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Abstract

Using two mitochondrial DNA fragments and 13 microsatellite loci, we examined the phylogeographic structure and taxonomy of 
two codistributed snake species (Natrix natrix, N. tessellata) in their eastern distribution area, with a focus on Turkey. We found 
evidence for frequent interspecific hybridization, previously thought to be extremely rare, and for backcrosses. This underscores that 
closely related sympatric species should be studied together because otherwise the signal of hybridization will be missed. Further-
more, the phylogeographic patterns of the two species show many parallels, suggestive of a shared biogeographic history. In general, 
the phylogeographies follow the paradigm of southern richness to northern purity, but the dice snake has some additional lineages 
in the south and east in regions where grass snakes do not occur. For both species, the Balkan Peninsula and the Caucasus region 
served as glacial refugia, with several mitochondrial lineages occurring in close proximity. Our results show that the mitochondrial 
divergences in both species match nuclear genomic differentiation. Yet, in the former glacial refugia of grass snakes there are fewer 
nuclear clusters than mitochondrial lineages, suggesting that Holocene range expansions transformed the glacial hotspots in melting 
pots where only the mitochondrial lineages persisted, bearing witness of former diversity. On the other hand, the deep mitochondrial 
divergences in N. tessellata across its entire range indicate that more than one species could be involved, even though lacking micro-
satellite data outside of Turkey prevent firm conclusions. On the contrary, our microsatellite and mitochondrial data corroborate that 
N. megalocephala is invalid and not differentiated from sympatric populations of N. natrix. For Cypriot grass snakes, our analyses 
yielded conflicting results. A critical assessment of the available evidence suggests that N. natrix is a genetically impoverished recent 
invader on Cyprus and taxonomically not distinct from a subspecies also occurring in western Anatolia and the southern Balkans. 
Based on combined mitochondrial and nuclear genomic evidence we propose that for grass snakes the following subspecies should 
be recognized in our study region: (1) Natrix natrix vulgaris Laurenti, 1768, southeastern Central Europe and northern Balkans; (2) 
Natrix natrix moreotica (Bedriaga, 1882), southern Balkans, western Anatolia, and Cyprus; and (3) Natrix natrix scutata (Pallas, 
1771), eastern Anatolia, Caucasus region, Iran, northeastern distribution range (from eastern Poland and Finland to Kazakhstan and 
the Lake Baikal region). Thus, Natrix natrix cypriaca (Hecht, 1930) becomes a junior synonym of N. n. moreotica and Natrix natrix 
persa (Pallas, 1814) becomes a junior synonym of N. n. scutata. Due to insufficient material, we could not resolve the status of Natrix 
natrix syriaca (Hecht, 1930) from the Gulf of İskenderun, southeastern Turkey.
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Introduction

The genus Natrix Laurenti, 1768 comprises five widely 
distributed Palearctic snake species (Speybroeck et al. 
2020). Among them, the viperine snake Natrix maura 
(Linnaeus, 1758) and the dice snake Natrix tessellata 
(Laurenti, 1768) are true water snakes (Gruschwitz et al. 
1999; Schätti 1999) and have been regarded as distinct 
species since their description in the mid-18th century. In 
contrast, the red-eyed grass snake Natrix astreptophora 
(Seoane, 1884), the barred grass snake Natrix helvetica 
(Lacepède, 1789), and the common grass snake Natrix 
natrix (Linnaeus, 1758) have been regarded as conspecific 
for a long time. Compared to N. maura and N. tessellata, 
the grass snakes are less bound to aquatic habitats, even 
though they frequently occur near water bodies, with N. 
astreptophora having the least aquatic lifestyle (Kabisch 
1999; Kreiner 2007; Geniez 2015; Pokrant et al. 2017).

Natrix maura is a Western Mediterranean and Western 
European species, ranging from northwestern Africa and 
the Iberian Peninsula to central and southern France and 
northwestern Italy. Introduced populations also occur on 
the Balearic Islands and Sardinia (Schätti 1999; Guicking 
et al. 2008; Geniez 2015). Further east, the ecological-
ly and morphologically similar N. tessellata replaces N. 
maura. Natrix tessellata occurs across most of mainland 
Italy and ranges from the Czech Republic and southern 
and eastern Austria eastward through the south of Eastern 
Europe to northwestern China (Xinjiang); a few isolated 
Central European populations (Germany, Switzerland) 
are witness of a formerly wider Holocene distribution in 
the northwest. Along the Levantine coast, N. tessellata 
is distributed southward to Israel and northeastern Egypt 
(Bannikov et al. 1977; Zhao and Adler 1993; Gruschwitz 
et al. 1999; Geniez 2015; Speybroeck et al. 2016). While 
the ranges of N. maura and N. tessellata are largely mu-
tually exclusive and only overlap in northwestern Italy, 
these two water snakes occur in wide sympatry with the 
three grass snake species (N. astreptophora, N. helvetica, 
N. natrix sensu stricto).

Until a few years ago, the three grass snake species 
were lumped together in one polytypic species, N. natrix 
sensu lato (Mertens and Wermuth 1960; Kabisch 1999; 
Kreiner 2007). However, recent studies using mtDNA se-
quences and microsatellite loci revealed only limited gene 
flow across narrow geographic contact zones and led to 
their recognition as three distinct species (Pokrant et al. 
2016; Kindler et al. 2017; Schultze et al. 2019, 2020; Asz-
talos et al. 2020, 2021a; Speybroeck et al. 2020). Natrix 
astreptophora occurs in the northern Maghreb region, the 
Iberian Peninsula and southwestern France (Mertens and 
Wermuth 1960; Kabisch 1999). In southwestern France 

lies a narrow contact zone of this species and N. helveti-
ca, where limited bidirectional gene flow occurs (Pokrant 
et al. 2016; Asztalos et al. 2020). This contact zone is a 
bimodal hybrid zone (see Jiggins and Mallet 2000), with 
pure parental genotypes and hybrid genotypes occurring 
together or in close proximity. Natrix helvetica is dis-
tributed in France, Great Britain, the Benelux countries, 
western Germany, Switzerland, Italy and across the Alps 
to southern Bavaria and Tyrol (Geniez 2015; Kindler et 
al. 2017; Schultze et al. 2020; Asztalos et al. 2021a). The 
third grass snake species is Natrix natrix sensu stricto, 
which occurs from the Rhine region in the west to Lake 
Baikal in the east. Its vast distribution range also includes 
Fennoscandia, northeastern Italy, the Balkan Peninsula 
and Anatolia, the Transcaucasus, and northern Iran (Ge-
niez 2015; Kindler et al. 2017; Fritz and Schmidtler 2020; 
Schultze et al. 2020). Three narrow bimodal hybrid zones 
between N. helvetica and N. natrix have been described. 
One is located in the Rhine region, where gene flow is 
mainly unidirectional from N. h. helvetica into N. natrix 
(Kindler et al. 2017; Schultze et al. 2019). In the two other 
hybrid zones another subspecies of the barred grass snake 
is involved, N. h. sicula (Cuvier, 1829). It hybridizes with 
N. natrix in northeastern Italy (Schultze et al. 2020) and, 
beyond the Alps, in southern Bavaria and Tyrol (Asztalos 
et al. 2021a).

Each of the three grass snake species is polytypic. Re-
cently, Fritz and Schmidtler (2020) reconciled traditional 
morphology-based subspecies with genetically differ-
entiated units. These authors presented a classification 
scheme recognizing geographically vicariant, evolution-
arily significant genetic clusters as distinct subspecies. 
Only for the Balkan Peninsula, Anatolia and adjacent 
regions including the Caucasus and Transcaucasus, the 
intraspecific variation of N. natrix could not be assessed 
because no nuclear-genomic evidence was then available. 
While intraspecific variation in grass snakes is now, with 
the mentioned notable exception, well understood, for N. 
maura and N. tessellata the situation is strikingly differ-
ent. Both species contain genetically deeply divergent 
parapatric lineages (Guicking et al. 2008, 2009; Guick-
ing and Joger 2011) suggestive of taxonomic divergence. 
Yet, in contrast to grass snakes, traditionally no subspe-
cies have been recognized for N. maura (Mertens and 
Wermuth 1960; Schätti 1999; Geniez 2015; Speybroeck 
et al. 2016). For N. tessellata, only the micro-endemic 
subspecies Natrix tessellata heinrothi (Hecht, 1930) from 
the small island of Serpilor in the Black Sea has been rec-
ognized by some authors. However, its validity has been 
disputed (see Gruschwitz et al. 1999; Geniez 2015).
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In the present study we aim to resolve the taxonom-
ic and genetic differentiation of grass snakes (N. natrix 
sensu stricto) in the Balkan Peninsula, Anatolia, the Cau-
casus region and Iran. In addition, we scrutinize whether 
the phylogeographic and taxonomic differentiation of the 
dice snake (N. tessellata) parallels that of N. natrix in our 
study region, and we examine, for the first time, wheth-
er and, if so, to which extent, natural hybridization oc-
curs between these two sympatric species. For doing so, 
we apply an established toolbox consisting of combined 
evidence from mitochondrial DNA (mtDNA) sequences 
and 13 nuclear genomic microsatellite loci (Kindler et al. 
2013, 2017, 2018a; Kindler and Fritz 2018; Pokrant et 
al. 2016; Asztalos et al. 2020, 2021a, b; Schultze et al. 
2019, 2020) to examine 683 grass snakes and 332 dice 
snakes from our immediate study region and beyond. We 
also reassess the status of N. megalocephala Orlov and 
 Tuniyev, 1987 based on nuclear genomic microsatellite 
loci. This western Caucasian species was described based 
on slight morphological differences to putatively syntopic 
N. natrix (see Orlov and Tuniyev 1987, 1992). However, 
in the face of inconsistent morphological characters and 
the lack of any distinctiveness in mtDNA, the validity 
of N. megalocephala was soon challenged and the name 
was synonymized with N. natrix. Natrix megalocephala 
is currently identified as a junior synonym of the subspe-
cies N. n. scutata (Pallas, 1771) (Kindler et al. 2013; see 
the review in Fritz and Schmidtler 2020).

Materials and Methods

Sampling and laboratory procedures

Data for 683 grass snakes (Natrix natrix) and 332 dice 
snakes (N. tessellata) were analyzed for the present study. 
A total of 181 tissue samples (115 N. natrix, 66 N. tessel-
lata) were newly processed and microsatellite data were 
generated for 15 additional samples of N. natrix with pre-
viously published mtDNA sequences (Kindler et al. 2013, 
2017). The remaining data originate from earlier studies 
(Guicking et al. 2006, 2009; Kindler et al. 2013, 2017; 
Kyriazi et al. 2013; Asztalos et al. 2021a). Among our 
material were five samples of big-headed grass snakes 
from the putative distribution range of N. megaloce phala 
that were, according to their morphology, tentatively 
identified with this nominal species (Table S1). 

Two marker systems (mtDNA, microsatellite loci) 
were applied, which were successfully used in our pre-
vious studies on the phylogeography and hybridization 
of grass snakes (Kindler et al. 2013, 2017, 2018a, b; 
Pokrant et al. 2016; Kindler and Fritz 2018; Schultze et 
al. 2019, 2020; Asztalos et al. 2020, 2021a, b; Ahnelt et 
al. 2021). 

Laboratory procedures followed Kindler et al. (2013) 
and Pokrant et al. (2016). Samples collected within the 
frame of TÜBİTAK project 116Z359 in Turkey were 
processed in the Biodiversity Research Laboratory 

of Ege University, İzmir. The remaining new material 
was studied in the molecular laboratory of Senckenberg 
Dresden. 

Two mtDNA fragments were sequenced, the cyto-
chrome b (cyt b) gene (1,117 bp) and the partial ND4 
gene plus adjacent DNA coding for tRNAs (tRNA-His, 
tRNA-Ser, tRNA-Leu; 866 bp). For some samples the ob-
tained sequences were shorter and for a few samples, only 
one mtDNA fragment could be sequenced (Table S1).

In addition to mtDNA sequencing, the samples were 
also genotyped at the same 13 polymorphic microsatel-
lite loci as in our previous studies. For N. tessellata, the 
presence of the microsatellite motifs was verified by se-
quencing the PCR products in both directions using unla-
beled primers. For detailed information on microsatellite 
loci, primers and PCR conditions for microsatellites and 
mtDNA, see Tables S2 and S3, Kindler et al. (2013), and 
Pokrant et al. (2016). Allele lengths of material processed 
in İzmir were calibrated using 50 samples from the Bal-
kans that were studied in both laboratories. For a few of 
the genotyped samples, no mtDNA sequences could be 
obtained (Table S1). 

Mitochondrial DNA sequences and 
network analyses

Cyt b sequences could be generated for 110 samples (55 
Natrix natrix, 55 N. tessellata), ND4+tRNAs for 112 
samples (73 N. natrix, 39 N. tessellata). These sequences 
were aligned with those from previous studies (Guicking 
et al. 2006, 2009; Kindler et al. 2013, 2014, 2017, 2018a; 
Kyriazi et al. 2013; Kindler and Fritz 2018; Schultze et al. 
2019, 2020; Asztalos et al. 2021a) using bioedit 7.0.5.2 
(Hall 1999). To identify mitochondrial haplotypes, previ-
ously characterized haplotypes of the two species (Guick-
ing et al. 2006, 2009; Kindler et al. 2017, 2018a; Schultze 
et al. 2019, 2020; Ahnelt et al. 2021; Asztalos et al. 2021a, 
b) were added to the alignments of each mtDNA block, re-
sulting in a 1,117-bp-long alignment of 705 cyt b sequenc-
es for N. natrix and 435 cyt b sequences for N. tessellata 
and an 866-bp-long alignment of 722  ND4+tRNAs se-
quences for N. natrix and 38 ND4+tRNAs sequences for 
N. tessellata. The alignment for ND4+tRNAs of N. tessel-
lata included only the sequences generated for the pres-
ent study, whereas the other alignments also contained 
all previously published homologous sequence data. For 
each alignment, parsimony networks were drawn using 
tcs 1.21 (Clement et al. 2000), with gaps coded as fifth 
character state. Using the default 95% connection limit, 
unconnected haplotype clusters were obtained for the 
different genetic lineages within each species, which is 
why the connection limit was arbitrarily set to 150 steps. 
Haplotype terminology for N. natrix follows Kindler et 
al. (2013) and for the cyt b of N. tessellata, Guicking et 
al. (2009). For the ND4+tRNAs fragment, which was not 
studied by Guicking et al. (2009), an analogous system is 
introduced here in that each haplotype is consecutively 
numbered and this number follows the code letter for the 
haplotype cluster (e.g., E1, E2, etc.).



