%

BRILL

&

Amphibia-Reptilia (2023) DOI:10.1163/15685381-bjal 0152 brill com/amre

Genetic data to describe the hybrid zone between Bufo bufo
(Linnaeus, 1758) and Bufo verrucosissimus (Pallas, 1814) in
northeastern Tiirkiye

Cantekin Dursun!+*, Gregorio Séanchez-Montes?, Nurhayat Ozdemir!'3, Serkan Giil!,

Ifligo Martinez-Solano®*

1 - Department of Biology, Faculty of Arts and Sciences, Recep Tayyip Erdogan University, Rize, 53100,
Tiirkiye
2 - Department of Biodiversity and Evolutionary Biology, Museo Nacional de Ciencias Naturales
(MNCN-CSIC), ¢/ José Gutiérrez Abascal, 2, 28006 Madrid, Spain
3 - Department of Biology, Faculty of Science, Karadeniz Technical University, Trabzon, 61080, Tiirkiye
*Corresponding authors; e-mails: cantekin.dursun @erdogan.edu.tr; inigomsolano @mncn.csic.es
ORCID iDs: Dursun: 0000-0001-7766-1470; Sanchez-Montes: 0000-0001-8100-1061;
Ozdemir: 0000-0002-3880-5846; Giil: 0000-0002-0372-7462; Martinez-Solano: 0000-0002-2260-226X

Received 22 June 2023; final revision received 14 September 2023; accepted 15 September 2023;
published online 12 October 2023
Associate Editor: Uwe Fritz

Abstract. Hybrid zones are geographic areas where individuals from distinct taxa meet, mate, and hybridize. These zones
may have complex histories, but many of them originated relatively recently, during climatic oscillations in the Quaternary,
following range shifts of formerly isolated, well-differentiated lineages. The Bufo bufo species group comprises four species
distributed over the Western Palearctic. Whereas the contact zone between Bufo bufo and B. spinosus in western Europe
has been well characterized, little is known about other species contacts. Here we focused on the contact between B.
verrucosissimus and B. bufo in northeastern Tiirkiye, using mtDNA and microsatellite markers to describe genetic structure
and patterns of admixture in the hybrid zone based on Bayesian clustering and cline analyses. Both species meet in a narrow
contact zone at Rize province, with restricted introgression suggesting barriers to hybridization consistent with species status.
Spatial population genetic analyses of microsatellite data pinpoint a possible enclave population of B. bufo at the Borgka
district in Artvin province, isolated within the B. verrucosissimus range. The centers of the microsatellite and mtDNA-based
clines are slightly displaced, with B. verrucosissimus mtDNA introgressing about 33 km W of the nuclear contact. Hybrid
zone dynamics seem to be associated with range shifts mediated by Pleistocene glacial cycles and/or sex-biased dispersal.
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Introduction

Hybrid zones are the geographic areas where
distinct species set contact, mate, and hybridize
(Barton and Hewitt, 1985; Barton and Gale,
1993). These zones are considered natural lab-
oratories of speciation (Hewitt, 1988; Harri-
son, 1990). They allow inferring the strength
of evolutionary forces favouring or hindering
species divergence, for instance by quantify-
ing gene flow and introgression in the gene

pools of interacting taxa (Harrison and Lar-
son, 2016; Gompert, Mandeville and Buerkle,
2017). Hybrid zones generally tend to be sta-
ble in space and time due to an equilibrium
between ongoing dispersal of parental individ-
uals into the contact zone and selection against
hybrids. These zones are called tension zones
and are characterized by a low frequency of
hybrids and a narrow spatial dimension, associ-
ated with the presence of reproductive barriers
to hybridization (Kawakami and Butlin, 2012;
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Abbott et al., 2013). Alternatively, hybrid zones
can also shift their spatial location through
time, a phenomenon that may be more fre-
quent than currently acknowledged (Wielstra,
2019).

