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Aim: There is increasing evidence showing that species within
various taxonomic groups have reticulate evolutionary histories with several cases of introgression events. Investigating
the phylogeography of species complexes can provide insight
about the introgressions, when and where these hybridizations
occurred. In this study, we investigate the biogeography of a
widely distributed Western Palaearctic bat species complex,
namely Myotis nattereri sensu lato. This complex exhibits
high genetic diversity and in its western distribution range is
composed of deeply diverged genetical lineages. However, little is known about the genetic structure of the eastern populations. We also infer the conservation and taxonomical implications of the identified genetic divergences.
Location: Western Palaearctic
Methods: We analyzed 175 specimens collected from 67 locations and sequenced one mitochondrial and four nuclear
DNA markers, and combined these with the available GenBank sequences. We used haplotype networks, PCA, t-SNE,
and Bayesian clustering algorithms to investigate the population structure and Bayesian trees to infer the phylogenetic relationship of the lineages.
Main conclusions: We identified deeply divergent genetical
lineages. In some cases, nuclear and mitochondrial markers
were discordant, which we interpret are caused by hybridization between lineages. We identified three such introgression
events. Our findings suggest that the M. nattereri complex
has a reticulate evolutionary history with multiple cases of hybridizations between some of the identified lineages. We also
suggest a revision in the taxonomy of this species group, with
two possible new taxa: M. hoveli and M. tschuliensis.

Introgression | glacial refugia | the Caucasus | cyrptic species range expansions
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1 | Introduction
Hybridization events are critical milestones in the evolutionary history of species. Whenever individuals from two distinct
taxa successfully produce offspring, there occurs a chance
that their genes could be introduced into the gene pool of the
other’s. If both parental populations are large and the number
of hybrids are few, it is likely that the genetic contribution of
such gene flow will be minute and probably will quickly diminish because of genetic drift. However, if one of the populations is small or the introduced genes have a selective advantage, then it is more likely that the introduced genes can spread
in their new host population. Nowadays, there is increasing
evidence, showing that introgressions occurred in diverse taxonomic groups. For example, birds (Rheindt and Edwards
2011), cats (Li et al. 2016), freshwater fishes (Wallis et al.
2017), and humans (Prüfer et al. 2014) exhibit reticulate evolutionary histories, with multiple cases of introgression events.
These findings suggest that hybridization between distinct taxa
occurred more than occasionally, playing a prominent role in
shaping the extant genetic structure of various species groups
(Toews and Brelsford 2012).
Investigating the biogeographical history of species complexes can help us to understand the underlying mechanism
of introgressions. Hybridizations are likely to happen when
species colonize new areas (Currat et al. 2008); when a population extends its range, it can get into contact with another local
taxa, such as a closely related species or another conspecific
lineage. These contacts provide a chance for hybridizations
and consequently, introgressions. First invaders would be presumably males and more likely to find a mate from the local
population. In such a case, first hybrids would have the mitochondrial DNA (mtDNA) of the local population, and their
nuclear genome from both of their parents. If, in the successive generations, these hybrids would backcross with the newcomers, their nuclear genome would homogenize with the invaders. In such a scenario, even low levels of gene flow can
result in introgression of alleles, and even in the lack of selecÇoraman et al.
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tive advantage (Currat et al. 2008; Petit and Excoffier 2009).
In case of male dominated invasions, uniparentally inherited
organelle DNA would even more quickly introgress, as the local populations would be their only source. In that sense, discordance between organelle and nuclear genomes would be an
indication of possible introgression events (Currat et al. 2008;
Toews and Brelsford 2012).
In this study, we investigate the phylogeographical patterns
of a wide spread morphologically cryptic bat species complex by using mitochondrial and nuclear markers. Our study
taxa, Myotis nattereri sensu lato, are distributed in Northwest
Africa, Europe, and parts of the Middle East (Figure 1). In
the western ranges, the group is composed of spatially structured genetic lineages, some of which are proposed as distinct species: M. escaleari in the Iberian peninsula (Ibáñez
et al. 2006); M. species A in the Italian peninsula and around
the Pyrenees (Salicini et al. 2011, 2013); M. species B in the
Northwest Africa (Salicini et al. 2011, 2013); M. species C in
Corsica (Puechmaille et al. 2012); and the rest of Europe is
represented by the nominal form, M. nattereri. Relatively little is known for the eastern ranges. In parts of the Caucasus,
the nominal form is sympatric with a larger form, M. schaubi.
This larger form is clearly distinct both in morphology and in
genetics (Ruedi and Mayer 2001; Salicini et al. 2011). Surprisingly, in mtDNA, the M. nattereri populations from southern Anatolia cluster with this species (Çoraman et al. 2013).
Here, by adding samples mostly from the eastern distribution
ranges, we investigate the phylogeographical patterns of the
whole species group and infer its evolutionary history.
Our results show that the M. nattereri species group has
a complex and reticulate evolutionary history involving multiple cases of hybridization between divergent genetic lineages.
We identified unknown cryptic diversity in the eastern ranges.
All of the identified genetic lineages evolved in distinct glacial
refugia and later on, expanded their ranges during the interglacial periods. In some of these expansions, neighboring lineages got into contact and hybridized with each other. We
identified three major hybridization events, which ended up
with mitochondrial introgressions. In these cases, the expanding lineages got the mtDNA from the local populations, some
of which got extinct but their mtDNA survived.

