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Abstract:

We aimed to investigate the phylogeography and genetic structure of the long-fingered bat (Myotis
capaccinii) across Europe using mitochondrial DNA and ddRAD-seq data, and to investigate, using
high-resolution SNP data, whether the previously recorded mito-nuclear discordance in the species
reflects a biological reality or was due to the low resolution of the nuclear microsatellites used in earlier
studies. A total of 265 wing tissue samples were collected from 40 sites across 10 countries.
Mitochondrial cytochrome-b sequences were analyzed for haplotype diversity and phylogenetic
relationships. ddRAD-seq was performed on 144 samples to obtain nuclear SNPs. Phylogenetic trees,
haplotype networks, Bayesian skyline plots, mismatch distributions, AMOVA, and STRUCTURE
analyses were used to infer genetic structure and historical demography. Three distinct mitochondrial
clades (B, C1, C2) were identified, with divergence times estimated at ~350K and ~120K years BP.
Clade B showed a star-like haplotype network and highest diversity, suggesting refugial origin in
Anatolia. ddRAD-seq data corroborated mtDNA results and revealed longitudinal patterns of
postglacial expansion and admixture. STRUCTURE analysis supported clustering into two or three
genetic groups with admixture zones. Bayesian skyline plots indicated recent population expansions
during the Holocene. The genetic structure of Myotis capaccinii reflects historical isolation in glacial
refugia followed by postglacial expansions. Integrative use of mtDNA and ddRAD-seq data effectively
resolved phylogeographic patterns and mito-nuclear discordance. Mountain ranges acted as barriers
to female gene flow, while nuclear data revealed ongoing interbreeding. This study highlights the
importance of combining genomic approaches to understand evolutionary history and inform
conservation strategies.

Keywords: mitochondrial DNA, phylogeography, mitochondrial clades, Myotis capaccinii, ddRAD-seq,
mito-nuclear discordance.
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ABSTRACT
Aim:

To investigate the phylogeography and genetic structure of the long-fingered bat (Myotis capaccinii)
across Europe using mitochondrial DNA and ddRAD-seq data, and to assess, using high-resolution SNP data,
whether the previously recorded mito-nuclear discordance in the species reflects a biological reality or was

due to the low resolution of the nuclear microsatellites used in earlier studies.
Location:
Europe, including Northern Africa, Iberian Peninsula, Italy, Balkans, Anatolia, and the Near East.
Taxon:
Myotis capaccinii (long-fingered bat), a widely distributed bat species in the Mediterranean region.
Methods:

A total of 265 wing tissue samples were collected from 40 sites across 10 countries. Mitochondrial
cytochrome-b sequences were analyzed for haplotype diversity and phylogenetic relationships. ddRAD-seq
was performed on 144 samples to obtain nuclear SNPs. Phylogenetic trees, haplotype networks, Bayesian
skyline plots, mismatch distributions, AMOVA, and STRUCTURE analyses were used to infer genetic

structure and historical demography.
Results:

Three distinct mitochondrial clades (B, C1, C2) were identified, with divergence times estimated at
~350K and ~120K years BP. Clade B showed a star-like haplotype network and highest diversity, suggesting
refugial origin in Anatolia. ddRAD-seq data corroborated mtDNA results and revealed longitudinal patterns
of postglacial expansion and admixture. STRUCTURE analysis supported clustering into two or three genetic
groups with admixture zones. Bayesian skyline plots indicated recent population expansions during the

Holocene.
Main conclusions:

The genetic structure of Myotis capaccinii reflects historical isolation in glacial refugia followed by
postglacial expansions. Integrative use of mtDNA and ddRAD-seq data effectively resolved phylogeographic
patterns and mito-nuclear discordance. Mountain ranges acted as barriers to female gene flow, while nuclear
data revealed ongoing interbreeding. This study highlights the importance of combining genomic approaches

to understand evolutionary history and inform conservation strategies.
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INTRODUCTION

The evolution and distribution of species was significantly influenced by the Pleistocene cycles
of isolation and recolonization. During the glacial maxima of the ice ages, many species survived in
isolated refugia, which acted as genetic reservoirs that formed and preserved unique evolutionary
lineages (Hewitt, 1999; Schmitt, 2007; Habel et al., 2010; Husemann et al., 2014). As ice sheets
retreated, populations expanded from these refuges, leading to contact between previously isolated
groups in “suture zones," areas rich in biodiversity where different evolutionary lineages meet and
potentially interbreed (Hewitt, 1999; Swenson & Howard, 2005; Bilton et al., 2021). These zones and
refugia provide valuable insights into historical biogeographical processes and are essential for
understanding how species are distributed geographically and have dispersed over time, with
implications for their taxonomy and conservation (Dufresnes et al., 2023; Gippner et al., 2024).
Examining these patterns also helps predict how species might respond to future climate change,
offering a guide for biodiversity management (Razgour et al., 2019; Carroll et al., 2024).

The long-fingered bat, Myotis capaccinii Bonaparte, 1837 (terra typica: Sicily, Italy), represents
an interesting case of a widely distributed species (spanning Northern Africa in the south, the eastern
parts of the Iberian Peninsula in the west, and the Persian Mesopotamia in the east (Hutson et al.,
2008; Koopman, 1994)) and whose distribution of intraspecific diversity might have been shaped by
isolation in ice age refugia. The species has two defined subspecies, specifically M. c. capaccinii from
northwestern Africa to Yugoslavia and M. c. bureschi (Heinrich, 1936) (terra typica: Karamlek,
Stiranca Mountains: Bulgaria) from Bulgaria to Iran (Kumerloeve, 1975; Deblase 1980; Harrison &
Bates, 1991). A study by Bilgin et al. (2008) showed the presence of two main mitochondrial clades
distributed along an eastern-western axis with a contact zone in southeastern Europe; however, this
study only comprised samples from Turkey, Greece, and Bulgaria, a small portion of the species’
entire distribution. When samples from the whole distribution range of M. capaccinii were analyzed
in the PhD dissertation of Viglino (2012), a second shallower mitochondrial break was detected north
of the Appenine peninsula, increasing the number of mtDNA clades to three. This broader sampling
confirmed the deep mitochondrial subdivisions identified in earlier studies. However, nuclear DNA
analyses revealed a different pattern. Microsatellite data (Bilgin et al. 2008) failed to detect the
mitochondrial subdivision structure, and where genetic breaks were identified, they did not align
geographically with the mitochondrial boundaries (Viglino 2012). Instead, nuclear microsatellite
analyses indicated a single genetic break separating western populations (spanning from Spain to
Tunisia) from eastern populations (ranging from Italy to Iran), rather than the mitochondrial break
observed between Italy and southeastern Europe.
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Such discordance between mitochondrial and nuclear markers are not uncommon in bats (e.g.,
Centeno-Cuadros et al. 2019, Coraman et al. 2019, Furman et al. 2014), and the causes can either be
biological (e.g., introgression, incomplete lineage sorting, hybridization) or be induced by methods
of analyses. Specifically, the microsatellite markers used in Bilgin et al. (2008) and Viglino (2012)
were initially developed for other species and may have been affected by homoplasy for allele size or
the presence of null alleles (Putman & Carbone, 2014; Zhang & Hewitt, 2003).

To determine if the detected mito-nuclear discordance is due to biological or methodological
issues, single nucleotide polymorphisms (SNPs) obtained by double-digested restriction-site-
associated DNA sequencing (ddRAD-seq) provides an alternative, for species or populations having
limited apparent variation (Lemopoulos et al., 2019) or when not using species-specific markers.
Providing information from thousands of loci, the potential advantage of SNPs generated through
ddRAD-seq over microsatellites includes the added power and precision for detecting structure in
weakly and/or clinally divergent populations, and improved resolution for understanding historical
patterns of genetic structuring compared to microsatellites (Andrews et al., 2016). Furthermore, the
ddRAD-seq approach can provide more reliable inferences on population structure (Bruneaux et al.,
2013) and improved resolution for data sets with fewer individuals compared to the microsatellite
approach (Jeffries et al., 2016). In addition, issues like homoplasy, null alleles, and scoring
inconsistencies that might significantly affect microsatellite analyses are not as problematic for SNP
datasets (Zimmermann et al. 2020), and hence the latter provide more robust basis for evaluating

mito-nuclear discordance.

In this study, our main goal is to analyze samples from the whole range of M. capaccinii with
ddRAD-seq approach and see if SNP data also show the discordance in microsatellites described
above. If the mito-nuclear discordance was due to low resolution of microsatellites, we would expect
to observe mtDNA differences reflected in nDNA when using the SNP data. On the other hand, if the
SNP data also show mito-nuclear discordance, there would be greater support for a biological rather
than methodological basis of the observation. In addition, in this study, we expanded the mtDNA
dataset by adding localities from the Near East and the Caucasus and by intensifying sampling across
both contact zones (northern Italy/Alps and the Balkans), thereby enabling a more precise

delimitation of the three mitochondrial clades and a clearer reconstruction of their postglacial history.
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MATERIALS AND METHODS
Sampling

A total of 273 tissue samples from 10 countries and 40 populations (including two unknown
populations from Turkey and Greece) were analyzed. However, a subset of 265 samples (excluding
eight samples from the two unknown populations) was used for most analyses (Figure 1 &
Supplementary Table 1). For the purposes of this study, each sampling site is considered a population,
provided that at least one sample was available. Sample sizes per site ranged from 1 to 27 (mean =
6.8, median = 4), with 18 sites having fewer than five samples. Per country, sample sizes ranged from
1 (Albania, Lebanon, Syria) to 113 (Turkey). Detailed sample sizes are provided in Supplementary
Table 1. This heterogeneity in sampling effort was considered when interpreting population-level

analyses.
Laboratory Procedures

For the DNA extractions, one biopsy punch from each bat was used, and a PureLink®
Genomic DNA Mini Kit (Invitrogen) was utilized, following the protocols of the manufacturer. For
mitochondrial DNA, about 700 base pairs (bp) of the cytochrome-b gene (cyt-b) was amplified using
the primers Molcit-F (Ibanez et al., 2006) and MVZ-16 (Smith and Patton, 1993). The PCR products
were purified and sequenced by Macrogen Inc. (South Korea) using the same primers. Sequencher
v.4.7 (Gene Codes Corp.) was used to align and edit the sequences and ensure that they were coding

for protein. DnaSP v.5 (Rozas et al., 2017) was used to prune identical haplotypes.