Amphibians are suitable models for the study
of the relative roles of intrinsic and extrin-
sic factors in shaping patterns of hybridization
along the speciation process because of some
of their biological characteristics, including low
dispersal capacity and general lack of pre-
zygotic isolating mechanisms in closely related
species (Littlejohn and Watson, 1985; Malone
and Fontenot, 2008). They also show strong
dependence on environmental variables like
temperature and humidity which, in interaction
with landscape features, constrain their poten-
tial distribution ranges (Whitton et al., 2012).
For example, the succession of glacial and inter-
glacial periods in the Pleistocene caused exten-
sive range shifts in many taxa across Europe,
originating areas of secondary contact and ten-
sion zones both in anurans (Dufresnes et al.,
2019; Dufresnes and Martinez-Solano, 2020;
Dufresnes et al., 2020a, 2020b) and salaman-
ders (Mikulicek et al., 2012; Wielstra et al.,
2017a, 2017b; Ficetola et al., 2019).

The Bufo bufo species group comprises four
distinct species distributed throughout the West-
ern Palearctic realm. Bufo bufo has the broadest
distribution, with up to seven mtDNA lineages
across its European range (Arntzen et al., 2017).
Molecular studies have characterized the hybrid
zone between Bufo spinosus and three different
lineages of B. bufo along ca. 900 km in NW
to SE France (Arntzen et al., 2016; Trujillo et
al., 2017; Arntzen et al., 2018; Arntzen, 2019;
van Riemsdijk et al., 2019, 2023; Arntzen,
Canestrelli and Martinez-Solano, 2020; Arntzen
et al., 2020). However, other contact zones have
received less attention, especially at the east-
ern range of the species group, where B. bufo
meets its sister species Bufo verrucosissimus.
Since B. bufo and B. verrucosissimus are more
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differently from the well-studied western Bufo
hybrid zone.

Initial surveys based on a limited set of sam-
ples suggested hybridization between B. bufo
and B. verrucosissimus, although the actual
extent of introgression differed among studies,
raising disagreement about their taxonomic sta-
tus (Garcia-Porta et al., 2012; Recuero et al.,
2012; Arntzen et al., 2013). Ozdemir et al.
(2020) revised the taxonomy of these species
with a comprehensive molecular and morpho-
logical study including samples from all across
Tiirkiye. Accordingly, they delimited the distri-
bution of B. verrucosissimus in two allopatric
nuclei: one in Artvin province in the north and
another one in the Mediterranean region in the
south. They also delimited the northeastern dis-
tribution of B. bufo to Rize, but a geographic gap
remained between Artvin and Rize provinces,
where they may meet and hybridize with B. ver-
rucosissimus (fig. 1). Finally, Dursun, Ozdemir
and Giil (2023) used mtDNA sequences to anal-
yse the distribution of the two species in north-
eastern Tiirkiye. They extended the geographic
range of B. verrucosissimus up to the Pazar dis-
trict of Rize and revealed mitochondrial con-
tact with B. bufo in that area. However, to date
no study has analysed patterns of variation in
nuclear markers to characterize fine-scale pat-
terns of hybridization in this contact zone in
a cline analysis framework, which is relevant
to assess their taxonomic status (Mayr, 1969;
Dufresnes et al., 2021b).

In this study, we present a comprehensive
molecular analysis of the hybrid zone between
B. bufo and B. verrucosissimus in northeast-
ern Tirkiye, where their distribution ranges
meet. We describe the genetic structure and the
degree of admixture in the hybrid zone using
microsatellite markers and compare observed
patterns with published mtDNA data under a
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Figure 1. Admixture proportions of each population as illustrated by pie charts on the map of the study area (a) according
to STRUCTURE results (b), with information on mtDNA haplotypes observed in each population displayed over the
STRUCTURE barplot. The inset map, modified from Ozdemir et al. (2020), represents the geographic range of the Bufo
bufo species group, with arrows pinpointing the western hybrid zone between Bufo spinosus (Iberian Common Toad, in red)
and Bufo bufo (Common Toad, in blue) and potential contact areas between Bufo bufo and Bufo verrucosissimus (Caucasian
Toad, in yellow) in Tiirkiye. The scatterplots of PCA (c) and DAPC (d) represent three groups (Bb: Bufo bufo; Bv: Bufo
verrucosissimus; Hybrid: YAY population). Green dashed lines: Rize borders; Ruby red dashed lines: Artvin borders; Cyan
line: Coruh River along Artvin.
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Table 1. Geographic coordinates of sampling sites, population codes and the number of genotyped samples. The distance to
the western end of the linearized sampling transect (see Methods) is also shown for each population.