2 | Material and Methods
2.1 | Genetic Data Sampling

We analyzed 175 samples collected from 67 locations and
added 158 samples from 92 locations gathered from GenBank
(Figure 1 a and Table S1.1). DNA isolation and the sequencing of partial mitochondrial gene NADH dehydrogenase subunit 1 (ND1) was done as described in Dietz et al. (2016).
For mtDNA analysis, we generated 166 sequences (ranging
between 403 to 650 bp long) and analyzed them with 158 sequences gathered from GenBank (Table S1.2). For nuDNA
analysis, we sequenced nuclear introns following Salicini et al.
(2011, 2018), whom previously used these markers for this
species group (Table 1). We selected four markers, which
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were informative to identify the previous described lineages.
Sequences were edited and aligned in CodonCode Aligner
(CodonCode Corporation, MA, USA) and nuclear sequences
were phased by using the PHASE algorithm as implemented
in DNASP version 5.10 (Librado and Rozas 2009). Estimates of genetic divergence among lineages were conducted
in MEGA7 (Kumar et al. 2016) and sequence polymorphism
estimates in DNASP. We generated haplotype networks using
the HaploNet function as implemented in the R package Rpegas v 0.10 (Paradis 2010). All the generated genetic data is
deposited in GenBank (Table S1.1).
2.2 | Phylogenetic Reconstructions

For the mtDNA analysis, we reconstructed a Bayesian phylogenetic tree using BEAST v1.8.3 (Drummond et al. 2012).
We used 271 sequences (Table S1.1) and trimmed them
to 499 bp long to have equal lengths. We ran three independent 25 million chains with UPGMA starting trees.
Yule speciation prior was specified and HKY+G was selected as the substitution model, based the Bayesian Information Criterion as implemented in jModelTest v2.1.10
(Darriba et al. 2012). We checked the convergence of the runs
and the effective sample size (ESS) of the estimated parameters in Tracer v1.6.0 (http://tree.bio.ed.ac.uk/
software/tracer). In all runs, all the parameters converged and they had ESS values higher than 200. The resulting tree and log files of repeated runs were combined in
LogCombiner v1.8.0 (http://beast.bio.ed.ac.uk/
logcombiner) with a 10% burnin. The trees were summarized using the maximum clade credibility topology in
TreeAnnotator and the final tree was rooted with M. bechsteinii
and M. emarginatus. In order to identify the lineage identity of
the samples which had shorter ND1 sequences, we also constructed a neighbor-joining tree with 500 replicates and using
p-distances as implemented in MEGA7.
For the species tree reconstructions, we used two different approaches. In the first approach we used *BEAST (Heled
and Drummond 2009) as implemented in the BEAST v1.8.3
(Drummond et al. 2012). Here we grouped the samples based
on their mtDNA clade identities, but also introduced two new
groups, populations which had discordant results in the PCA
(see Results section 3.2): the M. nattereri lineage individuals,
which clustered in the Central lineage; and the Eastern lineage
individuals from southeastern Anatolia and Israel, which clustered together with the Central and the M. nattereri lineages.
Few individuals representing each group were selected and the
phased intron sequences were analyzed. We 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 (BPP) program in the unguided
species delimitation mode (A11) as described in Yang (2015).
The BPP program utilizes a Bayesian Markov chain Monte
Carlo (MCMC) algorithm for analyzing DNA sequence alignments under the multispecies coalescent model, and in addi-
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tion to species tree estimation can also infer species delimitation (Rannala and Yang 2003; Takahata et al. 1995; Yang
2002). We used the ’algorithm 0’ for the RJalgorithm, and selected ’uniform rooted trees’ for the species model prior with
using the default parameters for Gamma, Gamma-Dirichlet,
and MCMC variables. We repeated the runs three times and
their results were consistent.
2.3 | Population Genetic Structure