To obtain genome-wide nuclear SNPs for a subset of 144 samples, DNA extractions were
submitted to double-digest RAD-seq (ddRAD-seq) protocol (Peterson et al., 2012; DaCosta and
Sorenson, 2014), (12x12 P3 and P7 indices were used for multiplexing). These 144 samples were
selected to have at least one ddRAD-seq library to be prepared for each country that samples were
collected from, with the aim to have good geographic coverage of the entire study area, and the three
mitochondrial clades mentioned above. Genomic DNA was fragmented using restriction enzymes,
and barcoded sequencing adapters with compatible overhangs were ligated to the resulting fragments.
Following size selection, PCR amplification, and quantification, the prepared libraries were
sequenced on a single lane of an lllumina HiSeq 2500 platform. The ddRAD-seq libraries for which

adequate data were obtained are given in Supplementary Table 2.

Statistical Analyses
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For mitochondrial DNA analyses, DnaSP was used to assess descriptive statistics, such as the
number of haplotypes, haplotype (h) and nucleotide () diversities, and the number of polymorphic
sites (Nei and Tajima, 1981; Tajima, 1983; Graur and Li, 2000). The software was also used to
determine demographic parameters, including Tajima’s D (Tajima, 1989), Fu’s FS (Fu, 1997), D (Fu
& Li, 1993), and Harpending’s raggedness index (r) (Harpending et al., 1993). The significance of
these statistics was assessed with 1000 coalescent simulations. DnaSP was then used to determine
mismatch distributions for hypotheses of constant or expanding population sizes. Mismatch
distributions were also investigated using Arlequin v.3.5, which, in the case of an expanding
population, is able to distinguish between spatial and demographic expansions (Excoffier & Lischer,
2010). Pairwise differences were used for molecular distance, and one hundred bootstrap replicates

were analyzed.

PopArt v.1.7 (Leigh & Bryant, 2015) was used to construct a haplotype network of unique
haplotypes identified from the 265 analyzed samples utilizing the TCS network option (Clement et
al., 2000). The relationship between haplotypes was also investigated by constructing the main kinds
of phylogenetic trees with MEGA X (Kumar et al., 2018). The substitution model for the maximum
likelihood analysis, which was carried out in MEGA X, was determined as the Hasegawa-Kishino-
Yano (HKY) model (ho Gamma distributed rate or invariant sites) with jModeltest v.0.1.1 (Darriba
et al., 2012; Guindon & Gascuel, 2003). On the other hand, for the analysis of neighbor-joining tree,
a maximum composite likelihood model was used. For all three methods, nodal support was evaluated
by 1000 bootstrap replicates. For the neighbor-joining and maximum likelihood analyses, trees were
rooted based on the topology of the haplotype network, which clearly identified the most ancestral
haplotypes (Clement et al., 2000). Another phylogenetic tree, which also estimated the divergence
times, was constructed with Bayesian inference using BEAST v.1.8.4 (Suchard et al., 2018). For this
analysis, the HKY substitution model, Yule process, and a strict molecular clock with rates of 4.8%
divergence per million years (as suggested for the cyt-b gene; Bilgin et al., 2008; Ruedi & Mayer,
2001) were used. The analysis was run for 50,000,000 generations, logging every 5000 states and
discarding the first 10% states as burn-in, resulting in effective sample sizes (ESS) greater than 1000
for all traces. We have also used a second approach where we used an uncorrelated relaxed clock
with a lognormal distribution and an outgroup species (i.e., Myotis ricketti, which is estimated to have
diverged from M. capaccinii circa 8 million years ago according to Stadelmann et al., 2007). This
analysis was run for 250 million generations, logging every 25,000 generations and discarding the

first 1000 states as burn-in. The results were visualized using Tracer 1.6 (Rambaut et al., 2018).
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To ensure comparability with prior studies and address the structural consistency of our
designated clades, we performed a combined analysis integrating our newly generated dataset with
previously published sequences. We aligned the eight cytochrome-b sequences from Bilgin et al.
(2008) (GenBank accessions EU475878.1-EU475885.1) with the 265 sequences generated in this
study using the MUSCLE algorithm in MEGA X. Because the amplified regions targeted in the two
studies differed, the alignment was trimmed to the maximum common overlapping region, resulting

in a shortened sequence of 205 bp.

Haplotype determination for this truncated dataset was performed using DnaSP v.6. To visualize
the relationships between the combined haplotypes without forcing artificial bifurcations on a short
sequence, we constructed a statistical parsimony network using the TCS algorithm (Clement et al.,
2000) implemented in POpART v.1.7 (Leigh & Bryant, 2015). Phylogenetic tree reconstruction was
also attempted in MEGA X; however, due to the short sequence length and the resulting inability to
reliably calculate pairwise distances, Neighbor-Joining (NJ) could not be computed, and a Maximum

Likelihood (ML) tree was generated instead to assess basic topology.

To detect possible recent changes in effective population sizes (Drummond et al., 2012), BEAST
was also used to compute Bayesian skyline plots (BSPs) separately for the three clades B, C1, and
C2 which were determined during the haplotype network construction (see results). For this analysis,
all available sequences for the three clades were used (N = 64, 108, and 93 for clades B, C1, and C2,
respectively), and the same parameters that were used in the Bayesian phylogenetic construction were
applied, only substituting the Bayesian skyline coalescence with the Yule process. The final analysis
was run for 250 million generations for all three clades, logging every 25,000 generations. Again, the

first 10% of the states were discarded as burn-in.

Differentiation in mtDNA among clades was explored using analysis of molecular variance
(AMOVA) (Excoffier et al., 1992), and the significance was evaluated using 1000 replications. The
software Arlequin v.3.5 was used to carry out AMOVA (Excoffier & Lischer, 2010). Arlequin was
also used to determine FST values among populations and carry out an exact test of population
differentiation, using 100,000 steps in Markov chain and 10,000 dememorization steps. In addition,
Mantel tests were carried out with Arlequin to check for possible isolation-by-distance (IBD), using
three sample sets consisting of samples belonging to clades B, C1, and C2, see below. The presence
of an IBD effect was checked within clades, as well as within regions harboring clades C1-C2, B-C1,
and B-C1-C2.
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In the ddRAD-seq data set, for genotyping and SNP discovery, the raw data were processed for
aligning ddRAD DNA regions by using ‘STACKS’ software pipeline (Stacks Manual on Stacks’ Web
Site) to build loci from short-read sequences. Before executing the pipeline, the optimal parameters
were determined using a subset of the libraries. The de novo pipeline was run multiple times, altering
only one parameter per run, as described by Paris et al. (2017). The optimization process used the r80
method, as recommended by Paris et al. (2017), to identify loci present in at least 80% of the samples
within each group. The decision framework from Paris et al. (2017) was employed to test values of
m ranging from 2 to 7 and M=n from 0 to 9. After parameter selection, the stages of STACKS Pipeline
were followed as: process_radtags to clean and demultiplex the raw data, ustacks to build loci de
novo, cstacks for assembling a catalogue of loci, and sstacks for matching against the catalogue.
Subsequently, the data was filtered so that only samples with less than 10% missing data were used
for subsequent analyses. With the data processed on the Stack pipeline, Fst and nucleotide diversity
(HWE) were estimated for each sampling location. The final data was exported in structure format
for further use in the determination of clusters in STRUCTURE version 2.3 (Catchen et al., 2013).

Data Statement

The double-digest RAD sequencing (ddRAD-seq) data generated in this study have been
deposited in the NCBI Sequence Read Archive (SRA) under BioProject accession PRINA1492173.
The 144 Myotis capaccinii individuals are registered as BioSamples SAMNG61478237—
SAMNG61478380, and the corresponding raw sequence reads are available as SRA runs
SRR39526783-SRR39526926.