Location Code Distance (km) Latitude Longitude Sample size
Rize, iyidere, Kalecik Village KAL 0 40.977265 40.391197 11
Rize, Kalkandere, Cevizlik Village CEV 6 40.940342 40.461885 11
Rize, Ikizdere, Ballikoy Village Road IKZ 9 40.662801 40.573095 9
Rize, Karasu Village, Alisor District ALI 15 40.882399 40.561415 10
Rize, Giineysu, Ballidere Village GUNI1 21 40.955632 40.597200 10
Rize, Giineysu, Bagkdy Village GUN2 26 40.926408 40.659281 3
Rize, Cayeli, Kaptanpasa Village Road SEN 42 40.977914 40.792446 10
Rize, Camlihemsin, Cat Village CAT 53 40.863810 40.935220 11
Rize, Pazar, Sucat1 (Bagkdy) SuC 55 41.079027 40.888264 6
Rize, Hemsin, Hemsin Waterfall HEM 56 41.045670 40.908900 11
Rize, Pazar, Akbucak Village PAZ 61 41.095719 40.938826 10
Rize, Camlihemsin, Kaplica Village KAP 69 41.020292 41.040828 10
Rize, Ardegen, Yukaridurak Village ARD 77 41.110750 41.087906 11
Rize, Findikli, Yaylacilar Village YAY 90 41.183889 41.198333 10
Rize, Findikli, Beydere Village FIN 96 41.242491 41.239790 3
Artvin, Arhavi, Ortacalar District ORT 113 41.282146 41.384842 10
Artvin, Hopa, Yoldere Village HOP 125 41.391390 41.471040 2
Artvin, Murgul, Bagkdy Village MUR 125 41.281769 41.499082 10
Artvin, Borgka, Ciftekoprii Village CFT 134 41.385898 41.560632 10
Artvin, Kafkasor, Hatila Road AKH 146 41.133934 41.748394 10
Artvin, Borcka, Lake Karagol BOR 165 41.387000 41.853000 12
Artvin, Savsat, Lake Karagol MES 228 41.307000 42.481771 11

Materials and methods
Sampling

Fieldwork was carried out in 22 sampling sites along the
border of Artvin and Rize provinces, where the distribution
ranges of both species come together (fig. 1). A total of 201
tissue samples was obtained from toeclips of adult individu-
als, roadkill carcasses, and tail tips of tadpoles. Before tak-
ing tissue samples, live individuals were anesthetized with
250 mg/l MS222 and, after recovery, they were released at
the place of capture. Tissues were stored in 96% ethanol
prior to DNA extraction. Detailed information on sampling
sites is presented in table 1.

Molecular data

Total genomic DNA was extracted from tissue samples
using the NucleoSpin Tissue Kit (Macherey-Nagel) fol-
lowing the manufacturer’s instructions. A total of twenty
nuclear microsatellite loci, including markers characterized
for B. bufo and B. spinosus (Brede et al., 2001; Trujillo
et al., 2017) and some unpublished primers were initially
screened, from which we finally retained fourteen poly-
morphic loci for further analyses (table 2), based on cross-
amplification success in both target species B. bufo and B.
verrucosissimus. For the design of multiplex PCRs, selected
loci were grouped in three different reactions using Multi-
plex Manager v1.0 (Holleley and Geerts, 2009). Forward
primers were labelled with fluorescent dyes 6-FAM, VIC,
NED, and PET. Multiplex PCR reactions were run using

Type-it Microsatellite PCR (Qiagen) kits in afinah¥elamess .

of 15 wul including 7.5 ul of Master Mix, 1.2 ul of Primer
Mix, 5.3 ul of RNase-free HyO, and 1 ul of template DNA.
Thermocycling conditions consisted of an initial denatu-
ration step at 95°C for 5 min, followed by 30 denaturation
cycles for 30 s at 95°C, annealing for 90 s at 60°C, and
extension for 30 s at 72°C, with a final extension phase of
30 min at 60°C for each multiplex reaction. The amplifica-
tion of PCR products was verified by electrophoresis in 2%
agarose gels. Negative controls were included in all PCRs to
test for possible contaminations. The amplicons were com-
mercially genotyped by SECUGEN (Madrid, Spain) in an
ABI PRISM 3730 sequencer with the GeneScan 500 LIZ
size standard (Applied Biosystems). Allele scoring of each
individual, based on the size of the amplified fragments, was
assigned using Genemapper v4.0 (Applied Biosystems).