We used two approaches to investigate the population structure. In the first one, we ran principal component analyses
(PCA) using the R package adegenet v 2.1.1 (Jombart 2008).
We used samples which had data for all nuclear markers. We
ran the analysis twice, both for the haplotype and for the concatenated variable sites.
As a second approach, we used t-distributed stochastic neighbor embedding (t-SNE) (van der Maaten and Hinton 2008) to qualitatively evaluate population structure. The
t-SNE method is a dimension reduction and visualization
technique for high-dimensional data, which have been also
used for genetic data (Li et al. 2017). For this analysis, we
used the R package Rtsne v 0.13 (https://github.com/
jkrijthe/Rtsne). We converted the concatenated SNP
data to the euclidean genetic distances, and set the perplexity
to 10 and the maximum number of iterations to 5000.

3 | Results
3.1 | Mitochondrial Phylogeny

Bayesian reconstruction of the ND1 sequences revealed a
deeply diverged phylogenetic tree. Its topography was similar to those previously reported (Salicini et al. 2011, 2013;
Figure 1 b). First, the tree splits into two main branches, both
of which further split into two, forming the four major lineage
groups.
M. nattereri lineage:Among the identified lineages, the
M. nattereri lineage has the widest distribution. Its range
spreads from Ireland in the west to Ukraine in the east, and
from the Mediterranean Sea in the south to the Baltic Sea in
the north. Despite its wide distribution range, the M. nattereri
lineage has relatively shallow genetic diversity (Table 2). The
distribution of the haplotypes and their network structure suggest that its extant populations survived the last glacial period
in three regions: i) western Balkans; ii) Greece; and iii) the
western Anatolia (Figure S2.1 a). Based on the geographical
distribution of the haplotypes, we identified two expansions

out of the Balkans: one to the west and one to the east. Samples from Ireland, southern France, and Balkans shared the
same haplotype, pointing to their very recent common ancestry.
Central lineage:The second major lineage is sister to the
M. nattereri lineage, and composed of two distinct clades:
i) M. sp A in northern Italy, Slovenia, and the Pyrenees; and
ii) another one in Southern Italy (will be referred as the Southern Italy lineage). These clades differed by approximately
7% (Table 3) and had a contact zone in the central Apennine
Mountains. The M. sp A lineage exhibit spatial structuring
(Figure S2.1 b); populations around the Pyrenees were separated from the populations in the southern Alps, which suggested an earlier expansion into the Pyrenees.
Western lineage:The third major lineage is also composed of
two clades: i) M. escalerai from the Iberian peninsula; and
ii) M. sp B from Northern Africa. These clades differed around
8%.
Eastern lineage:The fourth lineage was composed of the populations from the Caucasus, Crimea, and the coastal zones
of the eastern Mediterranean. This lineage is highly structured with deep divergences. We identified four clades: i) one
clade in coastal Georgia (referred as the Caucasus A lineage);
ii) one distributed in Armenia and Crimea (Caucasus B lineage); iii) one is Israel (Israel lineage); and iv) one in SouthEastern Turkey, Iran and Armenia. We refer the latter as the
M. schaubi lineage as it included the samples identified as
M. schaubi from Armenia and Iran, which have a significantly
larger body size. Surprisingly, the small form individuals from
eastern Turkey also clustered within this lineage. The divergences among these four lineages varied between 3.4% (between the Israel lineage and the M. schaubi lineage) to 6.5%
(between the Caucasus A lineage and the M. schaubi lineage).
3.2 | Nuclear Intron Diversities

Among the analyzed nuclear markers, the intron 7 of the
ROGDI gene was the least variable one (Figure 2 a; Table 1).
It had very few variable sites and the haplotype and the nucleotide diversities were the lowest. The majority of the haplotypes were connected to a central one, which was present
almost in all of the identified mtDNA clades, except the
M. escalerai lineage. Despite to this relatively shallow divergence, some of the haplotypes were clade-specific; yet, the
lineage sorting seemed to be far from being complete. The
intron 5 of ABHD11 had relatively higher variability and the

Table 1. Polymorphism information about the nuclear introns; length after removing gaps (bp), samples size (N), number of variable
sites (S), number of haplotypes (h), haplotype diversity (Hd), and nucleotide diversity (π ).