RESULTS
mtDNA Phylogeography

The final trimmed sequence alignment of cyt-b was 671 bp long. All unique haplotypes are
available with Genbank Accession Numbers: MZ695449-MZ695721. Descriptive statistics for the
clades, populations and geographical regions are given in Supplementary Table 3. A total of 17
distinct haplotypes were detected in the 273 analyzed sequences for a total of 40 polymorphic sites,
36 of which were parsimony informative. The haplotype diversity of all samples was 0.802 (£0.015
= 1 SD), and nucleotide diversity was 0.01716 (£0.00072). Tajima’s D statistic was 2.0976 but not

significant, as well as Fu’s Fs and D and Harpending’s raggedness index (r).
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The haplotype network clearly revealed the existence of three distinct mitochondrial clades,
which are referred to as B, C1 and C2, following Bilgin et al. (2008) (see also Viglino (2012)) (Figure
S8). Among the 265 samples that were used to construct this network, the most common haplotype
was H6, which was one of the four haplotypes (H5-H8) detected in clade C1 and was found in 93
samples. Clade B, on the other hand, having nine haplotypes (H9-H17), showed the highest number
of distinct haplotypes, of which H10 was the most common one found in 34 samples. The other seven
haplotypes differed from H10 by one to three bp and clustered around it, forming a clear star-like
pattern. There were five haplotypes in clade C2 (H1-H4), the most common of which were H1 and
H2, found in 55 and 34 samples, respectively. No clear star-like pattern was observed in clades C1
and C2. Clade B was the most diverged one, differing from haplotypes of clade C1 at least by 26 bp
and from haplotypes of clade C2 by at least 23 bp. C1 and C2 differed from each other by seven bp
at least. The geographical transition zone between clades B and C1 was detected in Thrace, close to
the Turkish border with Greece. In fact, haplotypes from both clades were found at the same site in
Koufovouno, Greece (Figure 3a). The transition zone between clades C1 and C2, on the other hand,

was localized around the Alps (Figure 3b).

Haplotype diversities of clades B, C1 and C2 were 0.718 (£ 0.049), 0.242 (= 0.050), 0.521 (+
0.031) and the nucleotide diversities were 0.00155 (£ 0.0002), 0.00099 (= 0.00021), 0.00095 (£
0.00012), respectively. None of the other descriptive statistics were significant for any clade or site,
except for Fu and Li’s D in the Koufovouno population in Greece, as all 25 polymorphic sites of this
site were parsimony informative with no singleton variable sites (see Discussion). Tajima’s D was

negative for all clades, indicating population expansion, however none of the values were significant.

When the 17 haplotypes found in M. capaccinii were analyzed together, all three phylogenetic
tree reconstruction methods, namely Bayesian inference, neighbor-joining, and maximum likelihood,
showed the presence of the same three clades, with high bootstrap support, as well as the same
subclades within clades, such as (H1, H2, H3) in clade C2, (H6, H8) in clade C1, and (H13, H16) in
clade B (Figure 4, Supplementary Figures 1-2). The FST values and their significance, as well as the
average number of pairwise differences and haplotype distances, well reflect the clear separation
among the three clades (Supplementary Figures 3-5).

The divergence times between clades B and C, and between clades C1 and C2, were estimated
by analyzing the 17 haplotypes together using a strict molecular clock with a rate of 4.8% divergence
per million years, and a phylogenetic tree was constructed via Bayesian inference (Figure 4,
Supplementary Figure 13). The divergence time between clades B and C was calculated as 340,150

years (95% HPD Interval = 224,290 — 464,020 years). The divergence between C1 and C2 was
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determined as 124,990 years (95% HPD Interval = 64,480 — 190,480 years). When an uncorrelated
relaxed clock was selected and M. ricketti was used as an outgroup, the divergence time of M.
capaccinii and M. ricketti was adjusted by the program as 7,743,300 years (95% HPD Interval =
5,613,400 — 9,633,600 years). In this case, the divergence time of clades B and C was calculated as
370,400 years (95% HPD Interval = 87,450 — 877,900 years). The divergence of C1 and C2 was
determined as 129,000 years (95% HPD Interval = 21,464 — 333,400 years) (Supplementary Figure
14).

When the mismatch distributions were plotted for a constant-size model and for a model of
demographic expansion using DnaSP, the expansion model fitted better than the constant-size
population model for clade B and slightly better for clade C2, whereas the mismatch distributions and
raggedness index values showed no signs of a demographic expansion for clade C1 (Supplementary
Figure 6, Supplementary Table 3). To address whether combining clades C1 and C2 would produce
a clearer demographic signal, we performed a combined mismatch analysis under a constant-size
model in DnaSP. The combined dataset (n = 173) yielded a bimodal mismatch distribution with peaks
at 0 and 7-8 pairwise differences, a raggedness index of 0.1292, and a high mean absolute error
(0.9560), indicating poor fit to a unimodal expansion model (Supplementary Figure 6). This bimodal
pattern is consistent with population structure or admixture rather than a single expansion event,
further supporting the treatment of C1 and C2 as distinct evolutionary lineages. When the mismatch
distributions were calculated using Arlequin, for clades C1 and C2, the mismatch distributions were
inconclusive, the least-square procedure did not converge after 2000 steps, and the raggedness index
values showed no clear signal of demographic expansion (Supplementary Figure 6). Yet for clade B,
plots were produced, indicating a spatial, rather than a demographic expansion (Supplementary
Figure 7). Bayesian skyline plots, on the other hand, indicated onset of population expansions to
around 2,000 years, 1,700 years, and 1,000 years before present (BP) for clades B, C1, and C2,
respectively (Figure 5).

When AMOVA was used to compare clades B and C, the global Fst was 0.86 and was
significantly greater than O (P < 0.001). When clades B and C were grouped together (i.e., comparing
B vs. C1+C2), the percentage of variation attributed to among-group differences was 86.11%,
whereas within-group variation was only 13.89%, consistent with the deeper divergence time
estimated between clade B and the C clade (~350,000 years BP) relative to the shallower split between
C1 and C2 (~125,000 years BP). When clade C was divided into C1 and C2, and the three clades
were analyzed together, the Fst was 0.96 (P < 0.001). This time, among-group differences constituted
95.57% of all variation, whereas within-group variations constituted only 4.43%. Additionally, the

Mantel test for the populations carrying clade C1 haplotypes detected a significant IBD effect in the
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corresponding geographical area (Mantel test R? = 0.52, P < 0.01, when Koufovouno in Greece was
excluded; R?=0.59, P < 0.01, when Koufovouno and the Italian populations were excluded), whereas
no significant IBD effect was detected for clade B and clade C2 populations in the east and west
areas, respectively. Significant IBD was detected for regions harboring clades C1-C2, B-C1, and B-
C1-C2 (P < 0.01 for all, R? = 0.36, R? = 0.05, and R? = 0.1, respectively).

When we aligned the eight cytochrome-b sequences from Bilgin et al. (2008) with our 265
sequences, trimming the combined dataset to the 205 bp overlapping region yielded 11 variable sites
and collapsed the 273 sequences into 9 distinct haplotypes (Supplementary Table 5, Supplementary
Figure 15). Despite the limited phylogenetic signal inherent to this shortened fragment, the TCS
haplotype network successfully recovered the primary structural divergence between Clades B and
C.

Crucially, the single sequence defined as Clade C in Bilgin et al. (2008) (EU475885.1) collapsed
perfectly into Hap_1, grouping seamlessly with 184 of our newly generated Clade C sequences.
Similarly, the remaining seven GenBank sequences from the 2008 study, previously identified as
Clade B, clustered strictly with our Clade B samples, collapsing into Hap_5 and Hap_9. (Note that
the original six Clade B haplotypes from the 2008 study collapsed into just two haplotypes here due
to the reduced number of informative sites within the 205 bp window). Because of this reduced
sequence length, the finer distinction between our sub-clades C1 and C2 was not resolved; however,

this does not impact the broader Clade B versus Clade C validation.

Maximum Likelihood tree reconstruction further demonstrated the statistical limitations of the
205 bp fragment. While the dominant Hap_1 (containing the Bilgin et al. (2008) Clade C sequence)
was correctly isolated, the lack of sufficient mutational steps caused the algorithm to artificially group
minor European C haplotypes (Hap_2, Hap_3, Hap_4) into an unresolved polytomy alongside Clade
B haplotypes (Supplementary Figure 16). This is a recognized artifact of forcing bifurcating tree
algorithms on short, low-variation intraspecific data, reinforcing that the TCS network provides the

most accurate visualization for this combined, truncated dataset.”

ddRAD-seq

The ddRAD-seq output of the 144 samples showed that 23 samples resulted in fewer than
5635 reads of 150 bp long and were therefore discarded. The remaining 121 samples used for further
analyses had an average read size of 327,234 (95% CI: 295,537-358,930), with a range of 47,709 to

1,545,968 reads per sample. Highest coverage and data retention were observed when m, representing
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the minimum number of raw reads required to form a stack, was 3 and M, representing the number
of mismatches allowed between stacks to merge them into a putative locus, was 6 and when n =M
(Supplementary Figures 9-12; Supplementary Table 4). The Stacks pipeline was run under these

optimized parameters.

For variant sites, the maximum observed heterozygosity value observed among the
populations is 0.35329 for the population Tsoutouro (Greece, clade C1), while the maximum expected
heterozygosity and nucleotide diversity values are respectively 0.31516 and 0.34671 for the
population K1yikdy (Turkey, clade B). The minimum value for observed and expected heterozygosity
is respectively 0.14758 and 0.11955 for the population Alcampell (Spain, clade C2) for variant sites,
while the minimum nucleotide diversity value, 0.14609, belongs to the population of Ichkeul Cave
(Tunisia, clade C2). For all sites, the maximum observed heterozygosity and maximum nucleotide
diversity values observed among the populations are respectively 0.00075 and 0.00073 for the
population Yenisu (Turkey, clade B), while the maximum expected heterozygosity value is 0.00066
for the Kiyikdy (Turkey, clade B) population. The minimum value for observed heterozygosity is
0.00034 for Alcampell (Spain, clade C2), Ichkeul Cave (Tunisia, clade C2), and Slovenia (Slovenia,
clade C1) populations; the minimum value for expected heterozygosity is 0.00027 for only the
Alcampell (Spain, clade C2) population; and the minimum nucleotide diversity value is 0.00031 for
the population of Ichkeul Cave (Tunisia, clade C2) (Tables 1 & 2).