Marika Asztalos et al.: Snake tango – Natrix phylogeography, taxonomy and hybridization816

For each of the two species and for individual lineages 
within each species, uncorrected p distances (averages) 
were computed based on the haplotypes of each mtDNA 
fragment using MEGA 10.2.3 (Kumar et al. 2018) and 
the pairwise deletion option.

Microsatellite cluster analyses, infer
ring hybrid status and PCAs

Our microsatellite data were subjected to unsupervis-
ed Bayesian cluster analyses using structure 2.3.4 
(Pritchard et al. 2000; Falush et al. 2003). micro-check-
er 2.2.3 (van Oosterhout et al. 2004) revealed no evi-
dence for null alleles, necessitating no corrections for null 
alleles. structure was run using the admixture model 
and correlated allele frequencies. All calculations were 
repeated 10 times for each K ranging from 1 to 10, using a 
Monte Carlo Markov chain of 1,000,000 generations and 
a burn-in of 250,000. To infer the most likely number of 
clusters (K), structure harvester (Earl and vonHoldt 
2012) was used, a software that implements the ΔK meth-
od of Evanno et al. (2005). Population structuring and 
individual admixture were visualized using the R pack-
age pophelper 2.2.9 (Francis 2017). Since structure is 
known to detect only the uppermost level of population 
differentiation (Evanno et al. 2005), different hierarchi-
cal runs were executed: A first calculation included all 
data from 639 Natrix natrix and 66 N. tessellata. Then, 
data for all individuals with evidence for interspecific hy-
bridization were removed and a pruned dataset for each 
species alone was processed. Within each species, further 
analyses were run for lower hierarchical levels to exam-
ine for finer substructuring. For each of these analyses, 
data for snakes with evidence for admixture between the 
relevant interspecific clusters were excluded (Table S1).

To infer whether individual genotypes in structure 
analyses represent hybrids or pure individuals, thresholds 
for hybrid identity were determined using hybridlab 1.0 
(Nielsen et al. 2006). For doing so, from the first struc-
ture run 25 pure individuals each of N. natrix and of N. 
tessellata were selected as parental genotypes and the 
cluster membership coefficients (Q values) from the four 
clusters corresponding to N. natrix were summed up and 
opposed to the values of N. tessellata (for the rationale, 
see under Results and Discussion). Then, 25 genotypes of 
each hybrid class (F1, F2, two backcrosses) were modeled 
and used for inferring the thresholds for pure genotypes 
of each parental species (Table S4). The same approach 
was used for finding thresholds for pure clusters within 
N. natrix (Table S5). Inferred hybrid thresholds are sum-
marized in the Supplementary Tables S4 and S5. For the 
lowermost hierarchical analysis for N. natrix and for N. 
tessellata, the ΔK method suggested the presence of three 
and four distinct clusters, respectively. Since hybridlab 
cannot infer hybrid thresholds for more than two clusters, 
an arbitrary threshold was applied here and genotypes 
with proportions of cluster membership below 80% were 
treated as admixed (Randi 2008).

structure analyses are based on population-genet-
ic presumptions (Hardy-Weinberg equilibrium, linkage 
equilibrium; Pritchard et al. 2000) and therefore prone to 
bias from uneven sample sizes (Puechmaille 2016). To 
cross-examine structure results for potential artifacts, 
additional Principal Component Analyses (PCAs) were 
run using the R package adegenet 2.1.1 (Jombart 2008). 
PCAs are independent from any population-genetic pre-
sumptions and exclusively based on genetic information, 
rendering them less sensitive to different sample sizes. 
PCAs were computed for the same datasets as used for 
structure analyses, and the individual results were de-
picted either according to their morphological or mito-
chondrial and nuclear genomic identity and compared to 
our structure results.

Inference of populationgenetic para
meters

For selected populations, allelic richness was calculated 
using fstat 2.9.4 (Goudet 1995). The number of alleles 
(nA), the average number of alleles per locus (nĀ), average 
observed and expected heterozygosity (HO and HE) and 
the inbreeding coefficient (FIS) were inferred using arle-
quin 3.5.2.2 (Excoffier and Lischer 2010).

Results

Mitochondrial DNA

In parsimony network analyses (cyt b, ND4+tRNAs), 
each mitochondrial lineage of Natrix natrix and N. tes-
sellata revealed by phylogenetic analyses (Guicking et 
al. 2009; Guicking and Joger 2011; Kindler et al. 2013) 
corresponded to a distinct haplotype cluster.

Haplotype networks for grass snakes (Natrix 
natrix)

The network for cyt b of Natrix natrix contained sever-
al loops (Fig. 1). The haplotype cluster corresponding to 
lineage 7 was located in the center of the network and 
connected to the haplotype clusters of lineages 1, 2, 3, 5, 
6, and 8. Lineage 7 comprised 31 haplotypes that differed 
by a maximum of 16 mutations. The haplotype cluster of 
lineage 7 was connected by a minimum of 27 mutation 
steps to the haplotypes of lineage 2 and by a minimum 
of 29 mutations to those of lineage 1. The haplotypes of 
lineages 1 and 2 differed from one another by a minimum 
of 12 mutations. Among the five haplotypes of lineage 
2 a maximum of 15 mutations occurred; among the six 
haplotypes of lineage 1, a maximum of eight mutations. 
Haplotypes of lineage 5 were connected to haplotypes of 
lineages 1, 2, and 7 by a minimum of 58, 56, and 39 mu-
tations, respectively. Lineage 5 comprised 25 haplotypes 
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that differed by a maximum of seven mutations. Haplo-
types of lineage 4 were only connected to lineage 5 by a 
minimum of 11 mutations. The 71 haplotypes of lineage 
4 differed by a maximum of 18 mutations. Haplotypes 
of lineage 6 were connected to haplotypes of lineages 5 
and 7 and differed by a minimum of 50 mutations from 

haplotypes of lineage 5 and by a minimum of 37 muta-
tions from those of lineage 7. Lineage 6 comprised two 
haplotypes that differed by one mutation. Haplotypes of 
lineage 7 were also connected with haplotypes of lineag-
es 3 and 8. Haplotypes of lineage 3 differed by a mini-
mum of 44 mutations from haplotypes of lineage 7 and 

Figure 1. Parsimony network for 705 cyt b sequences of Natrix natrix. Symbol sizes reflect haplotype frequencies. Small black cir-
cles are missing node haplotypes; each line connecting two haplotypes corresponds to one mutation step, if not otherwise indicated 
by red numbers along lines. Haplotype colors correspond to lineages.
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by a minimum of 57 mutations from those of lineage 8. 
Among the 49 haplotypes of lineage 3 occurred up to sev-
en mutations. Haplotypes of lineage 8 were connected by 
a minimum of 21 mutations to haplotypes of lineage 7. 
Lineage 8 consisted of 36 haplotypes that differed by a 
maximum of 19 mutations.

The following cyt b haplotypes were newly identi-
fied in the present study: gn22-gn27, gy15-gy31, and 
l23 (European Nucleotide Archive accession numbers 
OU862648–OU862671).

The network for ND4+tRNAs sequences of N. natrix 
(Fig. S1) resembled the cyt b network, but with fewer 
mutations, and the clusters of lineages 4 and 5 were not 
clearly distinct. Again, the haplotype cluster of lineage 7 
was located in the center of the network, with direct con-
nections to haplotypes of lineages 1, 3, 5, 6, and 8. The 
30 individual haplotypes of lineage 7 differed by up to 14 
mutations. The haplotypes of lineage 7 were connected 
to haplotypes of lineage 1 by a minimum of 35 muta-
tions. Lineage 1 comprised three haplotypes that differed 
by a maximum of four mutations. Haplotypes of lineage 
2 were connected to haplotypes of lineage 1 by a mini-
mum of four mutations. The four haplotypes of lineage 
2 differed by a maximum of three mutations. In addition, 
haplotypes of lineage 7 were connected over at least 25 
mutations to haplotypes of lineage 5. The latter lineage 
comprised 20 individual haplotypes that differed by a 
maximum of eight mutations. Lineage 5 was connected 
with haplotypes of lineage 4 by a minimum of only 2 mu-
tations. Lineage 4 comprised 39 haplotypes that differed 
by a maximum of ten mutations. The only haplotype of 
lineage 6 was connected to lineage 7 by a minimum of ten 
mutations. Furthermore, haplotypes of lineage 7 were also 
connected to those of lineages 3 (minimum 29 mutations) 
and 8 (minimum 16 mutations). Haplotypes of lineages 
3 and 8 were separated by a minimum of 37 mutations. 
The 48 haplotypes of lineage 3 and the 21 haplotypes of 
lineage 8 differed both by a maximum of nine mutations.

The following haplotypes for ND4+tRNAs were new-
ly identified in the present study: gn17–gn21, gy13–gy31, 
and r39 (European Nucleotide Archive accession num-
bers OU862605–OU862629). All currently known haplo-
types for N. natrix and their accession numbers are listed 
in the Supplementary Information (Table S6).

Haplotype networks for dice snakes (Natrix 
tessellata)

For cyt b of Natrix tessellata (Fig. 2), the 32 haplotypes of 
lineage T were located in the interior of the network of all 
haplotype clusters. Direct connections existed to the haplo-
types of lineages A, E, G, I, and K. Among the haplotypes 
of lineage T occurred a maximum of 54 mutations. The 
haplotypes of lineage T were connected by a minimum of 
46 mutations to those of lineage G and by a minimum of 
43 mutations to the haplotypes of lineage I. The haplo-
types of lineages G and I were separated by a minimum of 
87 mutations. The 15 haplotypes of lineage G differed by 
a maximum of 47 mutations, while the three haplotypes of 
lineage I differed by a maximum of six mutations. Lineage 

E comprised 66 haplotypes, which differed by a maximum 
of 19 mutations. The haplotypes of lineage E were con-
nected by a minimum of 35 mutations to lineage T. The 
haplotypes of lineage C were connected to those of lineage 
E by a minimum of 26 mutations. The four haplotypes of 
lineage C differed by a maximum of five mutations. Lin-
eage T was also connected to the haplotypes of lineages A 
and K and differed by a minimum of 19 mutations from 
lineage A and by a minimum of 21 mutations from lin-
eage K. The haplotypes of lineages A and K differed by 
a minimum of 24 mutations from one another. Lineage K 
comprised 12 haplotypes that differed by a maximum of 
12 mutations. Lineage A was comprised of 12 haplotypes 
that differed by a maximum of 11 mutations. Lineage A 
differed from lineages J and U by a minimum of 25 and 19 
mutations, respectively. The three haplotypes of lineage J 
differed by a maximum of three mutations, the six haplo-
types of lineage U by a maximum of 12 mutations.

The following cyt b haplotypes were newly identified 
in the present study: E52–E61 and T16–T24 (Europe-
an Nucleotide Archive accession numbers OU862672–
OU862690). 

The second network (ND4+tRNAs) for N. tessellata 
was restricted to two lineages, E and T (Fig. S2). The 
haplotypes of the two lineages were connected over two 
pathways by a minimum of 44 mutations each. Lineage 
E corresponded to eight haplotypes, which differed by a 
maximum of six mutations. The 10 haplotypes of lineage 
T differed by up to 28 mutations.

All haplotypes for ND4+tRNAs were newly identi-
fied in the present study: E1–E8 and T1–T10 (Europe-
an Nucleotide Archive accession numbers OU862630–
OU862647). These haplotypes and all currently known 
cyt b haplotypes for N. tessellata and their accession 
numbers are listed in the Supplementary Information (Ta-
ble S6).

Mean uncorrected p distances

Using distinct haplotypes, the average uncorrected p dis-
tance between dice snakes and grass snakes was for the 
cyt b gene 11.50%, and for the DNA coding for the partial 
ND4 gene plus tRNAs 12.10% (Table S7). For the eight 
mitochondrial lineages of Natrix natrix, divergences of 
0.96–4.21% were observed for the cyt b gene, and for 
ND4+tRNAs, 0.60–5.17%. The nine mitochondrial lin-
eages of N. tessellata were more divergent. In the cyt b 
gene, they differed on average by 1.34–6.15%, and for 
ND4+tRNAs haplotypes, a divergence of 6.93% was ob-
served for lineages E and T (Table S8). The highest diver-
gence values within N. tessellata resemble those between 
the three grass snake species N. astreptophora, N. helvet-
ica, and N. natrix (Kindler et al. 2017, 2018a).

Geographic distribution of mitochondrial 
lineages

When the geographic distribution of the individual mito-
chondrial lineages of the two Natrix species is compared 
(Fig. 3), some similarities and some differences become 
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apparent. In both species, there is a widely distributed 
Balkan lineage (lineage 4 in N. natrix; lineage E in N. 
tessellata). Beyond the Balkan Peninsula and beyond the 
scope of the present study, these lineages also encroach 
on regions further north and west (Guicking et al. 2009; 

Guicking and Joger 2011; Kindler et al. 2013, 2017). On 
the Peloponnese, and in N. natrix also northwest of the 
Peloponnese, this Balkan lineage is replaced by another 
lineage (lineage 5 in N. natrix; lineage G in N. tessellata). 
However, in N. natrix, there are two other lineages (3 and 

Figure 2. Parsimony network for 435 cyt b sequences of Natrix tessellata. Symbol sizes reflect haplotype frequencies. Small black 
circles are missing node haplotypes; each line connecting two haplotypes corresponds to one mutation step, if not otherwise indicat-
ed by red numbers along lines. Haplotype colors correspond to lineages.
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7) in the southeastern Balkan Peninsula, western Anato-
lia and Cyprus, whereas in N. tessellata the widely dis-
tributed Balkan lineage E also occupies the southeastern 

Balkan Peninsula and western Anatolia. In both species 
there is a divide in Anatolia between a western lineage 
(lineage 7 in N. natrix; lineage E in N. tessellata) and an 

Figure 3. Sampling sites and geographic distribution of mtDNA lineages for 653 grass snakes (Natrix natrix; top) and 325 dice 
snakes (N. tessellata; bottom) used in this study (eastern parts of the distribution ranges). For N. tessellata, data outside Turkey are 
from Guicking et al. (2006, 2009) and Kyriazi et al. (2013). Insets: Natrix natrix (top; Ropotamo, Bulgaria) and N. tessellata (bot-
tom; Ömeroba, Edirne, Turkey). Photos: Daniel Jablonski.
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eastern lineage (lineage 8 in N. natrix; lineage T in N. tes-
sellata). Yet, in N. tessellata the eastern lineage is found 
on Cyprus (albeit based on only a single specimen), and 
in N. natrix the western lineage occurs on the island. Fur-
thermore, in N. natrix there is a unique endemic lineage 
in the Gulf of İskenderun (lineage 6), whereas the range 
of N. tessellata reaches further south to northeastern 
Egypt, where another distinct lineage (J) occurs. In both 
species, several mitochondrial lineages meet in the Cau-
casus region1, with a unique endemic lineage (2) in N. 
natrix in the eastern Caucasus region. In both species, a 
widely distributed lineage occurs north of the Black Sea 
and the Caspian Sea (lineage 8 in N. natrix; lineage A in 
N. tessellata), however, lineage 8 in N. natrix encroach-
es on eastern Anatolia and occupies there the area where 
lineage T in N. tessellata occurs. East of the Caspian Sea, 
two additional lineages occur in N. tessellata (lineages K 
and U), in regions where N. natrix is absent.