Gene
ABHD11 intron 5
ACOX2 intron 3
COPS intron 4
ROGDI intron 7
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Length (bp)
205
372
599
340

N (this study)
120 (86)
118 (84)
90 (52)
115 ()

S
20
49
46
19

h
21
82
48
21

Hd
0.834
0.968
0.940
0.550
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π
0.015
0.016
0.008
0.003
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FIGURE 1. Distribution of the analyzed samples; shaded areas indicated areas of introgression (a). On the left, Bayesian tree of the
partial ND1 gene; on the right, *Beast species tree based on nuclear introns, also showing the groups suggested by the BPP analysis.
Grey connections indicate the discordant inferences between two genetic datasets: in nuDNA, i) the Western lineage located at the
base of the tree; ii) few of the M. nattereri samples grouped with the Central lineage; and iii) the Israel lineage and the Anatolian
populations of the the M. schaubi lineage clustered with the M. nattereri and the Central lineages (b). M. nattereri photo © Christian
Dietz (c). The t-SNE visualization of the nuclear introns. Colored by the mtDNA lineage membership (d).
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major lineages were mostly sorted. Though, one haplotype
was shared among many clades, except the Western lineages
(Figure 2 a). The intron 3 of ACOX2 and the intron 4 of
COPS genes showed high variability and structuring. In both
markers, the major mitochondrial lineages were almost sorted
(Figure 2 a). In ACOX2, except for a few haplotypes, which
were shared between the M. nattereri and the Central lineages,
all the others were lineage specific. In COPS, the populations
from the southern Anatolia and Israel shared a unique haplotype, which was connected to the M. nattereri lineage haplotypes.

populations from Israel and the southeastern Anatolia clustered with the group of the M. nattereri and the Central lineages. Here, these populations were located at the basal split
of this group, indicating that their separation was earlier than
the split of the M. nattereri and the Central lineages. The BPP
analysis grouped the identified lineages in to seven clusters
(Figure 1 b). In addition to the previously suggested groups
(M. nattereri, M. escalerai, M. sp A, M. sp B, and M. schaubi),
here we identified two more new clusters. The first one is
composed of the small form populations from the Caucasus
and the Crimea. In nuDNA, this cluster was highly similar
to M. schaubi, yet the latter has a substantially bigger body
size (Horáček and Hanák 1984). The second new cluster is the
3.3 | Population Genetic Structure
We used two different approaches to investigate the nuDNA group formed by the populations from Israel and the southstructuring of the identified mitochondrial lineages. In PCA, eastern Anatolia.
we identified three major clusters which were mostly concordant with the mtDNA structure: i) the clades within the West- 4 | Discussion
ern lineage clustered in one group; ii) the clades of the Eastern This study comprises all the recognized and the suggested
lineage clustered in another; and iii) the M. nattereri and the species of the Myotis nattereri complex, covering almost their
Central lineages formed another large group (Figure 2 b). The entire distribution range in the Western Palaearctic, except the
latter also included the populations from Israel and the south- M. sp. C from Corsica (Puechmaille et al. 2012). Three of
eastern Anatolia, which clustered within the Eastern lineage in these species, M. nattereri, M. escalerai and M. schaubi, can
mtDNA. We ran another PCA for this third group separately, be identified by their distinct morphological traits (Horáček
which split them into three clusters: i) the M. nattereri lineage; and Hanák 1984); and the other two, M. sp. A and M. sp. B,
ii) the Central lineage; and iii) the populations from Israel and are proposed as distinct species based on their genetic differthe southeastern Anatolia (Figure 2 c). Here, some individuals ences (Salicini et al. 2011). Our dataset also includes samfrom Slovenia and Hungary which belonged to the M. nattereri ples from the populations of the eastern putative subspecies;
lineage in mtDNA clustered within the cluster of the Cen- M. n. tschuliensis from the Caucasus and M. n. hoveli from Istral lineage. The structure of these populations was more rael (Horáček and Hanák 1984). In addition to previous studpronounced when the haplotype data was used (Figure S2.2). ies (Puechmaille et al. 2012; Salicini et al. 2011, 2013), we
Here, the The t-SNE analysis revealed a very similar structure identified other divergent lineages in the eastern ranges. Sur(Figure 1 d). Here, the M. nattereri and the Central lineages prisingly, morphological classification did not always match
were more separated, and the latter contained again few in- the genetic relationships and the assignment of populations to
dividuals from the former. Similar to the PCA, M. schaubi the main genetic lineages differed between the mitochondrial
lineage located very closely to the Caucasus A and Caucasus and nuclear data sets.
B lineages.
4.1 | Mitochondrial and nuclear discordances
3.4 | Species Tree Estimation and Delimitation