The visual representation of the matrix of pairwise Fst based on ddRAD-seq data (Figure 6)
shows consistency with the differentiation of the mtDNA clades B, C1, and C2, with a color gradient
observed when transitioning from the comparisons of the mitochondrial clades B to C2. The highest
Fst values can be observed as expected between B and C2 populations as the darkest shades of red.
The level of differentiation between B and C1, or C1 and C2 is expected to be lower than that of
between B and C2 populations, and corresponding zones shows a result in the expected direction as
lighter shades of red. Lowest Fst values is expected to be between populations within the same clade
represented as lightest shades of red and the results are in line with this expectation. However, the
pattern is not absolutely clear-cut, as there are some exceptions to this gradient (e.g. Lombardia-ITA
or Slovenia-SLV), potentially indicative of nuclear introgression between different mitochondrial

clades.

The results of the Structure analysis indicated that based on Evanno et al. (2005), K=2 had the
highest support (Figure 7). The samples sorted by longitude broadly show an assignment into two
clusters (corresponding to clades B and C1+C2), with an area of admixed genetic ancestry in between.
A plot of mean assignment probability values to either of these two putative clusters (B or C1+C2)

aligned with longitude (Figure 8) also shows the decreasing probabilities from W@tg(ﬁ@ghtaq belong
ystem
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to the first cluster (and inversely so for the second cluster). Finally, for Structure results set with K=3
groups (Figure 9), populations/individuals assigned to the three mitochondrial clades B, C1 and C2
further show admixed genotypes. A similar plot of average assignment probabilities by longitude
shows a similar decrease in C1 and B in the east-west direction as in K=2, but in this plot a decrease
from the highest assignment probabilities around the longitude of 10-15E as one moves east and west
Is also observed.

DISCUSSION
Phylogeography of M. capaccinii part 1: The separation of clades

In this study, two distinct classes of genetic markers (mtDNA and nuclear ddRAD-seq) were
used to illuminate the phylogeographic history of M. capaccinii. The mtDNA analyses supported a
major subdivision of haplotypes into three main clades, namely clades B, C1, and C2. Bilgin et al.
(2008) previously showed a major break between clades B and C1 in the Balkans, with clade B mainly
restricted to Anatolia and clade C1 located in Turkish Thrace, Greece and Bulgaria. With an expanded
geographic sampling, we show here that bats carrying clade C1 haplotypes occur west to northern
Italy, and evidence of a new clade (C2) found in southern Italy, France, Iberia and north-western
Africa. The separation of clades C1 and C2 in Italy coincides with the Apennine Mountains and runs
along the south-western Alps. This suggests that these mountains represent potential major
geographical barriers for female lineages in M. capaccinii, restricting their movements across these
mountain chains. This is confirmed by AMOVA analyses of mtDNA structure which all support a

strong effect of these barriers on the segregation of haplotypes (up to 95% of variance explained).

The second major mtDNA contact zone detected in this expanded mtDNA analysis is found in
eastern Europe, where clade C1 and B meet near the geographic border of Turkish and Greek Thrace.
This second break, however, does not coincide with a mountain range, and bats from one locality
(Kouvofouno; Fig. 3) carry haplotypes of both major lineages. This area of mtDNA admixture
therefore suggests that the two major clades meet in a restricted area, as they did not expand much
beyond this contact zone. The reason for a strong restriction of female gene flow across short
geographic areas might reflect a strong female philopatry to nursery colonies evidenced in other
Myotis bats (e.g., Kerth et al. 2000; Nagy et al. 2013). Interestingly, the Thrace contact zone between
two major mtDNA clades is also found in another congener, M. myotis showing strong female
philopatry (Castella et al. 2001; Furman et al. 2020), despite high potential ability for dispersal

movements.

Xy Editorial
. System


https://www.editorialsystem.com/pdf/download/3044358/713ba86f170fef691bd7a9e728a30eba/
https://www.editorialsystem.com/hystrix
https://www.editorialsystem.com/

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

Manuscript body HYSTRIX

Download DOCX (2.01 MB) the Italian Journal of Mammalogy

Neighbor-joining and maximum likelihood reconstructions strongly supported the existence of
the three clades with an earlier divergence of clade B, and a further split between clades C1 and C2.
Using Bayesian inference, these divergence times were estimated to be about 350,000 years BP for
the divergence of B and C1+C2, and 130,000 years BP for the divergence of C1 and C2 using a rate
of 4.8% divergence per million years. Both of these divergence times seem to coincide with the
Pleistocene (Habbe, 2007; Cheng et al., 2009; Litt et al., 2007).

The divergence of clades C1 and C2, as well as the genetic similarity of individuals from lIberia,
France, southern Italy, and North Africa, can be explained by the geographical changes that took
place at the estimated time of divergence of these clades, as well as the existence of geographical
barriers (i.e., the Alps and the Apennines). During that time (circa 130,000 BP), the Tyrrhenian Sea
was much narrower than it is today, and the level of the Mediterranean Sea was significantly lower,
so that there could be a substantial genetic exchange between populations of Spain, the Balearic
Islands, North Africa, Sardinia, and the Apennine Peninsula (Shackleton et al., 1984). The sharing of
haplotype H2 among populations of Tunisia, Mallorca, Sardinia, and Latium is an example of this
exchange (Supplementary Figure 8). It is also possible that Tunisia was colonized relatively recently,
directly through the Strait of Sicily (rather than through the Gibraltar Strait), as haplotype H1 is
encountered both in Sicily and Tunisia (Supplementary Figure 8), suggesting that M. cappacinii
dispersal is more hindered by mountain chains than by sea channels. Even though Sicily and Tunisia
are separated by a distance of about 140 km, there is evidence of high levels of genetic similarity
among Sicilian and Tunisian populations in other taxa (Husemann et al., 2014; Stock et al., 2008;
Cosson et al., 2005; Habel et al., 2009, 2010, 2011), although there are some variations to this pattern
as well. For instance, there is evidence that the butterfly Melanargia galathea colonized Italy through

the Strait of Sicily, and then recolonized Tunisia back from Sicily (Habel et al., 2011).

The overall nucleotide diversity (m = 0.01716) observed in this study is slightly lower than the
~0.02 reported by Bilgin et al. (2008). This difference likely reflects the expanded geographic
sampling in the present study, which includes western populations (Iberia, France, Italy, North Africa)
where diversity is lower, whereas the earlier study focused primarily on eastern populations (Turkey,
Greece, Bulgaria) where clade B—the most diverse clade—predominates. Within clade B alone,
nucleotide diversity (m = 0.00155) is consistent with values reported for other Myotis species with

similar phylogeographic structure (Ruedi & Castella, 2003; Salicini et al., 2013).

The ddRAD individuals are a subset of those characterized for mtDNA, so the two datasets are
not sampled independently of one another. They were not, however, selected by mtDNA clade

attribution: the criterion applied was geographic coverage. Because the mitochondrial lineages of M.
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capaccinii are almost entirely partitioned by geography, a range-wide design was known in advance
to deliver substantial samples of all three, and lineage coverage was secured without lineage serving
as a selection criterion. Results of population structure based on nuclear ddRAD-seq with K=2 and
K=3 groups largely corroborate the major mitochondrial structure in M. capaccinii. As this class of
markers reflects both the contribution of males and females (not only female’s contribution as in
mtDNA), these markers suggest that interbreeding is ongoing between different clades, especially
between clades C and B. At K=3, animals representing clades C1 and C2 have admixed nuclear
genotypes, suggesting high interbreeding between these two groups. The highest assignment
probabilities for the clade that corresponds to C1 were detected in northern Italy and Slovenia,
suggesting a refugial origin for those populations. This observation is in line with fossil records and
genetic evidence indicating that temperate mammal species, such as red deer (Cervus elaphus), roe
deer (Capreolus capreolus), and wild boar (Sus scrofa), survived in these specific refugia (Sommer
and Nadachowski, 2006), however a denser sampling within Italy and/or along the Adriatic coast is
needed to evaluate this hypothesis more robustly.

