. 2013 The spatial ecology of the
whiskered bat (Myotis mystacinus) at the
western extreme of its range provides evidence
of regional adaptation. Mamm. Biol. 78,
198–204. (doi:10.1016/j.mambio.2012.06.007)

47. Berge L. 2007 Resource partitioning between
the cryptic species Brandt’s bat (Myotis brandtii)
and the whiskered bat (M. mystacinus) in the
UK. PhD Thesis, University of Bristol.

http://dx.doi.org/10.1093/bioinformatics/btn129
http://dx.doi.org/10.1093/bioinformatics/btn129
http://dx.doi.org/10.1111/j.1755-0998.2009.02591.x
http://dx.doi.org/10.1111/j.1755-0998.2009.02591.x
http://dx.doi.org/10.1111/1755-0998.12387
http://dx.doi.org/10.1111/1755-0998.12387
http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://dx.doi.org/10.1093/sysbio/syw117
http://dx.doi.org/10.1093/sysbio/syw117
http://dx.doi.org/10.1093/sysbio/syy051
http://dx.doi.org/10.1371/journal.pcbi.1003537
http://dx.doi.org/10.1371/journal.pcbi.1003537
http://dx.doi.org/10.1006/mpev.2001.1017
http://dx.doi.org/10.1111/j.1365-294X.2012.05664.x
http://dx.doi.org/10.1111/j.1365-294X.2012.05664.x
http://dx.doi.org/10.1073/pnas.1107450108
http://dx.doi.org/10.1093/sysbio/syw100
http://dx.doi.org/10.1093/sysbio/syx070
http://dx.doi.org/10.1111/zsc.12076
http://dx.doi.org/10.1038/ncomms14363alcatho
http://dx.doi.org/10.1038/ncomms14363alcatho
http://dx.doi.org/10.1007/s001140100225
http://dx.doi.org/10.1007/s001140100225
http://dx.doi.org/10.1016/j.mambio.2012.06.007

	Patterns of mtDNA introgression suggest population replacement in Palaearctic whiskered bat species
	Introduction
	Material and methods
	Genetic data sampling
	Phylogenetic reconstructions
	Population genetic structure
	Demographic analysis

	Results
	Mitochondrial phylogeography
	Nuclear intron diversities
	Population structure
	Nuclear phylogeny
	Demographic analysis

	Discussion
	Breakdown of reproductive isolation
	Mitochondrial introgression during range expansions
	Expansion of Myotis mystacinus
	Taxonomic identity of the Balkan populations: Is M. m. bulgaricus a valid taxon?
	Population replacement in Anatolia and the Balkans
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding

	Acknowledgements
	References