Molecular analyses

The possible presence of null alleles, scoring errors, and
large-allelic dropout was explored using Micro-Checker
v.2.2.3 (Van Oosterhout et al., 2004). Significant departures
from Hardy-Weinberg proportions (HWP) and linkage dis-
equilibrium (LD) in the dataset were tested with package
genepop (Rousset, 2008), setting a dememorization num-
ber of 10000 with 1000 batches and 10000 iterations per
batch. The sequential Bonferroni correction was applied
to correct the significance of p-values in multiple tests
(Rice, 1989). The packages diveRsity (Keenan et al., 2013),
hierfstat (Goudet, 2005), and poppr (Kamvar, Tabima and
Griinwald, 2014) were used to calculate genetic diversity

indices (obsgryed and xnegted heterozygasity, slislicrichs
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pairwise population differentiation Fst, Hedrick’s Gst and
Jost’s D (Gerlach et al., 2010; Edelaar, Burraco and Gomez-
Mestre, 2011).

Multivariate discriminant analysis of principal compo-
nents (DAPC) was conducted with package adegenet (Jom-
bart, 2008) to summarize genetic differences between popu-
lations. Sampling localities were set as pre-defined groups,
and the number of retained principal components was deter-
mined by optimizing the a-score to avoid over-fitting.

Because overrepresentation of siblings within population
samples can introduce biases in model-based genetic struc-
ture analyses (Sdnchez-Montes et al., 2017), we used the
full likelihood model implemented in COLONY ver. 2.0.6.4
(Jones and Wang, 2010) to identify related individuals in
each sampling population. For these analyses, we used all
the genotyped samples of the corresponding population as
the “offspring” sample, without specifying any candidate
parent, and set prior genotype error rates to 0.05 for each
marker. To reduce the potential excess of siblings in each
locality, all but two individuals from each family group
identified were removed from the dataset for downstream
analyses.

The Bayesian clustering algorithm implemented in
STRUCTURE v2.3 (Pritchard, Stephens and Donnelly,
2000) was applied to assign individuals to clusters accord-
ing to their membership coefficients (Q-scores) and identify
admixed individuals. Analyses were run under the admix-
ture model with correlated allele frequencies and with no
prior information on locality of origin. Chains were run
with 500000 burn-in cycles followed by 500000 MCMC
steps. Ten independent replicates were performed for each
K value ranging from 1 to 10. The optimal K value
was estimated by calculating AK (Evanno, Regnaut and
Goudet, 2005) as implemented in STRUCTURE HAR-
VESTER (Earl and von Holdt, 2012). The results were com-
bined and visualized using Clumpak server (Kopelman et
al., 2015). A threshold of 0.2 < Q < 0.8 was used to clas-
sify admixed individuals as hybrids (Endler, 1977; Arntzen
et al., 2020). We also took higher K values into considera-
tion to explain the underlying genetic substructure in each
species based on geographic separation.

To interpolate genetic structure and reveal putative
hybrid zone geography, the Bayesian model-based cluster-
ing algorithm implemented in fess3r package was applied
(Caye et al., 2016). Ancestry proportions were mapped
using the output Q-matrix from STRUCTURE analyses.