Phylogeography of M. capaccinii part 2: The expansion

The mitochondrial break between clades B and the C, and the gradient of longitudinal
differentiation, with a contact zone in between in the nuclear DNA data suggests refugial survival
and differentiation in the Iberian and Anatolian peninsulas for clades C and B respectively, with
subsequent range expansions. The Bayesian Skyline plots based on mtDNA suggest a relatively
recent, post-glacial expansion for all three clades during the Holocene. The final range of the
population expansions for the clades was dated to start around 2,000 years BP, 1,700 years BP, and
1,000 years BP for clades B, C1, and C2, respectively. Thus, the final expansions started long after
the end of the Pleistocene, when the climate was warmer and the deglaciation of continental ice sheets
had long been completed (Walker, 1995). The mismatch distributions, however, showed that a spatial
expansion model better fitted the data for clade B, rather than a demographic expansion or a constant
size model, whereas for clades C1 and C2, the results were inconclusive. To assess whether
combining C1 and C2 would clarify these signals, we performed a combined mismatch analysis,
which yielded a bimodal distribution characteristic of population structure rather than a single
expansion event (Supplementary Figure 6). For clade C1, this may stem from the fact that there were
an excess of three pairwise differences in the observed data, which stems from the three nucleotide
differences of the most common haplotypes of this clade, namely haplotypes 5 and 6, of which
haplotype 5 was only encountered in northern Italy and haplotype 6 only in the Thrace & Balkans
region. This in turn, was possibly caused by the presence of a large area between these two locations

that was not sampled in this study. Although the mismatch distribution tests were inconclusive and
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unable to generate a signal for population expansion or distinguish between spatial and demographic
expansion possibilities for clade C1, the significant IBD effect supports the possibility of a post-
glacial spatial expansion. The combined C1+C2 mismatch results further support that these clades
represent distinct evolutionary units with a history of secondary contact rather than a simple
expansion. Fu’s FS and Tajima’s D statistics were negative for all clades, again indicating population
expansion, yet none of these values were significant at the P<0.05 level (Tajima, 1989). The only
significant statistic among all detected values was Fu’s and Li’s D value for the Koufovouno colony,
which was significantly positive, indicating an excess of parsimony informative sites, which was
probably due to the fact that this population showed haplotypes from different clades. This in turn,
may stem from the fact that colonies from Greece and Turkey mix in autumn (and probably in spring)
when they are in transience to their winter quarters in Bulgaria (Papadatou et al. 2008, 2009).
However, the presence of clade B in Thrace and the absence of clade C1 in Anatolia indicate that the
range expansion of the older clade B, rather than just seasonal migrations, may be the real reason for

their syntopical occurrence in the same caves.

The star-like haplotype network of clade B also indicated a recent population expansion. The
most common haplotype of this clade, haplotype 10, was also the haplotype with the largest number
of connections or descendant nodes among all 16 haplotypes, indicating it may be the most ancestral
haplotype. Additionally, clade B had the highest haplotype and nucleotide diversities among the three
clades, and Anatolia and the Middle East, hosting individuals carrying clade B haplotypes, were the
regions with the highest haplotype and nucleotide diversities, suggesting ancestral/refugial
populations within. Pockets of glacial refugia, where animal and plant species have been isolated and
differentiated during the LGM, have been proposed for the Iberian, Italian, and Balkan peninsulas
and south-western and eastern Anatolia (Hewitt, 1999; Veith et al., 2003; Schmitt, 2007). The
“refugia within refugia” hypothesis suggests that such pockets, or parts of major refugial peninsulas,
are suitable for the persistence of species and populations (Bilgin, 2011; Bilgin et al., 2016; Giiriin et
al., 2019; Canestrelli et al., 2007; Gomez & Lunt, 2007, Medail & Diadema, 2009). The
phylogeography of several bat species, including Nyctalus noctula (Petit et al., 1999), Myotis myotis
(Ruedi & Castella, 2003), Rhinolophus ferrumequinum (Rossiter et al., 2007), Rhinolophus
hipposideros (Dool et al., 2013), Plecotus austriacus (Razgour et al., 2013), Pipistrellus pipistrellus
(Boston et al., 2014), Myotis escalerai, and Myotis crypticus (Puechmaille et al., 2012; Salicini et al.,
2013; Razgour et al., 2019), also supports this hypothesis. Glacial refugia most likely played a crucial
role in promoting genetic diversity and differentiation for M. capaccinii as well, as shown by the

mitochondrial splits which were dated back to the Pleistocene.
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The gradual expansion of the mitochondrial clades can be observed in ddRAD-seq analysis of
assignment probabilities longitudinally from both to west to east and east to west. Classical examples
of inferring refugial isolation in Europe are generally based on observing genetic breaks
geographically (Hewitt 1999, Schmidt 2007) and matching them with the Iberian, Italian or
Balkan/Anatolian peninsulas in terms of origin. The post-isolation expansion scenarios are then based
on the genetic similarity of non-peninsular populations with the peninsular ones. In this study, we
used the mtDNA data to map the refugial areas, and our ddRAD-seq analyses provided extra line of
evidence on the expansion out of the refugia, beyond the classical examples of distribution of genetic
diversity mentioned above, showing the strength of combined use of mtDNA and ddRAD-seq in
outlining glacial and post-glacial phylogeography of species. This integrative approach adds to the
recent line of studies across Europe, where the combination of mitochondrial and genome-wide
nuclear data consistently reveal complex patterns of glacial refugia and postglacial expansion of the

continent (Dufresnes et al., 2023; Gippner et al., 2024).

The sharp mtDNA breaks we observe across major orographic barriers, contrasted with broad
nuclear admixture and longitudinal clines in SNP assignment, are best explained by female philopatry
and male-mediated gene flow in bats, a pattern widely documented and consistent with genetic
methods for inferring sex-biased dispersal (Kerth, 2008; Prugnolle & de Meeus, 2002). In Myotis,
classic cases include Bechstein’s bat, where extreme matrilineal structure co-exists with extensive
nuclear mixing due to dispersing males (Kerth et al., 2002), and greater mouse-eared bat, where
strong mtDNA differentiation but weak nuclear structure likewise points to male-biased dispersal
(Castella et al., 2001). Additional evidence comes from Natterer’s bat, in which relatedness and
parentage reveal female philopatry with males as the dispersive sex (Scott et al., 2018), and from the
northern long-eared bat, where high nuclear connectivity across scales is consistent with male
movements during the mating season (Johnson et al., 2014). A similar mito—nuclear contrast outside
Myotis (e.g., pallid bat) shows deep mtDNA splits despite interbreeding at nuclear loci, underscoring
that strong mtDNA discontinuities can co-occur with contemporary gene flow when dispersal is
sex-biased (Arnold & Wilkinson, 2015). Taken together with our ddRAD-SNP results (admixture
between C1 and C2; low—moderate nuclear FST across contact zones), these lines of evidence favor
a biological explanation (sex-biased dispersal, secondary contact, postglacial dynamics) over a

methodological explanation.

CONCLUSION

With this study, we combined ddRAD-seg-generated SNPs with mtDNA data throughout the range

of M. capaccinii for a continent-scale evaluation of the mito-nuclear discordance observed in this
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species. The three previously defined mtDNA clades (B, C1, C2) were delineated at a finer and larger
scale. We show that the main mountain chains of Europe (the Alps and the Apennines) clearly
separate the mitochondrial lineages, whereas sea straits such as Gibraltar appear to be relatively
permeable in terms of historical gene flow, as expected for bats. Additionally, Thrace and the Alps
appear to comprise contact zones that resulted from post-glacial expansions. In contrast, the SNP data
show evidence for clinal variation, indicative of hybridization between mtDNA lineages. Therefore,
the SNP data support the mito-nuclear discordance previously observed in microsatellites and suggest
it to be of biological origin, likely due to sex-biased dispersal and secondary contact after post-glacial

expansion.

TABLES

Table 1 — Mean observed heterozygosity, expected heterozygosity and nucleotide diversity values of
variant positions for each population for ddRAD-seq.

Observed Expected Nucleotide
Population ID Heterozygosity Heterozygosity Diversity
Tadavan-IRN 0.24286 0.17768 0.2369
Halfeti-TUR 0.27713 0.25321 0.28938
Sarihidir-TUR 0.29258 0.25471 0.26922
Karan-TUR 0.27226 0.24426 0.25929
Kulu-TUR 0.27797 0.22886 0.26156
Aksu-TUR 0.27782 0.22388 0.26865
Beyyayla-TUR 0.2627 0.24023 0.28827
Nusret dudeni-TUR 0.29857 0.22378 0.29837
Yenisu-TUR 0.3464 0.2824 0.33888
Kiyikoy-TUR 0.35225 0.31516 0.34671
Koufovouno-GRE 0.29414 0.25985 0.28494
Maroneia-GRE 0.29714 0.25346 0.28621
Tsoutouro-GRE 0.35329 0.27418 0.32902
DBLUSF-GRE 0.28696 0.2655 0.30343
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Slovenia-SLV 0.15914 0.14581 0.15269
Ichkeul-TUN 0.16176 0.13639 0.14609
Lombardia-ITA 0.15556 0.12299 0.16398
Provence-FRA 0.26474 0.18371 0.22046
SantMarti-SPA 0.23322 0.22028 0.2937
Alcampell-SPA 0.14758 0.11955 0.1594

Table 2 — Distribution of the 121 individuals in the final ddRAD dataset across countries and
mitochondrial lineages.

Country B C1 C2 Total
Turkey 55 0 0 95
Greece 10 10 0 20
Slovenia 0 12 0 12
Tunisia 0 0 8 8
Spain 0 0 5 5
Algeria 0 0 4 4
Italy 0 1 3 4
Lebanon 3 0 0 3
France 0 0 3 3
Iran 3 0 0 3
Albania 0 1 0 1
Bulgaria 1 0 0 1
Romania 1 0 0 1
Syria 1 0 0 1
Total 74 24 23 121
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FIGURES

Figure 1 — Map of sampling locations. The gray area is the current geographic range of Myotis
capaccinii (spatial data source: International Union for Conservation of Nature, IUCN). The colors
correspond to the mtDNA clades discussed below, B (red), C1 (green), and C2 (blue).