Nuclear genetic evidence

Interspecific hybridization and the status of 
Cypriot snakes

For each of the two species, the 13 studied microsatellite 
loci were highly polymorphic, with 9–32 alleles per locus 
for Natrix natrix and 3–19 alleles per locus for N. tes-
sellata. Total allele numbers for N. natrix were 229 and 
for N. tessellata, 158 (for allele size range and individual 
allele numbers per locus, see Table S3).

After initial analysis of our total dataset (n = 705) us-
ing structure 2.3.4, hidden structuring was examined 
using hierarchically nested subsets corresponding to each 
of the two species and genetic clusters within either spe-
cies, with admixed individuals in each step removed. The 
respective results were then compared to the mitochondri-
al identity of each sample. In addition to the structure 
analyses, PCAs were calculated for the same datasets to 
scrutinize the structure results using an approach free 
of population-genetic assumptions.

For the structure run using all 705 genotypes, the 
ΔK method identified K = 2 as the optimal number of 
clusters. However, a second pronounced peak occurred 
for K = 5 (Fig. S3A). Under K = 2, one cluster matched 
Natrix natrix and the other N. tessellata (Fig. 4); 555 gen-
otypes were assigned to N. natrix, 77 to N. tessellata, and 
the remaining 73 were identified as interspecific hybrids. 
The genotypes of ‘N. megalocephala’ were either not dif-

1 However, an isolated record of lineage 7 in the western Cau-
casus region of Turkey (Borçka, Artvin; ZDEU DNA1284) 
most likely refers to a translocated grass snake or a confused 
sample. The microsatellite identity of ZDEU DNA1284 
matches its mtDNA haplotype, whereas four other snakes 
from Borçka (ZDEU DNA1283, DNA1287, DNA1288, 
ZFMK 71145; Table S1) correspond to the expectation for 
this region and represent the local microsatellite cluster. For 
one of these snakes the mitochondrial haplotype is known 
and it belongs to the expected lineage 8.

ferentiated from N. natrix (n = 2) or identified as hybrids 
(n = 2).

Most of the interspecific hybrids were from Turkey, 
but hybrid signatures were also found in the Balkans, 
Transcaucasia and Russia. Sixty-six hybrids were mor-
phologically identified as grass snakes (64 as N. natrix, 2 
as ‘N. megalocephala’) and the remaining seven hybrids 
were morphologically identified as N. tessellata. The ma-
jority of hybrids (49) held mitochondrial haplotypes of N. 
natrix, three had haplotypes of N. tessellata, and for the 
remaining snakes the mitochondrial identity is unknown 
(Table S1). Under K = 2, structure assigned most sam-
ples from Cyprus to the cluster for pure N. tessellata, 
even though the snakes were morphologically unambigu-
ous N. natrix. A few other Cypriot samples were genotyp-
ically assigned to N. natrix or identified as interspecific 
hybrids. Yet, under K = 5, the genotypes of the contro-
versial Cypriot snakes were not lumped together with N. 
tessellata but constituted an extra cluster (Fig. 4 bottom: 
yellow cluster). Otherwise, N. tessellata remained as a 
distinct cluster, but the former cluster of N. natrix was 
further subdivided, so that there was now one cluster for 
N. tessellata, another one for Cypriot snakes, and three 
clusters for the remaining N. natrix. Under K = 5, there 
was also evidence for interspecific hybridization (Fig. 4; 
Table S1), even though fewer putative hybrids occurred 
and all four genotypes of ‘N. megalocephala’ were now 
placed into the cluster of pure N. natrix. In a PCA using 
the same dataset as for the structure analyses, N. tessel-
lata and N. natrix were clearly distinct, although interme-
diate genotypes occurred. The genotypes of all ‘N. meg-
alocephala’ clustered within N. natrix. However, most 
Cypriot snakes were placed completely outside of N. 
tessellata and N. natrix; a few Cypriot samples clustered 
within N. natrix (Fig. 5). Population-genetic parameters 
for all Cypriot samples (n = 27) revealed very low genet-
ic variability with evidence for inbreeding compared to 
other populations harboring the same mitochondrial lin-
eage (i.e., lineage 7; Table S9).

In the face of these conflicting results and the morpho-
logical identity of the Cypriot snakes, we used the K = 5 
scenario as the basis for further calculations. For calcu-
lating Q values in hybridlab to determine interspecific 
hybrids, the individual Q values of the three clusters for 
N. natrix and of the Cypriot cluster were merged and op-
posed to the Q values of the cluster for N. tessellata. This 
resulted in thresholds of 93% for pure N. natrix and 94% 
for pure N. tessellata.

Genotypic structuring within Natrix natrix

Based on these thresholds for pure Natrix natrix and N. 
tessellata, a second structure run was conducted (Fig. 
6A) for which all samples of N. tessellata or with genetic 
impact of N. tessellata were excluded. For this dataset 
(n = 626), the ΔK method inferred K = 2 as the optimal 
number of clusters (Fig. S3B). One cluster (green in Fig. 
6A) corresponded to populations in the west of our study 
region. Its geographic distribution matched well that of 
mtDNA lineage 4 of N. natrix (red in the bar for the mi-
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Figure 4. Genotypic structuring of grass snakes and dice snakes in the study region (n = 705). In the map, the four clusters repre-
senting Natrix natrix under K = 5 are merged and shown in orange. Admixed ancestries are depicted as pie chart sectors according 
to Q values as explained in the text. In the bar plots below the map, samples are represented by three bars, indicating their mito-
chondrial lineage (top) and their inferred structure cluster membership under K = 2 and K = 5 (center and bottom). Mitochondrial 
lineages of N. natrix are color-coded as in Figure 1. However, the two mitochondrial lineages of N. tessellata are shown in black to 
contrast them from N. natrix. White indicates missing mtDNA data. Samples are arranged from west to east. In the structure dia-
grams, an individual is represented by a vertical segment that reflects its ancestry. The black arrows highlight samples from Cyprus; 
the dark red arrows, samples identified as N. megalocephala; and the pink arrow indicates the only grass snake with mitochondrial 
lineage 6 of N. natrix.
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tochondrial identity in Fig. 6A). The second cluster (pink 
in Fig. 6A) represented populations in the south and east 
of our study region and corresponded to several mtDNA 
lineages distributed there (mtDNA lineages 1, 2, 3, 5, 6, 
7, 8; remaining colors in the bar for the mitochondrial 
identity in Fig. 6A). This cluster also included the four 
samples from grass snakes morphologically identified 
as N. megalocephala for which microsatellite data are 
available (ZDEU DNA1287, DNA1288, ZFMK 58029, 
60732; Table S1). Admixture between the two clusters 
occurred mainly in the southern Balkan Peninsula (173 
of 205 hybrids) and matched the geographic contact zone 
of the two clusters. The corresponding PCA showed only 
weak differentiation, with the western cluster matching 
mtDNA lineage 4 only slightly differentiated and with 
massive admixture (Fig. 7A). Yet, many Cypriot samples 
were again highly distinct.

In the third structure analysis, the cluster of N. na-
trix from the south and east, matching several distinct 
 mtDNA lineages, was examined. Samples representing 
pure N. natrix of the western cluster and admixed snakes 
were removed. For the 159 processed samples, the ΔK 
method revealed K = 3 as the optimal solution (Fig. 

S3C). A mainly western cluster (purple in Fig. 6B) large-
ly corresponded to the mitochondrial lineages 3, 5 and 
7, whereas an eastern cluster (beige in Fig. 6B) largely 
matched mitochondrial lineages 1, 2 and 8. A third cluster 
corresponded to most of the samples from Cyprus (21 of 
26 snakes). Ten individuals were identified as admixed. 
Notably, not all admixed snakes were from the geographic 
contact zone of the two clusters (except Cyprus cluster). 
In addition, one sample from Transcaucasia (Azerbaijan) 
was assigned to the purple cluster (MTD T 3680) and an-
other one from there was admixed (MTD D 48550). The 
PCA generally also confirmed for this dataset weak dif-
ferentiation and admixture, but again 21 of the 26 Cypriot 
samples were clearly distinct (Fig. 7B).

The results of the second and third structure analy-
ses largely mirrored the outcome of the first structure 
calculation for K = 5 (Fig. 4) in that the four clusters for 
grass snakes from the first calculation match those also 
identified in the subset data.

Figure 5. Principal Component Analyses for microsatellite data of all 705 samples (Natrix natrix, N. tessellata). The same dataset 
was used as for structure analyses. Samples are colored according to their mitochondrial lineage or structure cluster member-
ship; admixed individuals in structure analyses are shown in grey. Thresholds for admixed samples were derived from hybridlab 
simulations and the same as used for structure. Oval outlines correspond to 95% confidence intervals. PC1 explains 3.96% of 
variance, PC2 2.13%, and PC3 1.70%. Some snakes morphologically matching N. tessellata are highlighted. The pink arrows de-
note the only grass snake corresponding to mitochondrial lineage 6 of N. natrix.
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Figure 6. Genotypic structuring of Natrix natrix in the study region. Symbol colors indicate structure cluster membership; ad-
mixed ancestries are depicted as pie chart sectors according to Q values. In the bar plots below the maps, samples are represented 
by two bars, indicating their mitochondrial lineage (top) and their inferred cluster membership (bottom). Mitochondrial lineages are 
color-coded as in Figure 1; white bars indicate missing mtDNA data. Samples are arranged from west to east. The black arrows high-
light samples from Cyprus; dark red arrows, samples identified as N. megalocephala; and the pink arrow indicates the only grass 
snake with mitochondrial lineage 6 of N. natrix. A most likely translocated grass snake from Borçka (Artvin, Turkey) representing 
the western cluster is not shown in the map (see footnote 1).
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Figure 7. Principal Component Analyses for microsatellite data of (A) pure Natrix natrix (n = 626) and (B) N. natrix of the south-
ern and eastern cluster (n = 159). The same datasets were used as for structure analyses. Samples are colored according to their 
mitochondrial lineage or structure cluster membership. Thresholds for admixed samples were the same as used for structure. 
Oval outlines correspond to 95% confidence intervals. For (A) PC1 explains 2.82% of variance, PC2 2.18%, and PC3 1.66%; for (B) 
PC1 explains 4.78% of variance, PC2 3.52%, and PC3 2.57%. The pink arrows highlight a snake corresponding to mitochondrial 
lineage 6 of N. natrix.
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Genotypic structuring within Natrix 
tessellata

In a fourth structure run, only our 52 samples of pure 
Natrix tessellata from Turkey were processed (Fig. 8). 
For this dataset, the ∆K method inferred K = 4 as the op-
timal number of clusters (Fig. S3D). In the following, we 
refer to the cluster colors in Figure 8. A purple cluster 
corresponded to samples from Çanakkale, a green cluster 
to samples from the Lake Işıklı region (Denizli), a yellow 
cluster to samples from the Karamık Swamp (Afyonkar-
ahisar), and an orange cluster to most samples from Lake 
Çıldır (Ardahan) and other sites in eastern Anatolia. The 
distribution of the orange cluster seems to be disjunct and 
interrupted by the occurrence of the yellow and green 
clusters. Admixture seems to be widespread. The purple 
and the green clusters largely match mtDNA lineage E 
(bluish green in Fig. 8) and the yellow and orange clus-
ters largely match mtDNA lineage T (blue in Fig. 8), so 
that two structure clusters each correspond to one mito-

chondrial lineage. This differentiation pattern is also con-
firmed by the PCAs (Fig. 9), which supports both weak 
differentiation and admixture.

Discussion

The most prominent results of our study are (1) the evi-
dence for hybridization between grass snakes (Natrix na-
trix) and dice snakes (N. tessellata), (2) the pronounced 
divergence of Cypriot grass snakes, (3) the similarity of 
phylogeographic differentiation patterns of N. natrix and 
N. tessellata, and (4) that the eight mitochondrial lineag-
es of N. natrix correspond to less microsatellite clusters. 
These results have implications both for phylogeography 
in general and for the taxonomy of the two Natrix species. 
In addition, our results confirm that N. megalocephala is 
not a valid species.

Figure 8. Genotypic structuring of Natrix tessellata in the study region (n = 52). Symbol colors indicate structure cluster mem-
bership; admixed ancestries are depicted as pie chart sectors according to Q values. Below the map, the upper bar shows the mito-
chondrial identity and the lower bar the microsatellite genotype of each individual sample. Mitochondrial lineages color-coded as 
in Figure 2, with bluish green corresponding to mtDNA lineage E and blue to lineage T. Samples are arranged from west to east.
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Interspecific hybridization

Previous investigations focused either on the phyloge-
ography of N. natrix (e.g., Kindler et al. 2013, 2017) or 
N. tessellata (Guicking et al. 2009; Guicking and Joger 
2011), but the two codistributed species were never ex-
amined together. Consequently, these studies were unable 
to find signals for interspecific hybridization. However, 
there is a growing body of evidence that interspecific hy-
bridization in animals is more frequent than traditional-
ly thought and may contribute to the enrichment of the 
gene pools of the involved taxa, in particular via adaptive 
introgression (Taylor and Larson 2019; Pfennig 2021). 
Thus, it comes not entirely unexpected that our study 
revealed evidence for hybridization when using samples 
of both species, irrespective of whether the microsatel-
lite data were analyzed with structure or PCAs (Figs 4 
and 5). Why we found interspecific hybridization largely 
restricted to Turkey remains unclear and calls for further 
research.

When the putative hybrids from Turkey are compared 
to the parental species (Table S10), it is obvious that the 
hybrids share with each parental species many otherwise 
species-specific alleles. This corroborates their hybrid 
status, as do specimens that are assigned in the PCAs to 
the N. natrix cluster although they were morphologically 
identified as N. tessellata (Fig. 5; Table S1). Also, three 
admixed snakes that were morphologically determined 

either as N. natrix (ZDEU DNA1280) or N. tessellata 
(ZDEU DNA1269, DNA1276) harbored a mitochondrial 
haplotype of the other species (Table S1), supportive of 
hybridization. Furthermore, our data indicate that back-
crosses occurred (Fig. 4; Table S1), i.e., that the hybrids 
are obviously not sterile.