The *Beast and the BPP analyses estimated the same species
tree (Figure 1 b). Its topology was different from the mtDNA
tree. Firstly, in the nuDNA tree, the Western lineage located
at the base of the tree. Secondly, similar to the PCA, the

In two areas, population assignments based on mitochondrial
and nuclear markers did not fit with each other. Such conflicting patterns are observed when lineage sorting is incomplete
or when introgression occurs (Toews and Brelsford 2012). We
found the genetically discordant individuals always in the con-

Table 2. Summary statistics for the partial ND1 gene: number of samples (N), number of identified haplotypes (h), and segregating
sites (ss), haplotype (Hd) and nucleotide (π) diversities.

Lineage
M. nattereri
Central
Western
Eastern
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Clade
M. nattereri
M. sp A
Southern Italy
M. escalerai
M. sp B
Caucasus B
Caucasus A
Israel
M. schaubi

N
79
71
16
46
18
3
2
13
32

h
23
20
9
21
4
2
2
3
7

ss
42
30
30
43
12
3
1
2
16

Hd
0.613
0.873
0.892
0.871
0.699
0.667
1.000
0.667
0.393

π
0.009
0.008
0.014
0.019
0.012
0.004
0.002
0.001
0.006
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FIGURE 2. Population genetic structure based on nuclear introns. Haplotype networks; in ACOX2 and COPS genes, haplotypes
marked with denotes the M. nattereri individuals which group within the Central lineage (a). PCA for the whole dataset (b). PCA for
the populations of the M. nattereri, the M. sp A, the Southern Italy, the Israel, and the SE Anatolia of M. schaubi lineages (c). The
percentage of variance explained by the principle components are shown in the parenthesis. Coloring is according to the mtDNA
lineages as shown in the insert box.

tact zones of distinct lineages. Such spatial patterns suggest
that they resulted from introgression events rather than incomplete lineage sorting. Because, in the latter, discordant individuals would be expected to be randomly distributed rather than
being geographically structured (Toews and Brelsford 2012).

Sea, around Slovenia. We found that individuals in this area
which belonged to M. nattereri in mtDNA clustered within the
M. sp. A clade in nuclear analysis (Figure 1 b,d). This pattern
can be explained by hybridization when M. sp. A expanded its
range from the Apennines towards north and got into contact
with M. nattereri. In the successive generations, back-crossing
with the M. sp. A newcomers kept going on, shifting the nu4.2 | Out of the Italian Peninsula
The most recent of the identified introgressions occurred be- clear genome of these populations towards M. sp. A, whereas,
tween M. sp. A and M. nattereri. In mtDNA, these lineages their mtDNA stayed as M. nattereri.
have a contact zone in the northern coast of the Adriatic
Because of the expansion history of these lineages, we
6

|

bioRχiv

Çoraman et al.