Figure 2 — The haplotype network for 265 cyt-b sequences (671 bp) and their distribution based on
geographical regions. The sizes of the circles are proportional to the frequency of the haplotypes they
represent. The small dots stand for missing haplotypes. Another version of this network, which is

based on 38 populations instead of geographical regions, is given in Supplementary Figure 8.

Figure 3 — The sizes of the circles are proportional to the population sizes. a) The split zone between
clades B and C1. b) The split zone between clades C1 and C2. The mountains extending along the
France-Italy border, as well as the northern borders of Italy are the Alps, whereas the Apennine
Mountains stretch from the northwest to the southeast of Italy. The Apennines, along with the Alps,
act as a geographic barrier separating clades C1 and C2. The mountains separating France from Iberia

are the Pyrenees.

Figure 4 — The Bayesian phylogenetic tree of 17 cyt-b haplotypes of M. capaccinii. The posterior

probabilities are given as percentages on the nodes. The units on the reverse scale axis are years.
Figure 5 — Bayesian skyline plots for M. capaccinii clades (a) B, (b) C1 and (c) C2.

Figure 6. Matrix of Pairwise Fst for 20 localities with their corresponding geographical mtDNA
clade zone information.

Figure 7. The Structure plot of K=2 with individuals sorted by increasing longitude on the x-axis.

Figure 8. The Structure assignment probabilities to either of the populations (at K=2), sorted by

longitude categories.
Figure 9. The Structure plot of K=3 with individuals sorted by increasing longitude on the x-axis.

Figure 10. The Structure assignment probabilities to either of the populations (at K=3), sorted by

longitude categories.
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589 SUPPLEMENTARY TABLES
590 Supplementary Table 1 — Sampling sites for M. capaccinii. N stands for the number of samples for
591 mitochondrial DNA. The color codes representing different clades correspond to those in
592 Supplementary Table 3.
593 Region Population Country N Map Code | Latitude Longitude
594 Spain 10 1 37.39 -1.76
595 Spain 8 2 41.9 0.43
Spain 8 3 39.66 -0.43
596 Spain 10 7 39.83 3.1
597 France 10 4 44.25 4.45
598 Tunisia 27 5 37.14 9.67
599 Italy 5 6 37.48 13.55
600 Italy 5 8 41.31 13.49
601 Italy 10 9 40.82 8.81
Lombardia Italy 10 10 45.96 9.3
602 EL Piemonte ltaly 2 11 45.89 8.53
603 Albania Albania 10 12 40.67 20.99
604 General Todorov | Bulgaria 1 13 41.47 23.27
605 Krasen Bulgaria 2 14 43.74 25.98
606 Katratzides Mine | Greece 3 15 41.13 26.16
607 Thrace - Balkans | V. Lefkimis Greece 1 16 41.07 26.19
608 Maronia Cave Greece 18 17 40.93 255
609 Tsoutouro Mine Greece 31 18 41.15 26.19
610 Dramia Greece 1 20 35.28 24.32
611 Argyroupoli Greece 1 21 35.35 24.25
612 [ Thrace - Balkans | Koufovouno | Greece 31 19 41.35 26.45
613 Kav Turkey 1 22 41.71 27.91
614 Thrace - Balkans | Yenasu Turkey 3 23 41.62 27.97
615 Kuru Turkey 1 24 41.84 27.56
616 Aksu Turkey 5 25 40.76 30.96
617 Bogazpinar Turkey 7 26 40.02 28.02
618 Anatolia Nusret Diideni Turkey 3 27 39.62 28.16
619 Beyyayla Turkey 7 28 40.13 30.7
620 Karan Turkey 14 29 39.56 27.1
621 Thrace - Balkans | Kiyikdy Turkey 1 30 41.64 28.09
622 Hagel el Azim Lebanon 1 31 34.4 36.02
. Bisotun Iran 1 32 34.38 47.43
623 Middle East Si Mili Iran N 3L7 29.4
624 Eslamabad Iran 3 34 34.27 46.79
. Kulu Turkey 1 35 39.09 33.08
625 ATEETE Sarthidir Nevsehir | Turkey 10 |36 38.74 34.93
. Beaufort Castle Lebanon 1 37 33.32 35.53
626 LSS Syria Syria 1 38 36.33 39.08
627 Total number of samples analyzed: 265
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628 Supplementary Table 2 — Coordinate information of sampling sites for M. capaccinii with number
629 of samples for which ddRAD-seq data was collected from each location.
630 :; Country No of samples | Latitude Longitude
631 1 Almeira Spain 1 37.39 -1.76
632 2 Alcampell, Huesca Spain 2 41.9 0.43
633 3 Sant Marti, Mallorca Spain 2 39.83 3.1
634 4 Provence France 2 44.25 4.45
635 5 Piemonte Italy 1 45.89 8.53
636 6 Lombardia Italy 2 45.96 9.3
637 7 Ichkeul Cave Tunisia 8 37.14 9.67
638 8 Sicilia Italy 1 37.48 13.55
639 9 Kosnica Slovenia 12 46.22 14.97
640 10 Devoll Albania 1 40.67 20.99
641 11 Tzanes Greece 1 37.04 25.22
642 12 Tsoutouro Mines Greece 3 41.15 26.19
643 13 General Todorov Bulgaria 1 41.47 23.27
644 14 Maroneia Greece 5 40.93 25.5
645 15 Koufovouno Greece 6 41.35 26.45
646 16 Crete Greece 1 35.28 24.32
647 17 Dupnisa Turkey 1 41.84 27.55
648 18 Sivriler Turkey 1 41.81 27.92
649 19 Yenisu Turkey 3 41.62 27.97
650 20 Kiyikoy Turkey 6 41.64 28.09
651 21 Nusret Diideni Turkey 2 39.62 28.16
652 22 Kocaeli Turkey 1 40.83 29.51
653 23 Beyyayla Turkey 3 40.13 30.7
654 24 Aksu Turkey 3 40.76 30.96
655 25 Kulu Turkey 4 39.09 33.08
656 26 Karan Turkey 9 39.56 27.1
657 27 Atakum Turkey 4 41.40 36.18
658 28 Sarthidir Turkey 10 38.74 34.93
659 29 Bitlis Turkey 1 38.40 4211
660 30 Halfeti Turkey 4 37.25 37.85
661 31 Mrouj Lebanon 1 33.35 35.45
662 32 Aamchite Lebanon 1 34.15 35.67
663 33 Al Ghazli Syria 1 36.33 39.08
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664 Supplementary Table 3 — Descriptive statistics for the M. capaccinii samples. h is the haplotype
665 diversity, & is the nucleotide diversity, SV is the number singleton variable sites, Pl is the number of
666 parsimony informative sites and r is Harpending’s raggedness index, Map Code is the number
667 associated with a given sample on Figure 1 Koufovouno is not included in Thrace B and Thrace C1
668 geographical regions. The significant values are in bold, where the asterisk signifies P < 0.02. The
669 color codes representing different clades correspond to those in Table 1. NA means the corresponding
670 software was not able to calculate the values, usually because of a lack of polymorphisms or small
671 sample size at the site.
672 Clade | Haplotypes Size | Site Country l(\ZA:(?e h n SV | Pl | Tajima's D | Fu's Fs | Fu's D r
673 H1 10 | Almeria Spain 1 0 0 0 0 | NA NA NA NA
674 H1 8 Huesca Spain 2 0 0 0 0 | NA NA NA NA
675 H1 8 Valencia Spain 3 0 0 0 0 | NA NA NA NA
676 H?2 10 | Mallorca Spain 4 0 0 0 0 | NA NA NA NA
677 H1 10 | Céze France 5 0 0 0 0 | NA NA NA NA
678 H1, H2 27 | Ichkeul Tunisia | 6 0,462 | 0,00069 | 0 1 |1,258 0,902 0,607 0,2189
679 H1, H3, H4 5 Sicily Italy 7 0,7 0,00289 | 2 2 10,273 0,278 0,273 0,7100
680 H2 5 Lazio Italy 8 0,000 | 0,00000 | 0 0 |0,000 0,000 0,000 0,0000
681 H?2 10 | Sardegna Italy 9 0,000 | 0,00000 | 0 0 | NA NA NA NA
682 H5 10 | Lombardia Italy 10 0,000 | 0,00000 | O 0 | NA NA NA NA
683 H5 2 Piemonte Italy 11 0,000 | 0,00000 | 0 0 | NA NA NA NA
684 H6 10 | Albania Albania |12 0,000 | 0,00000 | O 0 | NA NA NA NA
685 H6 1 G. Todorov Bulgaria | 13 NA NA 0 0 | NA NA NA NA
686 H6 2 Krasen Bulgaria | 14 0,000 | 0,00000 | 0 0 | NA NA NA NA
687 C1l H6 3 Katratzides Greece |15 0 0 0 0 | NA NA NA NA
688 H6 1 Lefkimis Greece |16 NA NA 0 0 | NA NA NA NA
689 H6 18 | Maronia Greece |17 0 0 0 0 | NA NA NA NA
690 H6, H8 31 | Tsoutouro Greece | 18 0,065 | 0,00010 | 1 0 |-1,145 -1,774 ]-1,693 0,7627
691 H7 1 Dramia Greece |19 NA NA 0 0 | NA NA NA NA
692 H7 1 | Argyroupoli | Greece |20 [NA [NA 0 |[o [NA NA NA NA
693 H6, H9, H10 31 | Koufovouno | Greece |21 0,185 | 0,00665 | 0 251-1,017 0,961 1,693* 0,6791
694 H9 1 Kav Turkey |22 NA NA 0 0 | NA NA NA NA
695 H9 3 Yenasu Turkey |23 0 0 0 0 | NA NA NA NA
696 H9 1 Kuru Turkey |24 NA NA 0 0 | NA NA NA NA
697 H10, H11 5 Aksu Turkey |25 0,4 0,00060 | 1 0 |-0,817 -0,772 |-0,817 0,2000
698 H10, H12 7 Bogazpinar Turkey |26 0,286 | 0,00043 | 1 0 |-1,006 -1,101 | -1,049 0,2653
699 H10 3 N. Diideni Turkey |27 0,000 | 0,00000 | 0 0 | NA NA NA NA
700 H10, H13 7 Beyyayla Turkey |28 0,571 ] 0,00085 | 0 1 |1,342 1,101 0,953 0,3469
701 H10 14 | Karan Turkey |29 0,000 | 0,00000 | 0 0 | NA NA NA NA
702 B H10 1 Kiyikdy Turkey |30 NA NA 0 0 | NA NA NA NA
703 H10 1 H. el Azim Lebanon | 31 NA NA 0 0 | NA NA NA NA
704 H10 1 Bisotun Iran 32 NA NA 0 0 | NA NA NA NA
705 H10 1 Si Mili Iran 33 NA NA 0 0 | NA NA NA NA
706 H10 3 Eslamabad Iran 34 0,000 | 0,00000 | 0 0 | NA NA NA NA
707 H14 1 Kulu Turkey |35 NA NA 0 0 | NA NA NA NA
708 H15 10 | Sarihidir Turkey |36 0,000 | 0,00000 | 0 0 | NA NA NA NA
709 H15 1 B. Castle Lebanon | 37 NA NA 0 0 | NA NA NA NA
710 H16 1 Syria Syria 38 NA NA 0 0 |NA NA NA NA
711 Clade | Haplotypes Size S:ggorr?phlcal Country | Code | h n SV | Pl | Tajima's D | Fu's Fs | Fu's D r
712 H1, H2 36 | Iberia NA NA ]0,413 | 0,00062 | 0 1 |1,047 0,815 0,574 0,2008
713 H1 10 | France France NA |0 0 0 0 | NA NA NA NA
H1, H2 27 | North Africa | Tunisia | NA ]0,462 | 0,00069 | 0 1 |1,258 0,902 0,607 0,2189
714 H1, H2, H3, H4 20 | ltaly C2 Italy NA 10,432 |0,0011 |2 2 ]-1,003 -0,952 | -0,759 0,2209
715 c1 H5 12 | ltaly C1 Italy NA 0,000 | 0,00000 |0 0 |NA NA NA NA
H6, H7, H8 68 | Thrace C1 NA NA ]0,086 | 0,00022 |1 2 |-1,484 -0,933 | -0,494 0,7872
716 H9, H10 6 Thrace B NA NA 10,333 |0,0005 |1 0 |-0,933 -0,965 | -0,950 0,2222
717 B H10, H15, H16 8 Middle East NA NA ]0,464 |0,00149 | 4 0 |-1,535 -1,797 | -1,665 0,2283
718 H10-H15, H17 47 | Anatolia Turkey | NA ]0,702 | 0,00140 | 2 4 1-0,802 -0,713 | -0,520 0,1548
719 C1l H5 - H8 111 JAllIC1 NA NA ]0,242 |10,00099 | 1 4 1-0,622 -0,280 | -0,048 0,6136
720 H1- H4 93 JAllC2 NA NA ]0,521 |0,00095 | 1 3 ]-0,378 -0,341 | -0,248 0,1695
721 B H9 - H17 69 |AllB NA NA ]0,718 | 0,00155 | 3 7 ]-1,353 -0,999 |-0,584 0,1288
722 All H1- H17 273 | All NA NA 10,802 |0,01716 | 4 36 | 2,098 1,714 0,891 0,0626
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Supplementary Table 4 — The number of assembled loci, the number of polymorphic loci and the
number of SNPs information for each a) m and b) M, and c) the number of new polymorphic loci
added for each iteration of M.