Yet, our study also showed the limitations of micro-
satellites. Using these markers, only recent hybrid and 
backcross generations can be detected (Sanz et al. 2009). 
Thus, we cannot trace back older or ancient interspecific 
gene flow and its extent. Also, a caveat is the possible ho-
moplasy of microsatellites in different species (Pujolar et 
al. 2014), so that our results need to be scrutinized using 
other marker systems. Currently, a follow-up investiga-
tion using whole genomes is underway. It will also allow 
the examination of older hybridization events and clarify 
which parts of the genomes have been exchanged. In any 
case, our present study exemplifies that phylogeograph-
ic investigations disregarding codistributed congeners 
might miss evidence for interspecific hybridization due 
to the study design. 

Status of Cypriot grass snakes

Regarding Cypriot grass snakes, our study revealed a 
known weakness of the ∆K method and the structure 
software: The misidentification of K = 2 as top level of the 

Figure 9. Principal Component Analyses for microsatellite data of pure Natrix tessellata (n = 52). The same dataset was used as for 
structure analyses. Samples are colored according to their mitochondrial lineage or structure cluster membership. Thresholds 
for admixed samples were the same as used for structure. Oval outlines correspond to 95% confidence intervals. PC1 explains 
6.65% of variance, PC2 5.23%, and PC3 5.08%.
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hierarchical structure, even when more clusters should be 
present (Puechmaille 2016; Janes et al. 2017). This flaw 
is further exaggerated by uneven sampling (Puechmaille 
2016), which is frequently unavoidable. In our case, this 
situation led to a grave misplacement of most grass snakes 
from Cyprus. Under K = 2, they were lumped together 
with dice snakes, and only the inspection of K = 5 (Fig. 4) 
and the parallel application of PCAs (Fig. 5) unveiled that 
this assignment was an artifact. There is only a single al-
lele of the 3TS locus exclusively shared between Cypriot 
grass snakes and N. tessellata (Table S11), so that neither 
hybridization nor homoplasy can be invoked as reason for 
the misplacement of Cypriot N. natrix. Consequently, the 
structure result under K = 2 is clearly erroneous. 

Cypriot grass snakes are showing an excess of ho-
mozygotes, indicating inbreeding (Table S9). This could 
have caused their distinctiveness in structure analyses 
under K = 5 (Fig. 4) and in PCAs (Fig. 5). Also,  mtDNA 
corroborates that Cypriot grass snakes are genetically 
impoverished. For cyt b and ND4+tRNAs only two hap-
lotypes each were recorded on Cyprus (cyt b: gy3 in 18 
individuals, gy9 in 6 individuals; ND4+tRNAs: gy6 in 6 
individuals, gy11 in 17 individuals), whereas in other sites 
a greater diversity occurred. For instance on Gökçeada is-
land, being represented by a similar sample size (n = 17), 
four haplotypes each were recorded both for cyt b and 
ND4+tRNAs and in the Karamık Swamp (n = 10), four 
haplotypes for cyt b and five for ND4+tRNAs (Table S1). 
Grass snakes from Gökçeada and the Karamık Swamp 
share their mitochondrial lineage with Cypriot N. natrix 
(Fig. 3: lineage 7).

Grass snakes are extremely rare on Cyprus and seri-
ously endangered (Blosat 2008; Baier and Wiedl 2010; 
Zotos et al. 2021). In light of this situation, Cypriot N. 
natrix are best regarded as genetically impoverished, and 
their distinct microsatellite profile does not imply deep 
genetic or taxonomic divergence.

The herpetofauna of Cyprus is characterized both by 
old endemics and recent invaders (Böhme and Wiedl 
1994; Poulakakis et al. 2013). The most prominent case 
of an old endemic species is perhaps the little-known Cy-
prus racer, Hierophis cypriensis (Utiger and Schätti 2004; 
Kyriazi et al. 2013). Also, the genetic divergences of a 
toad (Bufotes cypriensis, Dufresnes et al. 2019), four liz-
ards (Ablepharus budaki, Ophisops elegans, Poulakakis 
et al. 2013; Mediodactylus orientalis, Kotsakiozi et al. 
2018; Phoenicolacerta troodica, Tamar et al. 2015) and 
two snakes (Telescopus fallax, Šmíd et al. 2019; Xeroty-
phlops vermicularis, Kornilios 2017) qualify them as old 
Cypriot endemics, whereas the shallow genetic differenc-
es of some other amphibians (Hyla savignyi, Pelophylax 
sp., Poulakakis et al. 2013) and reptiles (Mauremys rivu-
lata, Vamberger et al. 2017; Acanthodacytlus schreiberi, 
Poulakakis et al. 2013; Chalcides ocellatus, Bisbal-Chin-
esta et al. 2020; Hemidactylus turcicus, Rato et al. 2011; 
Rhynchocalamus melanocephalus, Tamar et al. 2020) 
suggest that these taxa are recent invaders, even though 
this view has been challenged for the water frogs (Pelo-
phylax sp., Plötner et al. 2012; but see Speybroeck et al. 
2020). The immigration of the recent invaders seems to 

be frequently human-mediated (Böhme and Wiedl 1994; 
Poulakakis et al. 2013).

The local grass snakes have been treated as another 
candidate for an old Cypriot endemic (Böhme and Wiedl 
1994). However, Cypriot grass snakes share their mito-
chondrial lineage with N. natrix from the southeastern 
Balkan Peninsula and western and southern Anatolia 
(Fig. 3: lineage 7). When the individual haplotypes are 
inspected, it becomes obvious that three of the four hap-
lotypes found on Cyprus also occur in Bulgaria, Greece, 
and Turkey (cyt b: gy9; ND4+tRNAs: gy6, gy11; Table 
S1). If the grass snakes would represent an old Cypriot 
endemic, we would expect a deep mitochondrial separa-
tion from the mainland populations. This is not the case 
and the present evidence instead supports recent immi-
gration and subsequent genetic impoverishment.

Comparative phylogeographies of 
Natrix natrix and N. tessellata

In general, the mitochondrial phylogeographies of N. na-
trix and N. tessellata show some similarities (Fig. 3), both 
with respect to the distribution of some mitochondrial lin-
eages and the location of contact zones, suggestive of a 
shared biogeographic history. For both species, the Bal-
kans, Anatolia or Western Asia in general, and the Cau-
casus have undoubtedly served as glacial refugia, where 
genetic lineages survived that diverged prior to the Pleis-
tocene. For N. natrix, a fossil-calibrated molecular clock 
estimated that six lineages separated 3.4–7.2 million years 
ago, long before the Pleistocene glaciations, and only two 
of these lineages diverged then further during the early 
Pleistocene (1.5 and 1.7 million years ago; Kindler et al. 
2018a). Yet, the current distribution pattern undoubtedly 
has been massively shaped by repeated glacial range re-
strictions and interglacial range expansions, and the wide 
distribution of one mitochondrial lineage in the northeast 
of the distribution ranges of the two species (Fig. 3: lin-
eage 8 in N. natrix; lineage A in N. tessellata) clearly re-
sults from Holocene range expansions. Thus, the general 
phylogeographic patterns in both species match the well-
known paradigm of southern genetic richness to northern 
purity (Hewitt 2000), reflecting the survival of distinct 
lineages in former southern glacial refugia and the Holo-
cene colonization of more northerly regions by only one 
or a few of these lineages.

In contrast to N. natrix, N. tessellata shows addition-
al lineages in regions where grass snakes do not occur, 
i.e., on the island of Crete, in the southern Levant and 
Egypt or in southern Central Asia. It remains a challenge 
to study the disjunct populations of N. natrix from Siberia 
and the Lake Baikal region to find out how they match the 
general pattern.

As in many other taxa (Joger et al. 2007; Schmitt 
2020), multiple lineages, which most likely can be traced 
back to distinct glacial microrefugia, occur in the Bal-
kan Peninsula and in the Caucasus region, both in N. na-
trix and N. tessellata. In these two regions, and further 
north in the Balkan Peninsula and in Anatolia, also lie 
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secondary contact zones that can be understood as having 
formed during Holocene range expansions. 

In dice snakes, we are lacking nuclear genomic evi-
dence for most lineages. Our sample is restricted to Tur-
key. Yet, it shows that the two mitochondrial lineages 
occurring there (Fig. 3: E, T) match two microsatellite 
clusters each, i.e., that mitochondrial divergence parallels 
nuclear genomic differentiation. Further, there is clear 
evidence of admixture (Figs 8 and 9), suggestive of con-
specificity. However, the deep mitochondrial divergences 
among all mitochondrial lineages of N. tessellata (Tables 
S7, S8) resemble those observed between N. astrepto-
phora, N. helvetica, and N. natrix (Kindler et al. 2017, 
2018a), i.e., three species with much restricted gene flow. 
This implies that dice snakes could also represent more 
than only one species. For a better understanding of their 
taxonomy, microsatellite data or other nuclear genomic 
information is needed beyond Turkey.

For grass snakes, range-wide microsatellite data are 
available (Figs 6 and 7). As in N. tessellata, there is ev-
idence for admixture in the contact zones of distinct mi-
crosatellite clusters. Contrary to N. tessellata, in N. natrix 
the number of mitochondrial lineages, however, exceeds 
the number of microsatellite clusters (Fig. 3). Eight mito-
chondrial lineages correspond to only four microsatellite 
clusters, and if the Cyprus cluster is disregarded, only to 
three (Figs 3, 6 and 7). The uppermost hierarchical level 
of nuclear genomic divergence is represented by one mi-
crosatellite cluster from the west of our study region that 
matches mtDNA lineage 4. Another southern and east-
ern microsatellite cluster corresponds to several distinct 
mtDNA lineages (Figs 6A and 7A). This latter southern 
and eastern microsatellite cluster is further structured in 
three clusters when analyzed alone: Two western clusters 
(Cyprus versus southern Balkans plus western Turkey) 
largely match mtDNA lineages 3, 5, and 7, and a third 
eastern cluster corresponds to three other mtDNA lineages 
(1, 2, 8). This third cluster also includes all four samples 
morphologically identified as N. megalocephala (Fig. 
6B). Further sampling from the southern Balkans and the 
eastern distribution range is needed to disentangle this sit-
uation in more detail. We cannot rule out that more sam-
ples will unveil more structure than our present data set. 
However, the PCA for the grass snakes from the south and 
east (Fig. 7B) shows quite compact scatter plots that rather 
argue for genetic homogeneity of each of the three clusters 
(with the inbred Cypriot population being most distinct).

How can this be explained? A similar situation is 
known for the closely related barred grass snake (N. hel-
vetica). Grass snakes are highly mobile animals, with 
males having larger home ranges than females (Madsen 
1984; Wisler et al. 2008; Reading and Jofré 2009; Meister 
et al. 2012). In Italy, five in part deeply divergent mtDNA 
lineages of N. helvetica correspond to only a single nu-
clear genomic cluster, due to largely male-mediated gene 
flow and female philopatry (Schultze et al. 2020). We hy-
pothesize that the situation in our study region parallels 
that in Italy, i.e., that the distinct mtDNA lineages corre-
sponding to one and the same microsatellite cluster are 
vestiges of former genetic divergence that is increasingly 

eradicated due to recent gene flow, which commenced 
when the snakes dispersed out of distinct glacial microre-
fugia in the Holocene. So to speak, the Holocene range 
expansions transformed the glacial ‘hotspots’ into ‘melt-
ing pots,’ in which only ‘mitochondrial ghost lineages’ 
bear witness of the formerly distinct evolutionary lin-
eages. Such a scenario explains both the situation on the 
southern Balkan Peninsula and in the Caucasus region. 
There, distinct mitochondrial lineages occur in close geo-
graphic proximity but correspond to only one microsat-
ellite cluster each (Figs 3, 6 and 7: Balkans – mtDNA 
lineages 3, 5, 7; Caucasus – mtDNA lineages 1, 2, 8).

For the Balkan Peninsula and southern Central Europe, 
this also suggests that a ‘rolling expansion and hybridiza-
tion wave’ established when grass snakes with mtDNA 
lineage 4 (N. n. vulgaris) spread northwestward. While N. 
n. vulgaris successively invaded more northerly regions 
and ‘genetically swamped’ the resident grass snakes char-
acterized by mtDNA lineage 3 (N. n. natrix; see Asztalos 
et al. 2021) there, the populations of N. n. vulgaris in their 
former southern refuge became increasingly admixed 
when other lineages, having independent glacial refuges 
in the southern Balkan Peninsula, expanded their ranges 
with Holocene warming. This lead to the current, at first 
glance counterintuitive, pattern that no pure populations 
of N. n. vulgaris exist anymore in their former glacial ref-
uge, in contrast to their Holocene expansion area, where 
relatively pure populations occur in southern Central Eu-
rope and the adjacent northern Balkans.

Among the mtDNA lineages that had glacial refugia 
in the southern Balkan Peninsula is also mtDNA lineage 
3, otherwise characteristic for the nominotypical subspe-
cies N. n. natrix (see Fritz and Schmidtler 2020). How-
ever, the disjunct Balkan haplotypes slightly differ from 
the northern ones found within the range of N. n. natrix, 
suggesting that lineage 3 represents on the southern Bal-
kan Peninsula an old genetic relict of a formerly wider 
distribution during an earlier interglacial. In contrast, the 
distinct Central European and Scandinavian haplotypes 
of lineage 3 provide evidence for a northern glacial ref-
uge in Central Europe (Kindler et al. 2018b). 

Taxonomic implications

Our results corroborate that the species Natrix meg-
alocephala is invalid (Kindler et al. 2013; Fritz and 
Schmidtler 2020) because it is not genetically differenti-
ated from populations of N. natrix in the same geographic 
region. With respect to N. tessellata, the congruence of nu-
clear genomic and mitochondrial divergence in our study 
region suggests that the earlier described deeply divergent 
mitochondrial lineages (Guicking et al. 2009; Guicking 
and Joger 2011) reflect taxonomic differentiation. Evi-
dence for gene flow between the two lineages in our study 
region supports their conspecificity, if large-scale gene 
flow and reproductive isolation are used as criteria for 
species delineation (cf. Fritz and Schmidtler 2020; Spey-
broeck et al. 2020). Also for grass snakes the admixture 
revealed in our analyses supports conspecificity.