|

Reticulate Evolutionary History of a Western Palaearctic Bat Complex

bioRxiv preprint first posted online Jun. 15, 2018; doi: http://dx.doi.org/10.1101/348235. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

consider that this introgression occurred relatively recently.
The diversity and the distribution of the mtDNA haplotypes of
M. nattereri suggest that its populations survived the last ice
ages in the Balkans and the western coast of Anatolia. Populations from these areas have genetically diverse haplotypes and
particularly three regions; western Anatolia, Greece, and the
western Balkans, harbor high genetic diversity (Figure S2.1 a).
On the other hand, in the western distribution range, the genetic diversity is low and individuals share one common haplotype or one of its closely related ones. This shallow diversity
suggest that M. nattereri expanded its range relatively recently,
probably just after the Last Glacial Maximum. Considering
that the area of introgression is located in the middle of the expansion route of M. nattereri, we conclude that the hybridization occurred just after M. nattereri expanded its range to the
west.
The level of current gene flow between these taxa remains
unresolved. We did not identify any obvious hybrid individuals in our analysis. However, we had relatively few samples
from the putative area of introgression. Further studies, focusing to this introgression area and its surroundings are needed to
investigate the gene flow between these lineages. Considering
that these two lineages are closely related, utilizing a genomic
approach would be more effective to estimate the level of possible interbreeding.
4.3 | Eastern Mediterranean Contact

In the southern coast of Anatolia and Israel, we identified other
introgression events. In these areas, populations had two eastern mitochondrial lineages (Israel and M. schaubi), yet in nuclear DNA, they clustered into a single group, which was more
related to the M. nattereri and Central lineages (Figure 1).
These populations are likely to be descended from the hybrids which formed when M. nattereri expanded its range to
the east and got into contact with the eastern lineages. Expanding M. nattereri, first, met with the M. schaubi lineage in
southern Anatolia. They got the mtDNA of these local populations and later on, expanded further to the south, to Israel;
once again, getting the mtDNA from the local populations.
The surprising aspect of both of these eastern introgressions, especially with the Israel lineage, was the lack of genetic clusters which could represent the ancestral populations.

In nuclear DNA, we did not identify any distinct haplotypes
which could represent the ancient local populations, from
which the mitochondrial introgression occurred. Their nuclear
genome might had been diminished and only a small portion
of it might had been introgressed into the invading population
of M. nattereri.
4.4 | Body size evolution

Another interesting aspect of this introgression history is its
possible relation to the body size evolution within this group.
Despite their deep divergences, all the lineages are morphologically very similar, except M. schaubi, which is significantly
larger. We consider that the larger body size is the derived phenotype. It is difficult to date when this increase happened. In
mtDNA, the closest relatives of this large form are the Anatolian populations, which basically share the same mitochondrial
clade. The next closest relative is the lineage from Israel. As
the extant populations of these Eastern Mediterranean lineages
are descended from the admixed populations with the small
M. nattereri form, we cannot infer if their ancestral forms were
small or large.
Considering the mitochondrial tree and the timing of the
introgression events, the body size increase might have occurred in one of these three main periods: i) before the Israel
lineage split; ii) after the Israel lineage split; and iii) after the
introgression (Figure 3). In the first scenario, all the populations in the eastern Mediterranean would have a large body
size and after their admixture with the M. nattereri lineage,
they would have gotten smaller. Second scenario is similar,
but only the M. schaubi lineage would have larger body size at
the beginning. In both of these cases, the change in the body
size might have been caused by an adaptive introgression.
In the final scenario, which we favor, we hypothesize that
the body size increase happened only in the Caucasian populations of the M. schaubi lineage and relatively recently. Despite
their deep divergence in the mtDNA, this group was closely
related with the Caucasus A and B lineages in nuclear markers
(Figure 1 b). This shallow divergence in nuclear DNA is an
indication that the body size increase of M. schaubi occurred
very recently and rather locally. Further studies focusing to
the nuclear genomes of these taxa can provide details for the
timing of body size evolution.

Table 3. Estimates of evolutionary divergence in partial ND1 gene over sequence pairs between groups shown in lower diagonal; their
standard error estimates above the diagonal; and maximum divergences within groups in the diagonal.