m1 453 248 408
m2 5162 3561 7575
m3 5182 3564 7543
ma 4892 3339 7053
m5 4539 3043 6489
mé 4217 2794 5950

M1/M2 314

M1 5205 3532 7257 MBS -

M2 5265 3846 10438

M3 5273 4049 13586 M3/M4 164

M4 5281 4216 16654 M4/M5 138

M5 5298 4354 19350 M5/M6 69

M6 5300 4423 21081 M6/M7 25

M7 5288 4448 22432 M7/M8 48

M8 5255 4430 23065

Supplementary Table 5 — A complete list of samples and their corresponding haplotype
assignments.

Number of variable sites: 11

Number of haplotypes, h: 9

Haplotype diversity, Hd: 0.4852

Hap_1:185 [1-89 92 106-118 121-201 273]

Hap_2:3 [90-91 93]

Hap_3: 12 [94-105]

Hap_4: 2 [119-120]

Hap_5: 64 [202-205 210-245 247-257 259-268 270-272]

Hap_6: 4 [206-209]

Hap_7:1 [246]

Hap_8:1 [258]

Hap_9:1 [269]

Hap_1: 185 [MCO001|Almeria MCO002 | Almeria MC003 | Almeria MC004 | Almeria MCOO5 | Almeria
MCO006 | Almeria MC007 | Almeria MC0OO08 | Almeria MCO009 | Almeria MC010 | Almeria MC021 |Huesca
MC022 |Huesca MC023 |Huesca MC024 |Huesca MC025 |Huesca MC026 | Huesca MC027 | Huesca
MC028|Huesca MCO011|Mallorca MC012 | Mallorca MC013 | Mallorca MC014 | Mallorca MC015 | Mallorca
MC016 |Mallorca MC017 | Mallorca MC018 | Mallorca MC019 | Mallorca MC020 | Mallorca MC035 | Valencia
MCO036 | Valencia MC029 | Valencia MC030 | Valencia MC031 | Valencia MC032 | Valencia MC033|Valencia

MCO034 | Valencia MC059 | Provenza MC060 | Provenza MC061 | Provenza MC062 | Provenza
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MCO063 |Provenza MCO064 |Provenza MCO65 | Provenza MCO66 | Provenza MCO67 | Provenza
MCO068 | Provenza MCO079 | Tunisia MC080 | Tunisia MC081 | Tunisia MC082 | Tunisia MC084 | Tunisia
MCO085 | Tunisia MC086 | Tunisia MCO087 | Tunisia MC088 | Tunisia MC337 | Tunisia MC338| Tunisia
MC340|Tunisia MC341 | Tunisia MC342 | Tunisia MC343 | Tunisia MC344 | Tunisia MC345 | Tunisia
MC346|Tunisia MC347 | Tunisia MC348 | Tunisia MC349 | Tunisia MC350| Tunisia MC351 | Tunisia

MC352 | Tunisia MC353 | Tunisia MC354 | Tunisia MC355 | Tunisia MC115 | Lazio MC116 | Lazio MC117|Lazio
MC118|Lazio MC119|Lazio MC120|Sardegna MC121|Sardegna MC122|Sardegna MC123|Sardegna
MC124 |Sardegna MC125 |Sardegna MC126|Sardegna MC127|Sardegna MC128|Sardegna

MC129 |Sardegna MC089 |Sicilia MC092 | Sicilia MC069 | Albania MC070|Albania MC071 | Albania
MCO072 | Albania MC073 | Albania MCO074 | Albania MC075 | Albania MCO76 | Albania MC077 | Albania
MC078|Albania MC235|G.Todorov MC057 |Krasen MCO58 | Krasen MC197 | Katratzides
MC206 | Katratzides MC285 | Katratzides MC182 | Lefkimis MC140|Maronia MC141|Maronia

MC142 |Maronia MC143 |Maronia MC144 | Maronia MC145 |Maronia MC146 | Maronia MC147 | Maronia
MC148 | Maronia MC149 | Maronia MC419 | Maronia MC420|Maronia MC421|Maronia MC422 | Maronia
MC423 |Maronia MC424 | Maronia MC426 | Maronia MC427 | Maronia MC154 | Tsoutouro
MC156|Tsoutouro MC157 | Tsoutouro MC158| Tsoutouro MC160 | Tsoutouro MC163 | Tsoutouro
MC164|Tsoutouro MC168|Tsoutouro MC169| Tsoutouro MC170|Tsoutouro MC171|Tsoutouro
MC173|Tsoutouro MC178|Tsoutouro MC183 | Tsoutouro MC185 | Tsoutouro MC210|Tsoutouro
MC212|Tsoutouro MC213|Tsoutouro MC240| Tsoutouro MC242 | Tsoutouro MC244 | Tsoutouro
MC250|Tsoutouro MC253 | Tsoutouro MC254 | Tsoutouro MC259 | Tsoutouro MC263 | Tsoutouro
MC270|Tsoutouro MC271 | Tsoutouro MC273 | Tsoutouro MC287 | Tsoutouro MC314 | Tsoutouro
MC132|Koufovouno MC134|Koufovouno MC136 | Koufovouno MC137 | Koufovouno MC139 |Koufovouno
MC179|Koufovouno MC184 |Koufovouno MC186 | Koufovouno MC187 | Koufovouno MC189 | Koufovouno
MC191 |Koufovouno MC192 | Koufovouno MC193 | Koufovouno MC194 | Koufovouno MC195 | Koufovouno
MC207 | Koufovouno MC214|Koufovouno MC252 | Koufovouno MC260 | Koufovouno MC261 | Koufovouno
MC268 | Koufovouno MC276 | Koufovouno MC277 | Koufovouno MC284 | Koufovouno MC302 | Koufovouno
MC308 | Koufovouno MC316 | Koufovouno MC425 | Koufovouno EU475885.1]