Marika Asztalos et al.: Snake tango – Natrix phylogeography, taxonomy and hybridization830

For dice snakes additional genetic and morphological 
investigations are needed for a comprehensive taxonom-
ic revision. For N. natrix the present evidence and the 
nomenclatural foundation laid by Fritz and Schmidtler 
(2020) allow assigning names to the conspecific clusters 
and refining the currently accepted subspecies classifica-
tion. In doing so, we follow Kindler and Fritz (2018) and 
understand subspecies as evolutionarily significant units 
that differ in their nuclear genomic and mitochondrial 
identity and that are, in contrast to species, fully capa-
ble of extensive gene flow that can even lead to complete 
genetic and taxonomic amalgamation. If mitochondrial 
ghost lineages (i.e., higher mitochondrial diversity), mi-
tochondrial introgression or mitochondrial capture (i.e., 
lower mitochondrial diversity and mitonuclear discor-
dance) occur, nuclear genomic differentiation is decisive 
for subspecies delimitation.2

Within this framework (Fig. 10), the microsatellite 
cluster from the west of our study region (characterized 
by mtDNA lineage 4) is to be identified with the sub-
species Natrix natrix vulgaris Laurenti, 1768 (Fritz and 
Schmidtler 2020). The nomenclatural situation for the 
south and east of our study region is less straightforward 
and complicated by extensive past and current hybridiza-
tion, leading to the survival of many mitochondrial ghost 
lineages that conflict with nuclear genomic differentiation. 
In this region, traditionally many subspecies were recog-
nized (Kabisch 1999; Kreiner 2007; Geniez 2015), among 
them also Natrix natrix cypriaca (Hecht, 1930). However, 
acknowledging that Cypriot grass snakes are distinct on 
the nuclear genomic level only due to genetic impover-
ishment, we propose that Cypriot populations should be 
taxonomically lumped together with grass snakes from 
the southern Balkans and western Anatolia characterized 
by mtDNA lineage 7. Using microsatellites, these popula-
tions cluster together with grass snakes from the southern 
Balkans also harboring mtDNA lineages 3 and 5. The old-
est available name for these populations is Natrix natrix 
moreotica (Bedriaga, 1882) with a type locality on the 
northern Peloponnese (Greece; see Fritz and Schmidtler 
2020). This renders Natrix natrix cypriaca (Hecht, 1930) 
from Cyprus a junior synonym of N. n. moreotica.

Grass snakes of the eastern microsatellite cluster, char-
acterized by mtDNA lineages 1, 2, and 8, are currently 
assigned to two subspecies (Fritz and Schmidtler 2020). 
Natrix natrix scutata (Pallas, 1771), with a type locality of 
Atyrau (Kazakhstan), is identified with the northern popu-
lations, while the name Natrix natrix persa (Pallas, 1814), 
type locality Gilan and Mazandaran (Iran), is assigned to 
the southern populations. Our present results suggest that 
these two taxa should be synonymized and that the older 
name, N. n. scutata, should be used for all populations.

Furthermore, our results are inconclusive with re-
spect to another subspecies that was recognized as val-

2 For instance, mitochondrial ghost lineages were described 
for N. helvetica sicula in mainland Italy and Sicily (Schultze 
et al. 2020). Many populations of N. n. vulgaris in southern 
Germany captured mtDNA haplotypes of N. n. natrix (Asz-
talos et al. 2021a).

id by Fritz and Schmidtler (2020), namely Natrix natrix 
syriaca (Hecht, 1930), with a type locality of Zincirli in 
southeastern Turkey, near the Gulf of İskenderun. Fritz 
and Schmidtler (2020) tentatively identified this subspe-
cies with grass snakes harboring mtDNA lineage 6. We 
could study only microsatellite data of a single individual 
of this lineage and this situation prevents any taxonomic 
conclusions, even though this sample did not seem to be 
distinct from other material (Figs 4–7).

Conclusions

Our study showcases that phylogeographic investigations 
should include samples of codistributed congeners be-
cause otherwise evidence for interspecific hybridization 
will be missed. Genomic approaches are expected to be 
more informative than investigations based on microsat-
ellite loci alone. In our study system, we identified hy-
bridization between Natrix natrix and N. tessellata, two 
species that were previously thought to hybridize only 
rarely (Mebert et al. 2011). Our study also exemplifies 
that the study of codistributed taxa allows the direct com-
parison of phylogeographic differentiation patterns and 
more general inferences about biogeography. Further-
more, our findings support that the software structure 
is prone to errors regarding the number of clusters when 
no additional evidence, independent from population-ge-
netic assumptions, is considered. With respect to N. tes-
sellata our results suggest that the previously identified 
mitochondrial lineages reflect taxonomic divergence, as 
in N. natrix. Further research is needed in N. tessellata to 
examine nuclear genomic variation beyond Turkey. The 
deep mitochondrial lineages in this species (Guicking et 
al. 2009; Guicking and Joger 2011) and the nuclear ge-
nomic fingerprints presented in Guicking et al. (2009) 
suggest that more than only a single species could be in-
volved, although this is not confirmed for the two mito-
chondrial lineages studied herein. For N. natrix, we pro-
pose a refined intraspecific classification and recognize 
three subspecies from our study region, bringing the total 
number of subspecies to four (Fig. 10): Natrix natrix vul-
garis Laurenti, 1768 from southeastern Central Europe 
and the northern Balkans, Natrix natrix moreotica (Bed-
riaga, 1882) from the southern Balkans, western Anatolia 
and Cyprus, and Natrix natrix scutata (Pallas, 1771) from 
eastern Anatolia, the Caucasus region, Iran, and a wide 
area from eastern Poland and Finland to Kazakhstan and 
the Lake Baikal region in Russia and adjacent Mongolia. 
All of these three subspecies comprise individuals with 
and without back stripes, with an increasing tendency to 
the presence of back stripes and other coloration varia-
tions in the south of the range. The status of Natrix na-
trix syriaca (Hecht, 1930) from the Gulf of İskenderun, 
Turkey, cannot be resolved due to insufficient material. 
Beyond our study region, Natrix natrix natrix (Linnaeus, 
1758) inhabits the northwestern distribution range of the 
species (Central Europe and Scandinavia).
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Figure S1. Parsimony network for 722 ND4+tRNAs sequences of Natrix natrix. Symbol 
sizes reflect haplotype frequencies. Small black circles are missing node haplotypes; each line 
connecting two haplotypes corresponds to one mutation step, if not otherwise indicated by red 
numbers along lines. Haplotype colors correspond to lineages. 
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Figure S2. Parsimony network for 38 ND4+tRNAs sequences of Natrix tessellata. Symbol 
sizes reflect haplotype frequencies. Small black circles are missing node haplotypes; each line 
connecting two haplotypes corresponds to one mutation step, if not otherwise indicated by red 
numbers along lines. Haplotype colors correspond to lineages. 
 
 
 

 

Figure S3. K values and posterior probabilities for STRUCTURE runs for the four datasets 
derived from STRUCTURE HARVESTER (Earl and vonHoldt 2012). K = 1 could be excluded for 
all runs because of higher posterior probabilities for higher Ks. 
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Table S1. Dice snake and grass snake samples used in the present study. à Excel spreadsheet 
 
 
 

Table S2. Primers used for amplification and sequencing of mitochondrial genes (cyt b, ND4+tRNAs), amplicon lengths, and 
thermocycling conditions. Primers with asterisks were also used for sequencing. 

mtDNA fragment Primer Direction Primer sequence (5’ to 3’) Reference 

cyt b L14724NAT* Forward GACCTGCGGTCCGAAAAACCA Guicking et al. (2006) 

cyt b Thrsnr2* Reverse CTTTGGTTTACAAGAACAATGCTTTA Guicking et al. (2006) 

cyt b Natrix_Cyt_b_For3 Forward CTAGGAAAYACCCTCACAACC Kindler et al. (2013) 

cyt b Natrix_Cyt_b_Rev3 Reverse TTAATGTGTTGYGGGGTTACTA Kindler et al. (2013) 

ND4+tRNAs ND4ab* Forward CACCTATGACTACCAAAAGCTCATGTAGAAGC Guicking et al. (2006) 

ND4+tRNAs tRNA-Leu* Reverse CATTACTTTTACTTGGATTTGCACCA Guicking et al. (2006) 

ND4+tRNAs Natrix_ND4_For4 Forward TCATCAGCACTCTTYTGCCTAGC Schultze et al. (2020) 

ND4+tRNAs Natrix_ND4_Rev4 Reverse AAATTAATGCTGGGRGGRGT Schultze et al. (2020) 

  Thermocycling conditions 

Primer combination Amplicon length  
(without primers) 

Initial 
Denaturation Cycles Denaturation Annealing Extension Final Extension 

L1472NAT +  
Thrsnr2 1155 bp 94°C, 5 min 40 94°C, 45 s 53°C, 45 s 72°C, 60 s 72°C, 10 min 

L1472NAT + 
Natrix_Cyt_b_Rev3 782 bp  94°C, 5 min 40 94°C, 45 s 53°C, 45 s 72°C, 60 s 72°C, 10 min 

Natrix_Cyt_b_For3 + 
Thrsnr2 671 bp 94°C, 5 min 40 94°C, 45 s 53°C, 45 s 72°C, 60 s 72°C, 10 min 

ND4ab +  
tRNA-Leu 866 bp 94°C, 5 min 40 94°C, 45 s 55°C, 45 s 72°C, 60 s 72°C, 10 min 

ND4ab + 
Natrix_ND4_Rev4 436 bp  94°C, 5 min 40 94°C, 45 s 55°C, 45 s 72°C, 60 s 72°C, 10 min 

Natrix_ND4_For4 + 
tRNA-Leu 528 bp 94°C, 5 min 40 94°C, 45 s 55°C, 45 s 72°C, 60 s 72°C, 10 min 

 
 
 
 
 



	 5 

Table S3. Used microsatellite loci and multiplex sets. Forward primers are fluorescent-labeled. Allele size range and number of alleles correspond to whole 
dataset used for the first STRUCTURE run. 

 
Locus Primer sequences (5’ to 3’) Repeat motif Allele size 

range [bp] 
Number 
of alleles 

Multiplex 
set 

Fluorescent 
label 

Annealing 
temperature [°C] Original reference 

Natnat09 for – TGTAAATAACACTGTACCATTTTGG 
rev – TGACTGGGCAACAGAAAAGC (AC)22 80 – 130 21 1 FAM 55 Meister et al. (2009) 

Natnat05 for – TCTGCACTGGGGATAGGAAG 
rev – GTCCCTTTTTCAGTGCTGTTG (GT)16 134 – 194 30 1 HEX 55 Meister et al. (2009) 

µNt8new for – GTATCGTCCTTCCAGACAAG 
rev – GCAAATCAAATAAATCTCACTGG (AC)15 73 – 105 17 1 Atto565 55 Meister et al. (2009) 

Nsµ3 for – CTGACTCACTTCTGACCCTAAT 
rev – AATATTTGCTTGGCTCAAAC 

(ATCT)14ATC 
(CA)20 

137 – 457 46 1 Atto550 55 Prosser et al. (1999) 

µNt3 for – GGCAGGCTATTGGAGAAATG 
rev – GGCAAAACTCCAGGTGCTAC (AC)16 121 – 171 25 2 FAM 60 Gautschi et al. (2000) 

µNt7 for – TTTGAAAGGAGAATGAATCGTG 
rev – CGCGAGGAATCAGAATGAAC (AC)17 164 – 212 25 2 HEX 60 Gautschi et al. (2000) 

Hb30 for – CCCACTGGCTCATTTCAAGT 
rev – CCACATTTGCATCGGAGTG (CA)14 229 – 265 19 2 Atto565 60 Burns and Houlden 

(1999) 

Natnat11 for – GGCTGTTTTCCCAGTGAAGC 
rev – GGTCTGGGGAAAAAGAAAGG (GA)13 104 – 228 25 3 FAM 55 Meister et al. (2009) 

Natnat06 for – AATGGCATTCTCTCCAGCTC 
rev – ACCCATATCCGTATCCATATCC (GT)21 145 – 185 19 3 HEX 55 Meister et al. (2009) 

TbuA09 for – CATCTCAACCAAAGTCGCTTC 
rev – GGATGTTGTGGGGTGTTTTC (AC)7 104 – 130 14 3 Atto565 55 Sloss et al. (2012) 

3TS for – GGTCACTTAAATACAACGAAATTGGTTAGCT 
rev – CGGACAGCTCTGGCTCCCTTG (GATA)19 178 – 298 27 3 Atto550 55 Garner et al. (2002) 

Eobµ1 for – ATCAGTAGGAGTGAGAGCAACT 
rev – CTGCATACTCTTCCAGAACC (TG)21 120 – 142 10 - FAM 51 Blouin-Demers and 

Gibbs (2003) 

Eobµ13 for – TGATCTGAGTCTCTTTCTGG 
rev – CAATTCAAATCCATTGGTTT (AC)20 128 – 162 18 - FAM 51 Blouin-Demers and 

Gibbs (2003) 
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Table S4. Simulated data for inferring hybrid status and pure ancestry using HYBRIDLAB (Nielsen et al. 2006) for all samples. Twenty-five samples each of Natrix 
natrix and N. tessellata were chosen as pure parental genotypes. Using this data set, 25 genotypes of each hybrid class (F1, F2, two backcrosses) were modeled in 
HYBRIDLAB and analyzed with STRUCTURE. Individuals with Q values ≥ 93% were reliably identified as pure N. natrix, individuals with Q values ≥ 94% as pure N. 
tessellata. 

 Natrix 
natrix 

Natrix 
tessellata 

F1 
(referred to natrix 

cluster) 

F1 
(referred to tessellata 

cluster) 

F2 
(referred to natrix 

cluster) 

F2 
(referred to tessellata 

cluster) 

Backcross 
natrix 
× F1 

Backcross  
tessellata 
× F1 

Average Q score 0.970 0.974 0.503 0.497 0.509 0.491 0.799 0.782 

SD 0.012 0.009 0.043 0.043 0.130 0.130 0.095 0.091 

Minimum Q 0.932 0.935 0.382 0.428 0.309 0.217 0.574 0.555 

Maximum Q 0.979 0.981 0.572 0.618 0.783 0.691 0.957 0.914 

Misassignment  if Q ≥ 93%: 0% if Q ≥ 94%: 0% if  Q ≥ 93%: 0% if  Q ≥ 94%: 0% if  Q ≥ 93%: 0% if  Q ≥ 94%: 0% if  Q ≥ 93%: 12% if  Q ≥ 94%: 0% 

 
 
 
 

Table S5. Simulated data for inferring hybrid status and pure ancestry using HYBRIDLAB (Nielsen et al. 2006) for Natrix natrix only. Twenty-five samples each of the 
southern and eastern cluster and of the western cluster of N. natrix were chosen as pure parental genotypes. Using this data set, 25 genotypes of each hybrid class (F1, 
F2, two backcrosses) were modeled in HYBRIDLAB and analyzed with STRUCTURE. Individuals with Q values ≥ 92% were reliably identified as pure representatives of 
the southern and eastern cluster, individuals with Q values ≥ 87% as pure representatives of the western cluster. 