Lineage
M. nattereri
Central
Western
Eastern
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Clade
1) M. nattereri
2) M. sp A
3) Southern Italy
4) M. escalerai
5) M. sp B
6) Caucasus A
7) Caucasus B
8) Israel
9) M. schaubi

1
0.046
0.094
0.089
0.127
0.119
0.116
0.123
0.115
0.121

2
0.011
0.026
0.073
0.131
0.110
0.123
0.123
0.117
0.121

3
0.011
0.010
0.037
0.145
0.139
0.140
0.143
0.132
0.134

4
0.011
0.013
0.014
0.045
0.082
0.100
0.094
0.091
0.101
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5
0.012
0.012
0.014
0.009
0.022
0.088
0.084
0.086
0.090

6
0.011
0.013
0.016
0.012
0.012
0.002
0.008
0.058
0.065

7
0.012
0.012
0.015
0.011
0.011
0.041
0.012
0.043
0.050

8
0.011
0.012
0.013
0.011
0.010
0.011
0.008
0.003
0.034

9
0.012
0.012
0.013
0.011
0.010
0.011
0.008
0.007
0.024
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FIGURE 3. Possible scenarios for the body size evolution of the M. schaubi. The tree represents the eastern lineage branch from the
mtDNA reconstruction in Figure 1, and the dashed lines indicates the lineages which were introgressed to M. nattereri. Myotis schaubi
from Armenia has a larger body. Scenario: i) before the Israel lineage split; ii) after the Israel lineage split; and iii) after the introgression.

M. tschuliensis sp. nov. Kuzyakin, 1935: Our findings suggest that the Caucasus hosts further cryptic diversity. Although
populations of the ’small form’ in this region morphologically
closely resemble the European M. nattereri, in terms of their
mitochondrial and nuclear genes, they are more closely related to the ’large form’ M. schaubi. These two forms occur in
close proximity in Armenia. They differ substantially in their
body size. In Armenia, we caught both species only 90 km
apart from each other. Despite the close geographic proximity we did not catch animals of intermediate body size. The
lack of mitochondrial introgression, coupled with the lack of
intermediate phenotypes argue for the existence of effective
hybridization barriers and thus distinct biological species. Accordingly, we suggest assigning these Caucasian ’small form’
M. nattereri helverseni ssp. nov. Çoraman, Mayer and Dipopulations as M. tschuliensis Kuzyakin, 1935, following the
etz, 2018: We identified that there was a relatively recent
formerly proposed sub-specific nomination (Benda et al. 2006,
mtDNA introgression from M. nattereri to M. sp A popula2012, 2011; Horáček and Hanák 1984).
tions. This recent introgression suggest that these taxa are not
reproductively isolated. Accordingly, we suggest that M. sp A M. hoveli sp. nov. Harrison, 1964: Populations from Isrepresents a subspecies of M. nattereri. In reference to the late rael and the southeastern Anatolia formed a distinct cluster in
Otto von Helversen who was among the first to search system- nuDNA. This group had its mtDNA from the eastern lineages,
atically for cryptic diversity in European bats, we name this yet clustered with the M. nattereri and the central lineages in
taxon as M. nattereri helverseni Çoraman, Mayer and Dietz nuDNA. As we did not identify any admixture with the neigh2018. As this group has a distinct gene pool, both for the nu- boring lineages, we consider that these populations represent
clear and the mitochondrial DNA, it represents an evolution- a distinct species and name them tentatively as M. hoveli Hararily significant unit (ESU), and should be considered in the rison, 1964, referring to the formerly proposed sub-specific
conservation management plans.
nomination of the populations from Israel (Horáček and Hanák
1984).
M. escalerai cabrerae ssp. nov. Çoraman, Mayer and
Dietz, 2018: The M. sp B lineage is clearly distinct, both in M. araxenus sp. nov. Dahl, 1974: As the large and the small
mitochondrial and nuclear markers. These distinct characters forms diverged relatively recently, we also suggest to change
suggest that this taxon should be considered as an ESU, the name of M. schaubi. The populations from the Caucasus
and accordingly, receive a separate protection plan. As this which had larger body size were named as M. schaubi due
taxon is spatially separated from the rest of the lineages, it to their morphological similarity to a Pliocene fossil found in
is not possible to infer if they are reproductively isolated. Hungary (Horáček and Hanák 1984). Our findings suggest
Accordingly, we suggest that this taxon should be considered that this larger form in the lower Caucasus and Iran probas a subspecies of M. escalerai. We propose to name this ably evolved in this area and rather recently. In that case,
taxon as M. escalerai cabrerae ssp. nov. Çoraman, Mayer M. schaubi described in Hungary probably represents a disand Dietz 2018 in reference to Angel Cabrera, who described tinct form; likely to be an ancestral form of the whole group.
M. escalerai from Spain (Ibáñez and Fernández 2008).
Therefore, we propose to rename the large form populations
4.5 | Conservation and taxonomic implications