To characterize the spatial characteristics of the hybrid
zone, geographic cline analyses were conducted with pack-
age hzar (Derryberry et al., 2014), using STRUCTURE
Q-scores for K = 2 and mtDNA frequencies as reported
in Dursun, Ozdemir and Giil (2023), corresponding to all
localities in this study. Because sampling areas did not fol-
low a straight transect, geographic coordinates were lin-
earized along a west-east axis using package geosphere
(Hijmans, 2021) based on Euclidean distances. Fifteen
model variants were tested for each marker modifying the
scripts provided by van Riemsdijk et al. (2019) with relevant
parameters. Besides, Pmin and Pmax values were deter-
mined for each model. The convergence of parameter scores

C. Dursun et al.

Results

Analysis with Micro-Checker did not show evi-
dence of systematic anomalies in scored geno-
types across populations for any marker (just
identified potential null alleles in locus Bspi3.23
in population PAZ, Bspi4.5 in population YAY,
and Bbufiull in population MES), so all 14
loci were retained for downstream analyses.
Apart from the biallelic locus Bspi3.11, the
rest of markers of the dataset showed high
polymorphism, with the number of alleles per
locus ranging from 5 (Bspi3.23, Bbufj 13, and
Bspi3.02) to 40 (Bspi4.14). The mean number of
alleles per locus was 13.4. The rate of missing
data across the dataset was 0.92%. We found no
significant departure from Hardy-Weinberg pro-
portions or linkage disequilibrium in any popu-
lation or locus or combinations of loci. The
basic genetic diversity indices for each popula-
tion are summarized in supplementary material
S1.

Pairwise genetic distances among popula-
tions were largely concordant across the three
indices used (Fst, Gsr, and D, supplemen-
tary tables S3-S4). Regarding pairwise Fgsr dis-
tances, values ranged from 0 (SUC-GUN?2) to
0.383 (FIN-CFT). Most of the genetic differen-
tiation estimates were significantly >0. Global
Fgr values for the B. bufo and the B. verrucosis-
simus clusters (based on STRUCTURE results,
see below) were 0.119 and 0.151, respectively,
reflecting stronger genetic structure among B.
verrucosissimus populations.

DAPC analysis produced 40 PCs explaining
80.30% of total genetic variance. This analysis
assigned 81.15% of individuals to groups con-
sistent with their actual sampling populations,
and 96.51% of individuals were assigned to the
same genetic clusters as in the STRUCTURE
analyses (supplementary figs S1-S6).

Among the 201 genotyped individuals, 3
pairs of full siblings were identified in popula-
tions SEN, KAP, and PAZ, which were main-
tained in the dataset. All individuals in the
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and thus only two randomly selected individu-
als were retained in this population for down-
stream analyses. In PAZ and KAP, five individ-
uals were discarded per population for the same
reason. Therefore, the pruned dataset for down-
stream model-based genetic structure analyses
included the remaining 183 individuals.

The optimal number of clusters in STRUC-
TURE analyses was identified as K = 2
according to the AK method (LnP(K) =
—8935.07; AK = 106.80, see supplementary
tables S5-S6). STRUCTURE results at K = 2
showed a clear separation of two genetic clus-
ters corresponding to B. bufo and B. verrucosis-
simus, with population YAY showing evidence
of admixture (fig. 1). From west to east, popu-
lations KAL to ARD were assigned to pure B.
bufo, and populations FIN to MES were clas-
sified as pure B. verrucosissimus. Population
CFT, well within the pure B. verrucosissimus
range, showed high levels of admixture under
K = 2. Analyses at increasing K values (5§
to 10) showed evidence of genetic substruc-
ture within both species, with some differenti-
ated populations at increasing K values, includ-
ing KAL, IKZ, GUN1+GUN2, HEM, KAP and
ARD in B. bufo, and FIN+-ORT+HOP+MUR,
CFT, AKH and BOR+MES in B. verrucosis-
simus (supplementary fig. S7).

Spatial population analysis in TESS under
K = 2 showed the same major genetic divi-
sion, with the cluster representing B. bufo dom-
inating in the western end of our transect, and
the second cluster (B. verrucosissimus) occu-
pying the eastern side of the study area. The
population YAY showed an intermediate loca-
tion within the transition between the two major
genetic groups (fig. 2). Based on the genetic
interpolation map, the admixed population CFT
is represented as a B. bufo isolate within the B.
verrucosissimus range (fig. 2).

Given the peculiar genetic ancestry of CFT,
we performed cline analyses both including
and excluding this population. The best-fit cline
models and cline parameters for each marker

STRUCTURE Q-scores, the B. bufo-B. verru-
cosissimus contact zone is centered near popula-
tion YAY (c = 89.4 km, 95%CI: 82.3-96.7 km),
with a width (w) of 17.43 km (95%CI: 6-
63.8 km) (fig. 3). Results were similar when
population CFT was excluded (¢ = 88.9 km,
95%CI: 81.4-97.5 km; w = 38.6 km, 95%CI:
17.1-64.9 km).