 Southern and 
eastern cluster Western cluster 

F1 
(referred to southern 
and eastern cluster) 

F1 
(referred to western 

cluster) 

F2 
(referred to southern 
and eastern cluster) 

F2 
(referred to western 

cluster) 

Backcross southern 
and eastern cluster 

× F1 

Backcross  
western cluster 

× F1 
Average Q score 0.953 0.939 0.565 0.435 0.521 0.479 0.818 0.764 

SD 0.010 0.027 0.113 0.113 0.152 0.152 0.113 0.109 

Minimum Q 0.923 0.858 0.385 0.246 0.129 0.178 0.541 0.518 

Maximum Q 0.970 0.968 0.754 0.615 0.822 0.871 0.945 0.934 

Misassignment  if Q ≥ 92%: 0% if Q ≥ 87%: 0% if  Q ≥ 92%: 0% if  Q ≥ 87%: 0% if  Q ≥ 92%: 0% if  Q ≥ 87%: 0% if  Q ≥ 92%: 8% if  Q ≥ 87%: 8% 
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Table S6. European Nucleotide Archive (ENA) accession numbers for all haplotypes. 
 

cyt b  ND4+tRNAs 

Haplotype Accession 
number Reference  Haplotype Accession 

number Reference 

Natrix natrix haplotypes 
Lineage 1 of Kindler et al. (2013) 

gr1 LT900468 Kindler et al. (2018)  gr1 LT900416 Kindler et al. (2018) 
gr2 LT900469 Kindler et al. (2018)  gr2 LT900417 Kindler et al. (2018) 
gr3 LT900470 Kindler et al. (2018)  gr3 LT900418 Kindler et al. (2018) 
gr4 LT900471 Kindler et al. (2018)     
gr5 LT900472 Kindler et al. (2018)     
gr6 LT900473 Kindler et al. (2018)     

Lineage 2 of Kindler et al. (2013) 
p1 LT900474 Kindler et al. (2018)  p1 LT900419 Kindler et al. (2018) 
p2 LT900475 Kindler et al. (2018)  p2 LT900420 Kindler et al. (2018) 
p3 LT900476 Kindler et al. (2018)  p3 LT900421 Kindler et al. (2018) 
p4 LT900477 Kindler et al. (2018)  p4 LT900422 Kindler et al. (2018) 
p5 LT900478 Kindler et al. (2018)     

Lineage 3 of Kindler et al. (2013) 
y1 LT839258 Kindler et al. (2017)  y1 LT839104 Kindler et al. (2017) 
y2 LT839259 Kindler et al. (2017)  y2 LT839105 Kindler et al. (2017) 
y3 LT839260 Kindler et al. (2017)  y3 LT839106 Kindler et al. (2017) 
y4 LT839261 Kindler et al. (2017)  y4 LT839107 Kindler et al. (2017) 
y5 LT839262 Kindler et al. (2017)  y5 LT839108 Kindler et al. (2017) 
y6 LT839263 Kindler et al. (2017)  y6 LT839109 Kindler et al. (2017) 
y7 LT839264 Kindler et al. (2017)  y7 LT839110 Kindler et al. (2017) 
y8 LT839265 Kindler et al. (2017)  y8 LT839111 Kindler et al. (2017) 
y9 LT839266 Kindler et al. (2017)  y9 LT839112 Kindler et al. (2017) 

y10 LT839267 Kindler et al. (2017)  y10 LT839113 Kindler et al. (2017) 
y11 LT839268 Kindler et al. (2017)  y11 LT839114 Kindler et al. (2017) 
y12 LT839269 Kindler et al. (2017)  y12 LT839115 Kindler et al. (2017) 
y13 LT839270 Kindler et al. (2017)  y13 LT839116 Kindler et al. (2017) 
y14 LT839271 Kindler et al. (2017)  y14 LT839117 Kindler et al. (2017) 
y15 LT839272 Kindler et al. (2017)  y15 LT839118 Kindler et al. (2017) 
y16 LT839273 Kindler et al. (2017)  y16 LT839119 Kindler et al. (2017) 
y17 LT839274 Kindler et al. (2017)  y17 LT839120 Kindler et al. (2017) 
y18 LT839275 Kindler et al. (2017)  y18 LT839121 Kindler et al. (2017) 
y19 LT839276 Kindler et al. (2017)  y19 LT839122 Kindler et al. (2017) 
y20 LT839277 Kindler et al. (2017)  y20 LT839123 Kindler et al. (2017) 
y21 LT839278 Kindler et al. (2017)  y21 LT839124 Kindler et al. (2017) 
y22 LT839279 Kindler et al. (2017)  y22 LT839125 Kindler et al. (2017) 
y23 LT839280 Kindler et al. (2017)  y23 LT839126 Kindler et al. (2017) 
y24 LT839281 Kindler et al. (2017)  y24 LT839127 Kindler et al. (2017) 
y25 LT839282 Kindler et al. (2017)  y25 LT839128 Kindler et al. (2017) 
y26 LT839283 Kindler et al. (2017)  y26 LT839129 Kindler et al. (2017) 
y27 LT839284 Kindler et al. (2017)  y27 LT839130 Kindler et al. (2017) 
y28 LT839285 Kindler et al. (2017)  y28 LT839131 Kindler et al. (2017) 
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nTable S6 continued     
cyt b  ND4+tRNAs 

Haplotype Accession 
number Reference  Haplotype Accession 

number Reference 

Lineage 3 of Kindler et al. (2013) 
y29 LT839286 Kindler et al. (2017)  y29 LT839132 Kindler et al. (2017) 
y30 LT839287 Kindler et al. (2017)  y30 LT839133 Kindler et al. (2017) 
y31 LT839288 Kindler et al. (2017)  y31 LT839134 Kindler et al. (2017) 
y32 LT839289 Kindler et al. (2017)  y32 LT839135 Kindler et al. (2017) 
y33 LT839290 Kindler et al. (2017)  y33 LT839136 Kindler et al. (2017) 
y34 LT839291 Kindler et al. (2017)  y34 LT839137 Kindler et al. (2017) 
y35 LT839292 Kindler et al. (2017)  y35 LT839138 Kindler et al. (2017) 
y36 LT839293 Kindler et al. (2017)  y36 LT839139 Kindler et al. (2017) 
y37 LT839294 Kindler et al. (2017)  y37 LT839140 Kindler et al. (2017) 
y38 LT839295 Kindler et al. (2017)  y38 LT839141 Kindler et al. (2017) 
y39 LT839296 Kindler et al. (2017)  y39 LT839142 Kindler et al. (2017) 
y40 LT839297 Kindler et al. (2017)  y40 LT839143 Kindler et al. (2017) 
y41 LT839298 Kindler et al. (2017)  y41 LT839144 Kindler et al. (2017) 
y42 LT839299 Kindler et al. (2017)  y42 LT839145 Kindler et al. (2017) 
y43 LR694442 Schultze et al. (2019)  y43 LT839146 Kindler et al. (2017) 
y44 LR991918 Asztalos et al. (2021a)  y44 LR694443 Schultze et al. (2019) 
y45 LR991919 Asztalos et al. (2021a)  y45 LR694444 Schultze et al. (2019) 
y46 LR991920 Asztalos et al. (2021a)  y46 LR694445 Schultze et al. (2019) 
y47 LR991921 Asztalos et al. (2021a)  y47 LR991928 Asztalos et al. (2021a) 

y48 LR991922 Asztalos et al. (2021a)  y48 LR991929 Asztalos et al. (2021a) 

y49 LR991923 Asztalos et al. (2021a)     
Lineage 4 of Kindler et al. (2013) 

r1 LT839300 Kindler et al. (2017)   r1 LT839147 Kindler et al. (2017) 
r2 LT839301 Kindler et al. (2017)   r2 LT839148 Kindler et al. (2017) 
r3 LT839302 Kindler et al. (2017)   r3 LT839149 Kindler et al. (2017) 
r4 LT839303 Kindler et al. (2017)   r4 LT839150 Kindler et al. (2017) 
r5 LT839304 Kindler et al. (2017)   r5 LT839151 Kindler et al. (2017) 
r6 LT839305 Kindler et al. (2017)   r6 LT839152 Kindler et al. (2017) 
r7 LT839306 Kindler et al. (2017)   r7 LT839153 Kindler et al. (2017) 
r8 LT839307 Kindler et al. (2017)   r8 LT839154 Kindler et al. (2017) 
r9 LT839308 Kindler et al. (2017)   r9 LT839155 Kindler et al. (2017) 

r10 LT839309 Kindler et al. (2017)   r10 LT839156 Kindler et al. (2017) 
r11 LT839310 Kindler et al. (2017)   r11 LT839157 Kindler et al. (2017)  
r12 LT839311 Kindler et al. (2017)   r12 LT839158 Kindler et al. (2017)  
r13 LT839312 Kindler et al. (2017)   r13 LT839159 Kindler et al. (2017)  
r14 LT839313 Kindler et al. (2017)   r14 LT839160 Kindler et al. (2017)  
r15 LT839314 Kindler et al. (2017)   r15 LT839161 Kindler et al. (2017)  
r16 LT839315 Kindler et al. (2017)   r16 LT839162 Kindler et al. (2017)  
r17 LT839316 Kindler et al. (2017)   r17 LT839163 Kindler et al. (2017)  
r18 LT839317 Kindler et al. (2017)   r18 LT839164 Kindler et al. (2017)  
r19 LT839318 Kindler et al. (2017)   r19 LT839165 Kindler et al. (2017)  
r20 LT839319 Kindler et al. (2017)   r20 LT839166 Kindler et al. (2017)  
r21 LT839320 Kindler et al. (2017)   r21 LT839167 Kindler et al. (2017)  
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nTable S6 continued     
cyt b  ND4+tRNAs 

Haplotype Accession 
number Reference  Haplotype Accession 

number Reference 

Lineage 4 of Kindler et al. (2013) 
r22 LT839321 Kindler et al. (2017)   r22 LT839168 Kindler et al. (2017)  
r23 LT839322 Kindler et al. (2017)   r23 LT839169 Kindler et al. (2017)  
r24 LT839323 Kindler et al. (2017)   r24 LT839170 Kindler et al. (2017)  
r25 LT839324 Kindler et al. (2017)   r25 LT839171 Kindler et al. (2017)  
r26 LT839325 Kindler et al. (2017)   r26 LT839172 Kindler et al. (2017)  
r27 LT839326 Kindler et al. (2017)   r27 LT839173 Kindler et al. (2017)  
r28 LT839327 Kindler et al. (2017)   r28 LT839174 Kindler et al. (2017)  
r29 LT839328 Kindler et al. (2017)   r29 LT839175 Kindler et al. (2017)  
r30 LT839329 Kindler et al. (2017)   r30 LT839176 Kindler et al. (2017)  
r31 LT839330 Kindler et al. (2017)   r31 LT839177 Kindler et al. (2017)  
r32 LT839331 Kindler et al. (2017)   r32 LT839178 Kindler et al. (2017)  
r33 LT839332 Kindler et al. (2017)   r33 LT839179 Kindler et al. (2017)  
r34 LT839333 Kindler et al. (2017)   r34 LR721660 Schultze et al. (2020) 
r35 LT839334 Kindler et al. (2017)   r35 LR721661 Schultze et al. (2020) 
r36 LT839335 Kindler et al. (2017)   r36 LR991926 Asztalos et al. (2021a) 
r37 LT839336 Kindler et al. (2017)   r37 LR991927 Asztalos et al. (2021a) 
r38 LT839337 Kindler et al. (2017)   r38 LR983952 Ahnelt et al. (2021) 
r39 LT839338 Kindler et al. (2017)   r39 OU862605 This study 
r40 LT839339 Kindler et al. (2017)      
r41 LT839340 Kindler et al. (2017)      
r42 LT839341 Kindler et al. (2017)      
r43 LT839342 Kindler et al. (2017)      
r44 LT839343 Kindler et al. (2017)      
r45 LT839344 Kindler et al. (2017)      
r46 LT839345 Kindler et al. (2017)      
r47 LT839346 Kindler et al. (2017)      
r48 LT839347 Kindler et al. (2017)      
r49 LT839348 Kindler et al. (2017)      
r50 LT839349 Kindler et al. (2017)      
r51 LT839350 Kindler et al. (2017)      
r52 LT839351 Kindler et al. (2017)      
r53 LT839352 Kindler et al. (2017)      
r54 LT839353 Kindler et al. (2017)      
r55 LT839354 Kindler et al. (2017)      
r56 LT839355 Kindler et al. (2017)      
r57 LT839356 Kindler et al. (2017)      
r58 LT839357 Kindler et al. (2017)      
r59 LT839358 Kindler et al. (2017)      
r60 LT839359 Kindler et al. (2017)      
r61 LT839360 Kindler et al. (2017)      
r62 LT839361 Kindler et al. (2017)      
r63 LT839362 Kindler et al. (2017)      
r64 LT839363 Kindler et al. (2017)      
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nTable S6 continued     
cyt b  ND4+tRNAs 

Haplotype Accession 
number Reference  Haplotype Accession 

number Reference 

Lineage 4 of Kindler et al. (2013) 
r65 LT839364 Kindler et al. (2017)      
r66 LT839365 Kindler et al. (2017)      
r67 LR991914 Asztalos et al. (2021a)     
r68 LR991915 Asztalos et al. (2021a)     
r69 LR991916 Asztalos et al. (2021a)     
r70 LR991917 Asztalos et al. (2021a)     
r71 AY487731 Guicking et al. (unpubl.)    