Our study does not directly aim to resolve the taxonomic relations within this species complex. However, during our work,
we were approached by various conservation practitioners, and
were asked to comment on the taxonomic and accordingly, the
conservation implications of the cryptic diversity within this
group. It has been more than 10 years since the identification of some of these cryptic taxa (Ibáñez et al. 2006), and yet
they still remain unnamed. In addition, here we present further
cryptic taxa in the Caucasus, which could add to this unsettled
nomenclature. Hence, we decided to infer the conservation
and taxonomic implications of the genetic diversity within this
species complex.
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FIGURE 4. Graphical representation of the reticulate evolutionary history of M. nattereri sensu lato. Grey tree shows the inferred
species tree and the lines indicate mitochondrial lineages; dashed ones show introgression events. Note that, in the case of M. hoveli,
introgressions probably occurred in reverse order or relatively at the same time. Because of the graphical clarity, we present as it is (a).
Distribution of taxa based on the suggested revisions. Dashed areas indicate unsampled distribution ranges (b).

as M. araxenus, following their prior subspecific description, simple bifurcating relationships. The patterns of mtDNA inM. nattereri araxenus Dahl, 1947 (Horáček and Hanák 1984). trogressions among the lineages of the M. nattereri complex
suggest a similar reticulating evolutionary history. Lineages
within this group contracted and expanded their ranges multi4.6 | Reticulating histories and extinct lineages
ple times and frequently got into contact in different areas. In
Our study suggests that admixture events played a major role
some of these contacts, populations hybridized and exchanged
in the evolutionary history of the M. nattereri complex (Figgenetic material.
ure 4 a). Nowadays, there is increasing evidence showing that
species within various taxonomic groups had gene flow after
An interesting finding of our study is that one of the identheir divergences. For instance, big cats (Figueiró et al. 2017), tified mtDNA lineages was introgressed from a taxon which
elephants (Palkopoulou et al. 2018), and humans (Prüfer et al. probably got extinct. This taxon might have been driven to
2014) have reticulating phylogenetic trees rather than having extinction because of the competition with the invading popuÇoraman et al.
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lation, to whom the mtDNA introgressed, or because of other
factors, such as changing environmental conditions. This scenario is similar to the evolutionary history of humans (Prüfer
et al. 2014). When humans expanded out of Africa, they got
into contact and admixed with Neanderthals and Denisovans.
Modern non-African humans inherit a small fraction of their
genome from them. Both of these taxa are extinct, yet their
genes survive in our genomes. To our knowledge, the Israel
mitochondrial lineage in the M. nattereri complex is one of
the very few examples where an extinct taxon was identified
based on only its surviving DNA in another species (see Xu
et al. (2017), for an example of extinct archaic hominin).
The ’disappearance’ of these ancestral populations might
be also explained by fusion of the lineages. In such a scenario, the local and the invading populations fuse into a single
lineage, forming a new taxon, which has a mosaic genome
of its parental forms (Jacobsen and Omland 2011). Lineage
fusion or hybrid speciation, when the fused lineages form a
distinct species, have been documented within various species
groups (Garrick et al. 2014; Kearns et al. 2018; Kleindorfer
et al. 2014; Payseur and Rieseberg 2016; Vonlanthen et al.
2012). Further studies, focusing on the genomic landscape
of the M. hoveli populations can provide insights about their
reticulation history.
It is likely that the admixture events which led to the observed patterns of introgressions occurred when climate was
changing (see Cahill et al. (2018) for an example). During
such periods, distribution of habitats and accordingly the associated taxa reshape, often bringing together formerly isolated
species (Currat et al. 2008; Hewitt 2000). Hybridization occurring at such periods can provide evolutionary novelty into
gene pools of these expanding species, which in turn can affect
their fitness (Cahill et al. 2018). Nowadays, complex reticulate
histories are emerging all across the tree of life (Cahill et al.
2018; Palkopoulou et al. 2018; Prüfer et al. 2014). We think
that understanding the biogeographical history of such species
complexes will provide crucial insight about the underlying
mechanisms of reticulated trees. Here, we show that dense
sampling and analysis of nuclear markers can reveal complex
evolutionary histories with multiple contact zones and various
hybridization events.
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