The mtDNA cline showed a westward posi-
tion with respect to the center inferred for the
microsatellite cline (fig. 3). The optimal model
yielded a sharp, narrow contact zone with ¢ =
56.2 km (95% CI: 54.5-59.7 km) and w =
3.8 km (95% CI: 1-16.8 km). The best model
located the center of the hybrid zone between
populations SUC and PAZ in the Pazar district
of Rize. Excluding CFT produced very similar
results (¢ = 56.2 km, 95% CI: 54.5-59.7 km;
w = 3.7 km, 95% CI: 1-16.8 km; table 3).

Discussion

This study is the first detailed characterization
of the hybrid zone between B. bufo and B. ver-
rucosissimus in northeastern Tiirkiye. Our com-
prehensive geographic sampling and the analy-
sis of highly polymorphic microsatellite data in
a cline analysis framework provide new insights
about the structure of the hybrid zone, with
implications for the taxonomy of the group.
Genetic analyses of microsatellite genotype
data identified two well-differentiated gene
pools corresponding to B. bufo and B. verru-
cosissimus, which replace one another over the
study area along a west-east axis, with one doc-
umented geographically intermediate admixed
population (YAY). Most populations in our tran-
sect were robustly identified as pure populations
of either species: pure B. bufo (Q > 0.8) west of
the admixed YAY population, and pure B. verru-
cosissimus (Q < 0.2) on the eastern area, except
for the CFT population. According to these
results, the geographic distribution of B. verru-
cosissimus in the area centers around the Coruh

River (pogulations MES, AKH, and BOR, ﬁg 1
:98:16PM
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Figure 2. Interpolation map (a) and individual assignment barplot (b) constructed under K = 2 in Structure corresponding
to the genetic pools of Bufo bufo (Common Toad) and Bufo verrucosissimus (Caucasian Toad). Different shadings show
probabilities of belonging to the respective species (blue for Bufo bufo and yellow for Bufo verrucosissimus). Dark shades
represent pure populations of each species whereas lighter shades indicate higher admixture. The white range indicates
maximum admixture in the center of the hybrid zone.

Table 3. Maximum likelihood estimates of cline centre (Km from the western end of the linearized transect) and width for
microsatellites (based on Structure Q-scores) and mtDNA, including/excluding population CFT. Mean and 95% confidence
intervals (in brackets) are presented. The optimum models were selected based on AICc scores. Pmin = Minimum estimated
frequency; Pmax = Maximum estimated frequency.

Marker Model Centre (km) Width (km) AlCc Pmin Pmax
Structure typM 89.40 (82.26-96.73) 17.43 (6.02-63.79) 17.09 0 1
Structure (CFT excluded) fixN 88.86 (81.43-97.49) 38.62 (17.08-64.85) 9.63 0.01 0.98
mtDNA typN 56.22 (54.50-59.70) 3.81(1.01-16.78) 4.80 0 1
mtDNA(CFT excluded) typN 56.20 (54.51-59.72) 3.74 (0.98-16.79) 4.81 0 1
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Figure 3. Cline analysis of nuclear (based on STRUCTURE Q-scores) and mitochondrial data across the Bufo bufo/Bufo
verrucosissimus (Common Toad/ Caucasian Toad) hybrid zone along a west-east transect. Each point represents one
population and grey shades represent 95% confidence intervals of fitted clines.

pattern has parallel examples in other taxo-
nomic groups, including Phonochorion crickets
(Saglam, Kiigiikyildirim and Caglar, 2014) and
Darevskia lizards (Kurnaz et al., 2019).