Lineage 5 of Kindler et al. (2013) 
l1 LT839366 Kindler et al. (2017)   l1 LT839180 Kindler et al. (2017)  
l2 LT839367 Kindler et al. (2017)   l2 LT839181 Kindler et al. (2017)  
l3 LT839368 Kindler et al. (2017)   l3 LT839182 Kindler et al. (2017)  
l4 LT839369 Kindler et al. (2017)   l4 LT839183 Kindler et al. (2017)  
l5 LT839370 Kindler et al. (2017)   l5 LT839184 Kindler et al. (2017)  
l6 LT839371 Kindler et al. (2017)   l6 LT839185 Kindler et al. (2017)  
l7 LT839372 Kindler et al. (2017)   l7 LT839186 Kindler et al. (2017)  
l8 LT839373 Kindler et al. (2017)   l8 LT839187 Kindler et al. (2017)  
l9 LT839374 Kindler et al. (2017)   l9 LT839188 Kindler et al. (2017)  

l10 LT839375 Kindler et al. (2017)   l10 LT839189 Kindler et al. (2017)  
l11 LT839376 Kindler et al. (2017)   l11 LT839190 Kindler et al. (2017)  
l12 LT839377 Kindler et al. (2017)   l12 LT839191 Kindler et al. (2017)  
l13 LT839378 Kindler et al. (2017)   l13 LT839192 Kindler et al. (2017)  
l14 LT839379 Kindler et al. (2017)   l14 LT839193 Kindler et al. (2017)  
l15 LT839380 Kindler et al. (2017)   l15 LT839194 Kindler et al. (2017)  
l16 LT839381 Kindler et al. (2017)   l16 LT839195 Kindler et al. (2017)  
l17 LT839382 Kindler et al. (2017)   l17 LT839196 Kindler et al. (2017)  
l18 LT839383 Kindler et al. (2017)   l18 LT839197 Kindler et al. (2017)  
l19 LT839384 Kindler et al. (2017)   l19 LT839198 Kindler et al. (2017)  
l20 LT839385 Kindler et al. (2017)   l20 LT839199 Kindler et al. (2017)  
l21 LT839386 Kindler et al. (2017)      
l22 LT839387 Kindler et al. (2017)      
l23 OU862648 This study     
l24 AY487742 Guicking et al. (unpubl.)    
l25 AY487746 Guicking et al. (unpubl.)    
l26 AY487725 Guicking et al. (unpubl.)    

Lineage 6 of Kindler et al. (2013) 
rs1 LT900479 Kindler et al. (2018)  rs1 LT900423 Kindler et al. (2018) 
rs2 LT900480 Kindler et al. (2018)     

Lineage 7 of Kindler et al. (2013) 
gy1 LT839388 Kindler et al. (2017)   gy1 LT839200 Kindler et al. (2017)  
gy2 LT839389 Kindler et al. (2017)   gy2 LT839201 Kindler et al. (2017)  
gy3 LT839390 Kindler et al. (2017)   gy3 LT839202 Kindler et al. (2017)  
gy4 LT839391 Kindler et al. (2017)   gy4 LT839203 Kindler et al. (2017)  
gy5 LT839392 Kindler et al. (2017)   gy5 LT839204 Kindler et al. (2017)  
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nTable S6 continued     
cyt b  ND4+tRNAs 

Haplotype Accession 
number Reference  Haplotype Accession 

number Reference 

Lineage 7 of Kindler et al. (2013) 
gy6 LT839393 Kindler et al. (2017)   gy6 LT839205 Kindler et al. (2017)  
gy7 LT839394 Kindler et al. (2017)   gy7 LT839206 Kindler et al. (2017)  
gy8 LT839395 Kindler et al. (2017)   gy8 LT839207 Kindler et al. (2017)  
gy9 LT839396 Kindler et al. (2017)   gy9 LT839208 Kindler et al. (2017)  

gy10 LT839397 Kindler et al. (2017)   gy10 LT839209 Kindler et al. (2017)  
gy11 LT839398 Kindler et al. (2017)   gy11 LT839210 Kindler et al. (2017)  
gy12 LT839399 Kindler et al. (2017)   gy12 LR963483 Asztalos et al. (2021b) 
gy13 LT839400 Kindler et al. (2017)   gy13 OU862606 This study 
gy14 LR963484 Asztalos et al. (2021b)  gy14 OU862607 This study 
gy15 OU862649 This study  gy15 OU862608 This study 
gy16 OU862650 This study  gy16 OU862609 This study 
gy17 OU862651 This study  gy17 OU862610 This study 
gy18 OU862652 This study  gy18 OU862611 This study 
gy19 OU862653 This study  gy19 OU862612 This study 
gy20 OU862654 This study  gy20 OU862613 This study 
gy21 OU862655 This study  gy21 OU862614 This study 
gy22 OU862656 This study  gy22 OU862615 This study 
gy23 OU862657 This study  gy23 OU862616 This study 
gy24 OU862658 This study  gy24 OU862617 This study 
gy25 OU862659 This study  gy25 OU862618 This study 
gy26 OU862660 This study  gy26 OU862619 This study 
gy27 OU862661 This study  gy27 OU862620 This study 
gy28 OU862662 This study  gy28 OU862621 This study 
gy29 OU862663 This study  gy29 OU862622 This study 
gy30 OU862664 This study  gy30 OU862623 This study 
gy31 OU862665 This study  gy31 OU862624 This study 

Lineage 8 of Kindler et al. (2013) 
gn1 LT839401 Kindler et al. (2017)   gn1 LT839211 Kindler et al. (2017)  
gn2 LT839402 Kindler et al. (2017)   gn2 LT839212 Kindler et al. (2017)  
gn3 LT839403 Kindler et al. (2017)   gn3 LT839213 Kindler et al. (2017)  
gn4 LT839404 Kindler et al. (2017)   gn4 LT839214 Kindler et al. (2017)  
gn5 LT839405 Kindler et al. (2017)   gn5 LT839215 Kindler et al. (2017)  
gn6 LT839406 Kindler et al. (2017)   gn6 LT839216 Kindler et al. (2017)  
gn7 LT839407 Kindler et al. (2017)   gn7 LT839217 Kindler et al. (2017)  
gn8 LT839408 Kindler et al. (2017)   gn8 LT839218 Kindler et al. (2017)  
gn9 LT839409 Kindler et al. (2017)   gn9 LT839219 Kindler et al. (2017)  

gn10 LT839410 Kindler et al. (2017)   gn10 LT839220 Kindler et al. (2017)  
gn11 LT839411 Kindler et al. (2017)   gn11 LT839221 Kindler et al. (2017)  
gn12 LT839412 Kindler et al. (2017)   gn12 LT839222 Kindler et al. (2017)  
gn13 LT839413 Kindler et al. (2017)   gn13 LT839223 Kindler et al. (2017)  
gn14 LT839414 Kindler et al. (2017)   gn14 LT839224 Kindler et al. (2017)  
gn15 LT839415 Kindler et al. (2017)   gn15 LT839225 Kindler et al. (2017)  
gn16 LT839416 Kindler et al. (2017)   gn16 LT839226 Kindler et al. (2017)  
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nTable S6 continued     
cyt b  ND4+tRNAs 

Haplotype Accession 
number Reference  Haplotype Accession 

number Reference 

Lineage 8 of Kindler et al. (2013) 
gn17 LT839417 Kindler et al. (2017)   gn17 OU862625 This study 
gn18 LT839418 Kindler et al. (2017)   gn18 OU862626 This study 
gn19 LT839419 Kindler et al. (2017)   gn19 OU862627 This study 
gn20 LT839420 Kindler et al. (2017)   gn20 OU862628 This study 
gn21 LT839421 Kindler et al. (2017)   gn21 OU862629 This study 
gn22 OU862666 This study     
gn23 OU862667 This study     
gn24 OU862668 This study     
gn25 OU862669 This study     
gn26 OU862670 This study     
gn27 OU862671 This study     
gn28 AF471059 Lawson et al. (2005)     
gn29 AY487723 Guicking et al. (unpubl.)    
gn30 AY487730 Guicking et al. (unpubl.)    
gn31 AY487735 Guicking et al. (unpubl.)    
gn32 AY487736 Guicking et al. (unpubl.)    
gn33 AY487740 Guicking et al. (unpubl.)    
gn34 AY487749 Guicking et al. (unpubl.)    
gn35 AY487750 Guicking et al. (unpubl.)    
gn36 AY487754 Guicking et al. (unpubl.)    

Natrix tessellata haplotypes 
Lineage A of Guicking et al. (2009) 

A1 AY487620 Guicking et al. (2009)     
A2 AY487623 Guicking et al. (2009)     
A3 AY487624 Guicking et al. (2009)     
A4 AY487621 Guicking et al. (2009)     
A5 AY487622 Guicking et al. (2009)     
A6 AY866532 Guicking et al. (2006)     
A7 AY487626 Guicking et al. (2009)     
A8 AY487629 Guicking et al. (2009)     
A9 AY487627 Guicking et al. (2009)     

A10 AY487628 Guicking et al. (2009)     
A11 AY487625 Guicking et al. (2009)     
A12 EU119167 Guicking et al. (2009)     

Lineage C of Guicking et al. (2009) 
C1 AY487630 Guicking et al. (2009)     
C2 AY487631 Guicking et al. (2009)     
C3 JX315485 Kyriazi et al. (2013)     
C4 JX315486 Kyriazi et al. (2013)     

Lineage E of Guicking et al. (2009) 
E1 AY487632 Guicking et al. (2009)  E1 OU862630 This study 
E2 AY487633 Guicking et al. (2009)  E2 OU862631 This study 
E3 AY487637 Guicking et al. (2009)  E3 OU862632 This study 
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nTable S6 continued     
cyt b  ND4+tRNAs 

Haplotype Accession 
number Reference  Haplotype Accession 

number Reference 

Lineage E of Guicking et al. (2009) 
E4 AY487634 Guicking et al. (2009)  E4 OU862633 This study 
E5 AY487635 Guicking et al. (2009)  E5 OU862634 This study 
E6 AY487636 Guicking et al. (2009)  E6 OU862635 This study 
E7 AY486533 Guicking et al. (2009)  E7 OU862636 This study 
E8 AY486534 Guicking et al. (2009)  E8 OU862637 This study 
E9 AY487638 Guicking et al. (2009)     

E10 AY487639 Guicking et al. (2009)     
E11 AY487640 Guicking et al. (2009)     
E12 AY487641 Guicking et al. (2009)     
E13 AY487642 Guicking et al. (2009)     
E14 AY487643 Guicking et al. (2009)     
E15 AY487644 Guicking et al. (2009)     
E16 AY487649 Guicking et al. (2009)     
E17 AY487651 Guicking et al. (2009)     
E18 AY487652 Guicking et al. (2009)     
E19 AY487646 Guicking et al. (2009)     
E20 AY487647 Guicking et al. (2009)     
E21 AY487650 Guicking et al. (2009)     
E22 AY487645 Guicking et al. (2009)     
E23 AY487648 Guicking et al. (2009)     
E24 AY487653 Guicking et al. (2009)     
E25 AY487655 Guicking et al. (2009)     
E26 AY487660 Guicking et al. (2009)     
E27 AY487661 Guicking et al. (2009)     
E28 AY487656 Guicking et al. (2009)     
E29 AY487668 Guicking et al. (2009)     
E30 AY487665 Guicking et al. (2009)     
E31 AY487662 Guicking et al. (2009)     
E32 AY487663 Guicking et al. (2009)     
E33 AY487664 Guicking et al. (2009)     
E34 AY487666 Guicking et al. (2009)     
E35 AY487667 Guicking et al. (2009)     
E36 AY487654 Guicking et al. (2009)     
E37 AY487657 Guicking et al. (2009)     
E38 AY487658 Guicking et al. (2009)     
E39 AY487659 Guicking et al. (2009)     
E40 AY487669 Guicking et al. (2009)     
E41 AY487670 Guicking et al. (2009)     
E42 AY487672 Guicking et al. (2009)     
E43 AY487671 Guicking et al. (2009)     
E44 AY487674 Guicking et al. (2009)     
E45 AY487673 Guicking et al. (2009)     
E46 AY487678 Guicking et al. (2009)     
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nTable S6 continued     
cyt b  ND4+tRNAs 

Haplotype Accession 
number Reference  Haplotype Accession 

number Reference 

Lineage E of Guicking et al. (2009) 
E47 AY487679 Guicking et al. (2009)     
E48 AY487680 Guicking et al. (2009)     
E49 AY487675 Guicking et al. (2009)     
E50 AY487676 Guicking et al. (2009)     
E51 AY487677 Guicking et al. (2009)     
E52 OU862672 This study     
E53 OU862673 This study     
E54 OU862674 This study     
E55 OU862675 This study     
E56 OU862676 This study     
E57 OU862677 This study     
E58 OU862678 This study     
E59 OU862679 This study     
E60 OU862680 This study     
E61 OU862681 This study     
E62 JX315493 Kyriazi et al. (2013)     
E63 JX315491 Kyriazi et al. (2013)     
E64 JX315494 Kyriazi et al. (2013)     
E65 JX315495 Kyriazi et al. (2013)     
E66 JX315496 Kyriazi et al. (2013)     

Lineage G of Guicking et al. (2009) 
G1 AY487577 Guicking et al. (2009)     
G2 AY487578 Guicking et al. (2009)     
G3 AY487579 Guicking et al. (2009)     
G4 AY487580 Guicking et al. (2009)     
G5 AY487581 Guicking et al. (2009)     
G6 AY487582 Guicking et al. (2009)     
G7 AY487583 Guicking et al. (2009)     
G8 AY487587 Guicking et al. (2009)     
G9 AY487588 Guicking et al. (2009)     

G10 AY487584 Guicking et al. (2009)     
G11 AY487585 Guicking et al. (2006)     
G12 AY487586 Guicking et al. (2009)     
G13 JX315490 Kyriazi et al. (2013)     
G14 JX315489 Kyriazi et al. (2013)     
G15 JX315488 Kyriazi et al. (2013)     

Lineage I of Guicking et al. (2009) 
I1 AY487575 Guicking et al. (2009)     
I2 AY487574 Guicking et al. (2006)     
I3 AY487576 Guicking et al. (2009)     

Lineage J of Guicking et al. (2009) 
J1 AY487589 Guicking et al. (2009)     
J2 AY487591 Guicking et al. (2006)     
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nTable S6 continued     
cyt b  ND4+tRNAs 

Haplotype Accession 
number Reference  Haplotype Accession 

number Reference 

Lineage J of Guicking et al. (2009) 
J3 AY487590 Guicking et al. (2006)     

Lineage K of Guicking et al. (2009) 
K1 AY487602 Guicking et al. (2009)     
K2 AY487607 Guicking et al. (2009)     
K3 AY487603 Guicking et al. (2009)     
K4 AY487604 Guicking et al. (2009)     
K5 AY487606 Guicking et al. (2009)     
K6 AY487605 Guicking et al. (2009)     
K7 AY487608 Guicking et al. (2009)     
K8 AY487609 Guicking et al. (2009)     
K9 AY487612 Guicking et al. (2009)     

K10 AY487613 Guicking et al. (2009)     
K11 AY487610 Guicking et al. (2009)     
K12 AY487611 Guicking et al. (2009)     