Hap_2:3 [MC090|Sicilia MC091 |Sicilia MC094|Sicilia]

Hap_3:12 [MC095 |Lombardia MC096 | Lombardia MC097 | Lombardia MC098 | Lombardia
MCO099 | Lombardia MC100|Lombardia MC101 | Lombardia MC102 | Lombardia MC103 | Lombardia
MC104 |Lombardia MC111|Piemonte MC112 | Piemonte]

Hap_4:2 [MC238|Argyroupoli MC236|Dramia]

Hap_5: 64 [MC135|Koufovouno MC190|Koufovouno MC218|Koufovouno MC376 | Aksu
MCO037|Bogazpinar MC038|Bogazpinar MC039 | Bogazpinar MC040 | Bogazpinar MC041 | Bogazpinar
MC042 | Bogazpinar MC043|Bogazpinar MC044 | NusretD. MC045 | NusretD. MC046 | NusretD.
MC381|Beyyayla MC382 | Beyyayla MC383 | Beyyayla MC384 |Beyyayla MC385 | Beyyayla
MC386 | Beyyayla MC388 | Beyyayla MC399 | Karan MC400 | Karan MC401 |Karan MC402 | Karan
MC403|Karan MC404 |Karan MC405 |Karan MC406 | Karan MC408 | Karan MC409 |Karan MC410|Karan
MC411|Karan MC412|Karan MC413 |Karan MC430|Kav MC391 | Kiyikoy MC393 | Yenasu MC394 |Yenasu
MC395 | Yenasu MC389 | Kuru MC047 | Sarihidir MC048 | Sarihidir MC049 | Sarihidir MC050 | Sarihidir
MCO051 | Sarihidir MCO052 | Sarihidir MCO053 | Sarihidir MC054 | Sarihidir MCO055 | Sarihidir MC056 | Sarihidir
MC228|BeaufortC. MC225|H.el.Azim MC239|Bisotun MC233|SiMili MC150 |iran MC151 |iran
MC152 |iran EU475878.1 EU475879.1 EU475880.1 EU475882.1 EU475883.1 EU475884.1]

Hap_6: 4 [MC377|Aksu MC378|Aksu MC379 | Aksu MC380 | Aksu]
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SUPPLEMENTARY FIGURES

Supplementary Figure 1 — The neighbor-joining tree for M. capaccinii. The bootstrap support values

are given on the nodes.

Supplementary Figure 2 — The maximum likelihood tree for M. capaccinii. The bootstrap support

values are given on the nodes.

Supplementary Figure 3 — a) Fst values for 38 populations and three clades of M. capaccinii. The
color codes of the clades correspond to those on Figure 1. b) The significance of the Fst values. The

color codes of the clades correspond to those on Figure 1.

Supplementary Figure 4 — Nei’s distance and average number of pairwise differences within and

between 38 populations of M. capaccinii.
Supplementary Figure 5 — The haplotype distance matrix of 265 M. capaccinii samples.

Supplementary Figure 6 — The observed and expected mismatch distributions in constant size and
expanding population models for M. capaccinii clades B, C1, C2 and C (combined C1 and C2). The
x-axis shows the number of pairwise differences between cyt-b haplotypes, and the y-axis represents

the frequency of these differences. The raggedness index values are not significant (P > 0.05).

Supplementary Figure 7 — Observed and expected mismatch distributions under models of
demographic and spatial expansions for clade B of Myotis capaccinii. A model of constant population
size was rejected (99% confidence intervals of the mutation parameters 6o and 61, which are related
to the effective size of the population before and after expansion, respectively, were not overlapping).
For both the demographic expansion and spatial expansion models, the raggedness index (r) was
0.1447 (P < 0.001).

Supplementary Figure 8 — The haplotype network for 265 cyt-b sequences (671 bp) and their
distribution based on 38 populations of Myotis capaccinii. The sizes of the circles are proportional to

the frequency of the haplotypes they represent. The small dots stand for missing haplotypes.

Supplementary Figure 9 — For visualization of optimization of de novo assembly of loci using
STACKS, plot of mean coverage for the samples where each Myotis capaccinii individuals is

represented as a box plot as mean coverage.
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Supplementary Figure 10 — Plots of iterating values of minimum number of raw reads required to
form a stack (m) for metrics: the number of Assembled loci; the number of Polymorphic Loci and the
number of SNPs.

Supplementary Figure 11 — Plots of iterating values of minimum number of raw reads required to
form a stack (M) for metrics: the number of Assembled loci; the number of Polymorphic Loci and

the number of SNPs in Myotis capaccinii samples.

Supplementary Figure 12 — Plot of the number of new polymorphic loci added for each iteration of

M (the distance between stacks) for the dataset.

Supplementary Figure 13 — The divergence tree of the most common haplotypes of three
haplogroups of M. capaccinii obtained using a strict molecular-clock with a rate of 4.8% divergence

per million years. The units on the reverse scale axis are years.

Supplementary Figure 14 — The divergence tree of the most common haplotypes of three
haplogroups of M. capaccinii obtained using an uncorrelated relaxed clock and M. ricketti as an

outgroup. The units on the reverse scale axis are million years.

Supplementary Figure 15 — Statistical parsimony haplotype network based on a 205 bp overlapping
segment of the cytochrome-b (cyt-b) gene, combining the 265 sequences generated in this study with
eight sequences from Bilgin et al. (2008) (GenBank accessions EU475878.1-EU475885.1).
Haplotypes belonging to clade B (including accessions EU475878.1-EU475884.1) are colored
orange, whereas haplotypes corresponding to clades C1 and C2 (including accession EU475885.1)
are colored blue. A complete list of samples and their corresponding haplotype assignments is
provided in Supplementary Table 5. Due to the limited phylogenetic signal within this truncated

overlapping region, the finer differentiation between clades C1 and C2 could not be resolved.

Supplementary Figure 16 — Maximum likelihood phylogenetic tree of Myotis capaccinii based on
the 205 bp overlapping cytochrome-b (cyt-b) region, combining the 265 sequences generated in this
study with the eight sequences from Bilgin et al. (2008). The tree was constructed using the 9 unique
haplotypes (Hap_1-Hap_9) identified across the 273 analyzed samples (see Supplementary Table 5).
The tree is drawn to scale, with branch lengths indicating the number of substitutions per site. A total

of 11 variable sites were identified within the 205 bp alignment. As noted in the text, due to the short
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846 sequence length and limited phylogenetic signal, minor European C haplotypes (Hap_2-Hap_4) form
847 an unresolved polytomy alongside clade B haplotypes rather than resolving into a distinct bifurcating
848 clade.
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Figure 2 — The haplotype network for 265 cyt-b sequences (692 bp) and their distribution based on
geographical regions. The sizes of the circles are proportional to the frequency of the haplotypes they
represent. The small dots stand for missing haplotypes. Another version of this network, which is

based on 38 populations instead of geographical regions, is given in Supplementary Figure X.

r’xy Editorial
. System


https://www.editorialsystem.com/pdf/download/3026704/224a823d7d8362f4c4770a1cfd5675d8/
https://www.editorialsystem.com/hystrix
https://www.editorialsystem.com/

Figure HYSTRIX

Download PDF (41.56 MB) the Italian Journal of Mammalogy
- ? Dimitrovgrad ' \
Asenovgrad PR ‘\\”
a ) ® (naskovo 2 kharmanii / \:,1"
@

10 samples

 wrklareli
1 sample

@ct
@B

° Babaeski @
Lileburgaz

N"I/\\ '/‘\“--
 Gorkezkdy

o
Hayrabolu

Romar
"t ® Timisoara / Temesvir

b)

2
<
P 10 samples
@ Bolgride .

1sample 4008

L] Toulouse

U Valladolid

Q
20° 00" 00,0"E

Figure 3 — The sizes of the circles are proportional to the population sizes. a) The split zone between
haplogroups B and C1. b) The split zone between haplogroups C1 and C2. The mountains extending
along the France-Italy border, as well as the northern borders of Italy are the Alps, whereas the
Apennine Mountains stretch from the northwest to the southeast of Italy. The Apennines, along with
the Alps, act as a geographic barrier separating haplogroups C1 and C2. The mountains separating
France from Iberia are the Pyrenees.
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Figure 4 — The Bayesian phylogenetic tree of 17 cyt-b haplotypes of M. capaccinii. The posterior

probabilities are given as percentages on the nodes. The units on the reverse scale axis are years.
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Figure 5 — Bayesian skyline plots for M. capaccinii haplogroups (a) B, (b) C1 and (c) C2.
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clade zone information.
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Figure 7. The Structure plot of K=2 with individuals sorted by increasing longitude on the x-
axis.
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Figure 8. The Structure assignment probabilities to either of the populations (at K=2), sorted by

longitude categories.
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Figure 9. The Structure plot of K=3 with individuals sorted by increasing longitude on the x-
axis.
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Figure 10. The Structure assignment probabilities to either of the populations (at K=3), sorted by
longitude categories.
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