Cline analyses consistently recovered very
narrow and steep clines describing the genetic
transition from B. bufo to B. verrucosissimus,
with a center in the Findikli district (YAY popu-
lation). This bimodal hybrid zone (Jiggins and
Mallet, 2000) shows tension zone features sug-
gesting reproductive isolation after secondary
contact (Smith et al., 2013; Dufresnes et al.,
2014; Maier et al., 2019). Steep clines across
narrow hybrid zones like those inferred in
this study generally indicate strong selection
against hybrids and reduced hybrid fitness due
to post-zygotic isolation, which is consistent
with previous reports on artificial interspecific
crosses. Pisanets (2001, 2002) obtained fertile
F, hybrids of B. bufo and B. verrucosissimus

reduced F, hybrid viability, suggesting post-
zygotic mechanisms may contribute to repro-
ductive isolation.

Among western Palearctic anurans, species
that diverged <3 Mya tend to admix and
hybridize extensively under natural conditions
(Colliard, 2010; Dufresnes et al., 2015, 2017,
2021b). Previous studies have estimated that
B. bufo and B. verrucosisimus diverged around
2.75 Mya, in the Pleistocene (Garcia-Porta
et al.,, 2012; Recuero et al., 2012; Dursun,
Ozdemir and Giil, 2023), yet admixture is quite
limited in this case. The climatic oscillations
during the Quaternary strongly affected species
distributions, triggering the formation of sec-
ondary contact zones (Hewitt, 1999, 2011). In
the northern hemisphere, major glacial refu-
gia were located in the Iberian Peninsula, the
Balkans, Italy, Anatolia, and Caucasia (Taber-
let et al., 1998; Stewart et al., 2010; Sanchez-
Montes et al., 2019). During warmer periods

. . . . . Downloaded ,from Brill.Gom 11/11/2023 _04:08:16PM
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range expansion of refugial populations led
to the establishment of secondary contacts
among well-differentiated lineages, resulting in
hybridization and introgression events (Stock
et al., 2012; Litvinchuk et al., 2013; D’ Aoust-
Messier and Lesbarreres, 2015; Benkovsky et
al., 2021).

The southern shore of the Black Sea region
is a suture zone, where closely related species
meet and hybridize following post-glacial range
expansion (Bilgin, 2011), including other am-
phibians, like banded newts in genus Omma-
totriton (van Riemsdijk et al., 2022; Kalaentzis
et al., 2023). Additionally, the studied region is
a central unit of the eastern Pontides (Yilmaz
et al., 2000; Rangin et al., 2002). This region,
including Artvin and Rize provinces, is also a
crossing point between populations from Ana-
tolian and Caucasian refugia. The area is char-
acterized by a complex topography, with high
mountains and major rivers likely promoting
population divergence, as exemplified by stud-
ies in multiple taxa, including Lissotriton newts
(Wielstra, Bozkurt and Olgun, 2015), Vipera
snakes (Mebert et al., 2015; Giil, 2020), and
Darevskia lizards (Arribas et al., 2022), as well
as our target species.

A remarkable feature of the B. bufo-B.
verrucosissimus hybrid zone in NE Tirkiye
is that the nuclear and mitochondrial clines
are nearly coincident, with centers displaced
approximately 33 km in the Findikl1 and Pazar
districts of Rize province. Populations in this
area are characterized by mito-nuclear dis-
cordances, with ARD, PAZ, and KAP being
assigned to B. bufo based on microsatellites
but bearing mitochondrial haplotypes of B.
verrucosissimus (Dursun, Ozdemir and Giil,
2023). Non-coincident clines in mtDNA vs
nuDNA have generally been explained by dif-
ferential introgression, for instance in scenar-
ios where the demographic expansion of one

C. Dursun et al.

in the advancing front, or when sex-biased dis-
persal promotes faster diffusion of the mito-
chondrial genome (Currat et al., 2008; Wiel-
stra and Arntzen, 2012). Dursun, Ozdemir and
Giil (2023) hypothesized that B. verrucosis-
simus expanded its range along north-eastern
Tiirkiye following the Last Glacial Maximum
(20 Kya) and that B. bufo expanded the range
approximately in the same period and in the
same region. Besides, Garcia-Porta et al. (2012)
noted that a narrow forest band might have pro-
vided suitable refugial habitats in the same geo-
graphic area 18 Kya ago. Thus, non-coincident
clines can be the result of ongoing range expan-
sion and/or sex-biased dispersal of B. bufo
over the B. verrucosissimus range. Asymmet-
ric mtDNA introgression is common in hybrid
zones (Toews and Brelsford, 2012), often result-
ing in narrower mtDNA clines compared to the
nuDNA (Qi et al., 2014; Johnson et al., 2015).
In this respect, patterns of cyto-nuclear discor-
dance in the north-eastern hybrid zone between
B. bufo and B. verrucosissimus are similar to
those observed in secondary contact zones of
other amphibians (Wielstra et al., 2017a, 2017b;
Dufresnes et al., 2020c; Sequeira et al., 2020).
The results of spatial genetic analyses showed
a gradual transition in the gene pools from
B. bufo to B. verrucosissimus, with the cen-
ter of the hybrid zone located near popula-
tion YAY. However, the CFT population, geo-
graphically well within the B. verrucosissimus
range, is admixed, with predominating B. bufo
ancestry (Q-score: 66%). Dursun, Ozdemir and
Giil (2023) found a mitochondrial haplotype
of B. verrucosissimus in this population, rais-
ing questions about its genetic ancestry. Two
possible scenarios are to be considered. First,
the geographic distribution of B. bufo and B.
verrucosissimus in northeastern Tirkiye may
represent a mosaic hybrid zone. These zones
occur when hybridizing taxa are associated
with patchily distributed habitats and show
non-clinal transitions associated to environmen-
tal factors, as exemplified by Bombina toads

Downloaded from Brill.com 11/11/2023 04:08:16PM

species leads to range overlap andsadmixtuxess. (Asntzen,.J996;-Vines etealis2003;:Dudresnesterns
of the CC BY 4.0 license.
https://creativecommons.org/licenses/by/4.0/



https://creativecommons.org/licenses/by/4.0/

Hybridization of Anatolian toads

et al., 2021a) and Triturus newts (Arntzen and
Wallis, 1991; Arntzen, 1996, 2023; Babik, Szy-
mura and Rafinski, 2003; Arntzen, 2018) in
Europe.

In the second scenario, the CFT population
could represent an enclave, a genetically iso-
lated population of a species surrounded by
populations of a closely related species. Enclave
populations can originate due to demographic
expansion of an invading species over the range
of an invaded species, or they can represent
relict populations representing a broader dis-
tribution of the replaced species in the past
(Arntzen, 1978; Themudo and Arntzen, 2007,
Voros et al.,, 2016; Wielstra et al.,, 2017b;
Arntzen, 2019; Wielstra, 2019; Arntzen et
al., 2021; Loépez-Delgado, van Riemsdijk and
Arntzen, 2021; Sequeira et al., 2022). Consid-
ering the observed clinal transitions in nuclear
and mtDNA and the fact that CFT is located
well outside the regular dispersal distance of
Bufo toads with respect to the centre of the
hybrid zone, the unusually deep genetic foot-
print of the CFT population may pinpoint an
eroded enclave, although the presence of pure
B. bufo populations further north, in unsampled
areas in Georgia, cannot be ruled out.

The presence of a B. bufo enclave within the
range of B. verrucosissimus (an “island of intro-
gression” sensu Macholdn et al., 2011) could
result from westward hybrid zone movement,
with B. verrucosissimus outcompeting B. bufo
in the study region. mtDNA data supports a
westward demographic expansion of B. ver-
rucosissimus in northern Tiirkiye in the past
20 Kya, while B. bufo populations in the area
remained more stable, but also increasing in
the past 50 Kya (Dursun, Ozdemir and Giil,
2023). The asymmetric introgression of verru-
cosissimus mtDNA towards the west, ahead of
the nuclear contact zone, could be explained
by range expansions followed by hybridization.
While neutral processes can cause such asym-
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In summary, our study supports recogni-
tion of B. bufo and B. verrucosissimus as dis-
tinct species based on narrow, nearly coincident
mitochondrial and microsatellite clines sugges-
tive of barriers to hybridization. Future stud-
ies using high-coverage genomic data may clar-
ify fine-scale temporal and spatial dynamics of
the hybrid zone, including the role of land-
scape and environmental features in patterns of
admixture and in generating cyto-nuclear dis-
cordances. These studies should also extend to
the contact zone in southwestern Tiirkiye, which
provides an exciting opportunity to analyse an
independent replicate of the evolutionary pro-
cesses at play.
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