Lineage T of Guicking et al. (2009) 
T1 AY487592 Guicking et al. (2009)  T1 OU862638 This study 
T2 AY487593 Guicking et al. (2009)  T2 OU862639 This study 
T3 AY487594 Guicking et al. (2009)  T3 OU862640 This study 
T4 AY487595 Guicking et al. (2009)  T4 OU862641 This study 
T5 AY487596 Guicking et al. (2009)  T5 OU862642 This study 
T6 AY487597 Guicking et al. (2009)  T6 OU862643 This study 
T7 AY866531 Guicking et al. (2006)  T7 OU862644 This study 
T8 AY487598 Guicking et al. (2009)  T8 OU862645 This study 
T9 AY487599 Guicking et al. (2009)  T9 OU862646 This study 

T10 AY487600 Guicking et al. (2009)  T10 OU862647 This study 
T11 AY487601 Guicking et al. (2009)     
T12 EU119169 Guicking et al. (2009)     
T13 EU119171 Guicking et al. (2009)     
T14 EU119170 Guicking et al. (2009)     
T15 EU119168 Guicking et al. (2009)     
T16 OU862682 This study     
T17 OU862683 This study     
T18 OU862684 This study     
T19 OU862685 This study     
T20 OU862686 This study     
T21 OU862687 This study     
T22 OU862688 This study     
T23 OU862689 This study     
T24 OU862690 This study     
T25 JX315499 Kyriazi et al. (2013)     
T26 JX315498 Kyriazi et al. (2013)     
T27 JX315501 Kyriazi et al. (2013)     
T28 JX315502 Kyriazi et al. (2013)     
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nTable S6 continued     
cyt b  ND4+tRNAs 

Haplotype Accession 
number Reference  Haplotype Accession 

number Reference 

Lineage T of Guicking et al. (2009) 
T29 JX315504 Kyriazi et al. (2013)     
T30 JX315492 Kyriazi et al. (2013)     
T31 JX315500 Kyriazi et al. (2013)     
T32 JX315503 Kyriazi et al. (2013)     

Lineage U of Guicking et al. (2009) 
U1 AY487614 Guicking et al. (2009)     
U2 AY487616 Guicking et al. (2009)     
U3 AY487617 Guicking et al. (2009)     
U4 AY487618 Guicking et al. (2009)     
U5 AY487619 Guicking et al. (2009)     
U6 AY487615 Guicking et al. (2009)     

 
 

Table S7. Mean uncorrected p distances (percentages) between and 
within dice snakes and grass snakes calculated with MEGA 10.2.3 
(Kumar et al. 2018) based on the number of haplotypes (nh). Between-
group value for ND4+tRNAs above the diagonal; for cyt b below the 
diagonal. 

  Between-group values Within-group values 
  N. natrix N. tessellata nh cyt b nh ND4+tRNAs 

N. natrix - 12.10 266 2.68 166 3.34 
N. tessellata 11.50 - 153 3.65 19 5.21 
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Table S8. Mean uncorrected p distances (percentages) for the mitochondrial lineages in the study region, based on distinct haplotypes 
calculated with MEGA 10.2.3 (Kumar et al. 2018). Between-group values for ND4+tRNAs above the diagonal; for cyt b below the 
diagonal. The mtDNA fragment containing the partial ND4 gene plus tRNA genes (866 bp) had 288 variable sites and 191 parsimony-
informative sites across all haplotypes; for the cyt b gene (1117 bp) the representative values were 403 and 352. Black-coded values 
correspond to interspecific divergences; orange and blue-coded values correspond to intraspecific divergences of Natrix natrix and N. 
tessellata, respectively. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

nh – number of haplotypes

 Between-group values Within-group values 

Lineage 1 2 3 4 5 6 7 8 A C E G I J K T U nh cyt b nh ND4+tRNAs 

1 - 0.76 4.25 4.62 4.48 4.30 3.60 4.71 - - 12.67 - - - - 12.53 - 6 0.27 3 0.32 

2 0.96 - 4.42 4.74 4.62 4.50 3.81 4.85 - - 12.31 - - - - 12.25 - 5 0.30 4 0.19 

3 3.37 3.44 - 5.17 4.94 3.93 3.96 5.02 - - 12.65 - - - - 12.58 - 49 0.19 48 0.33 

4 3.42 3.61 4.03 - 0.60 4.16 3.55 4.78 - - 12.61 - - - - 11.67 - 71 0.39 39 0.41 

5 3.15 3.33 3.74 1.03 - 4.13 3.41 4.74 - - 12.48 - - - - 11.63 - 26 0.21 20 0.33 

6 3.62 3.85 4.21 3.82 3.58 - 2.67 3.58 - - 12.79 - - - - 11.79 - 2 0.07 1 n/c 

7 2.80 2.79 3.30 3.10 2.94 2.76 - 2.24 - - 11.52 - - - - 11.41 - 31 0.51 30 0.56 

8 3.65 3.69 3.90 3.51 3.67 3.01 2.35 - - - 12.61 - - - - 11.42 - 36 0.40 21 0.42 

A 11.33 11.42 11.81 10.80 10.82 10.76 11.18 11.98 - - - - - - - - - 12 0.30 - - 

C 11.80 11.79 12.55 11.10 11.20 11.47 11.93 12.53 4.97 - - - - - - - - 4 0.23 - - 

E 11.81 11.77 12.53 10.97 11.23 11.56 11.91 12.30 5.05 1.93 - - - - - 6.93 - 66 0.34 8 3.51 

G 10.78 10.65 11.43 10.64 10.70 10.48 10.72 11.20 6.04 5.80 5.66 - - - - - - 15 0.66 - - 

I 10.12 10.05 10.50 9.82 9.73 9.31 10.11 10.19 5.82 6.15 5.98 5.78 - - - - - 3 0.29 - - 

J 10.43 10.60 11.43 10.78 10.52 10.23 10.69 11.38 5.69 5.35 5.20 5.82 5.63 - - - - 3 0.12 - - 

K 11.95 11.87 12.14 11.56 11.51 11.19 11.68 12.32 1.70 4.93 5.08 5.78 5.76 5.58 - - - 12 0.37 - - 

T 11.39 11.34 11.99 10.74 10.79 10.78 11.26 11.72 2.84 4.40 4.69 5.59 5.35 5.44 2.87 - - 32 1.12 11 3.33 

U 11.19 11.22 11.52 10.89 10.90 10.69 11.18 11.92 1.34 5.07 5.10 5.72 5.93 5.58 1.89 2.78 - 6 0.23 - - 
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Table S9. Genetic diversity of grass snakes harboring mitochondrial lineage 7 from 
Bulgaria, Cyprus, Greece (East Macedonia and Thrace) and Turkey (western 
Anatolia) based on 13 microsatellite loci. 
 

 Microsatellites 

Cluster n nA nĀ AR HO HE FIS 

Bulgaria 18 108 8.31 7.979 0.667 0.717 0.085* 

Cyprus 27 65 5.00 4.895 0.336 0.485 0.288* 

Greece (East Macedonia and Thrace) 17 77 5.92 5.835 0.672 0.697 0.084 

Turkey (western Anatolia) 70 177 13.62 8.727 0.548 0.699 0.250* 
*p<0.05; n: number of individuals; nA: number of alleles; nĀ: average number of alleles per locus; AR: allelic 
richness; HO: average observed heterozygosity; HE: average expected heterozygosity; FIS: inbreeding coefficient. 
 
AR was calculated in FSTAT 2.9.4 (Goudet 1995); the remaining values were calculated locus-by-locus using 
ARLEQUIN 3.5.2.2 (Excoffier and Liescher 2010) with 1,000,000 Markov chain and 100,000 dememorization 
steps. 
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Table S10. Alleles per microsatellite locus for pure grass snakes (n = 103), N. natrix x N. tessellata hybrids (n = 26) and pure dice snakes 
(n = 52) from Turkey. Private alleles and alleles shared between hybrids and parental species are color-coded.  
 
Locus/cluster Alleles                         

Natnat09 80 82 86 90 94 96 98 100 102 104 106 108 110 112 114 116 118 120 122 130       

N. natrix + + + + + + - + + + + + + + + + + + + +       

N. natrix x N. tessellata + - - - - - - + + + + + + + + + - - - -       

N. tessellata - - - - + + + + + - + + + + + + - + + -       

Natnat05 134 136 138 140 142 144 146 148 150 152 154 156 158 160 162 164 172 174 176 178 180 182 184 186 188 192 

N. natrix + + + + - + + + + + + + - - + - + + + + + + + + + + 

N. natrix x N. tessellata + + + - + - + - - + - - - - + + + - - + - - - - - - 

N. tessellata - - - + + - + - - - + + + + + + + - - - - - - - - - 

µNt8new 73 75 77 79 81 83 85 87 89 91 93 95 97 99 101 103 105          

N. natrix - - - - + + - + + + + + + + + + +          

N. natrix x N. tessellata + - + + - + + + + + + + - + - - -          

N. tessellata + + - - + + + + - + + + + + + - -          

Nsµ3 137 139 141 145 147 149 151 153 155 157 159 161 163 165 167 169 171 173 175 177 179 181 183 185 187 189 

N. natrix - + + + + + + + + + + + + + + + + + + + + + + + + + 

N. natrix x N. tessellata + - - - - - + - - + + - + - - + - - + + - + - + - + 

N. tessellata - - - - - - - - - - - - - - - - - - + + - - - + - + 

Nsµ3 (continued) 193 195 197 201 205 207 209 211 213 215 217 221 225 229 233            

N. natrix - + - - - + + - - + - - - - -            

N. natrix x N. tessellata + - - + + - - + + - + - - - -            

N. tessellata + - + + + - + - + - + + + + +            

µNt3 121 123 125 127 129 131 133 135 139 141 143 145 147 149 151 153 155 157 163 167 169 171     

N. natrix + + + + + + + + - + + + - + + - + - + - - -     

N. natrix x N. tessellata - + - + + + + - + - + + - + - + + + + - - -     

N. tessellata - - - - - + + + - + - + + + + + + + + + + +     
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nTable S10 continued                        

Locus/cluster Alleles                         

µNt7 170 172 174 178 180 182 184 186 188 190 192 194 196 198 200 202 204 206 208 212       

N. natrix + + + + + + + + + + + + + + + + + + + +       

N. natrix x N. tessellata + - - + - + + + + + - - + + + - - + - -       

N. tessellata - + + + + + + + + + + + - - - - + - - -       

Hb30 229 233 235 237 239 241 243 245 247 249 251 253 255 257 259 261 263 265         

N. natrix - + + + + + + + + + + + + + + + + -         

N. natrix x N. tessellata + + + + + + + + - + - - - - - - - -         

N. tessellata - - + - + + + + - - - - - - - - - +         

Natnat11 104 106 108 110 112 126 168 172 174 182 184 190 194 198 202            

N. natrix + + - + + - + + + + + + + + +            

N. natrix x N. tessellata - + + + + - - - - - - - - - -            

N. tessellata + + + - - + - - - - - - - - -            

Natnat06 145 147 153 155 157 159 161 163 165 167 169 177 181              

N. natrix + + + + - - - - - - + + -              

N. natrix x N. tessellata - - + + - + + + + + + - +              

N. tessellata - + - + + + + + + + - - -              

3TS 178 182 186 202 206 210 218 226 230 234 238 242 246 250 254 258 270 282 286 290 294 298     

N. natrix + + + + + + + + + + + + + + + + - - - - - -     

N. natrix x N. tessellata - - + + - - + + - + + + + + + + - + + - - -     

N. tessellata + - - - - - - + + + + + + + + + + + + + + +     

TbA09 104 106 108 112 114 116 118 120 122 124 126 128 130              

N. natrix - - - + + + - + + + + + +              

N. natrix x N. tessellata + + - + + + + + + + - - -              

N. tessellata + + + - - - - - - - - - -              
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nTable S10 continued                        

Locus/cluster Alleles                         

Eobµ1 120 122 124 128 130 134 136 138 140 142                 

N. natrix + + + + + + + + + +                 

N. natrix x N. tessellata + + + + + - + + - -                 

N. tessellata - + + - - - - - - -                 

Eob13 128 130 132 134 136 138 140 142 144 146 148 150 152 154 156 158 160          

N. natrix + + + + + + + + + + + + + + + - -          

N. natrix x N. tessellata - - + + - - - + + + + + - + + - -          

N. tessellata - + - + - + + + + + + + + + + + +          
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Table S11. Alleles per microsatellite locus for pure grass snakes harboring mitochondrial lineage 7 from Bulgaria (n = 18), Cyprus (n = 
27), Greece (East Macedonia and Thrace; n = 17) and Turkey (western Anatolia; n = 70) and pure N. tessellata (n = 52). Private alleles are 
color-coded. The only allele of the 3TS locus exclusively shared by Cypriot grass snakes and N. tessellata is highlighted in red. 
 
Locus/group Alleles                       

Natnat09 80 82 86 90 94 96 98 100 102 104 106 108 110 112 114 116 120 122       

Bulgaria - - - - - - - + + + + + + - + - - -       

Cyprus - - - - - - - + + - + + - - - - + -       

Greece (East Macedonia and Thrace) - - - - - - - + + - + + + - - - + -       

Turkey (western Anatolia) + + + + + + + + + + + + + + + + + +       

N. tessellata - - - - + + + + + - + + + + + + + +       

Natnat05 136 138 140 142 144 146 148 152 154 156 158 160 162 164 172 174 176 178 180 182 184 186 188 192 

Bulgaria + - - - - + + - - - - - - - + - + + + - - + - - 

Cyprus + - - - - + + - - - - - - - - - - + - - + + + - 

Greece (East Macedonia and Thrace) + - - - - + + - - - - - - - - - + + - - + - + - 

Turkey (western Anatolia) + + + + + + + + + + + + + + + + + + + + + + + + 

N. tessellata - - + + - + - - + + + + + + + - - - - - - - - - 

µNt8new 73 75 81 83 85 87 89 91 93 95 97 99 101 103 105          

Bulgaria - - - + + + + + - + + - - - -          

Cyprus - - - + - - + + - + - + - - -          

Greece (East Macedonia and Thrace) - - - + - + + + - + - + - - -          

Turkey (western Anatolia) - - + + - - + + + + + + + + +          

N. tessellata + + + + + + - + + + + + + - -          

Nsµ3 139 141 147 149 151 153 155 157 159 161 163 165 167 169 171 173 175 177 183 185 187 189 193 197 

Bulgaria - - - - + - + + + - + + + - + - + + + + - - - - 

Cyprus - - - - + + - - + - + + - + - + - - - - - - - - 

Greece (East Macedonia and Thrace) - - - - + - + - + - + + + + - + - - + - - - - - 

Turkey (western Anatolia) + + + + + + + + + + + + + + + + + - + - + - - - 

N. tessellata - - - - - - - - - - - - - - - - + + - + - + + + 
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nTable S11 continued                        

Locus/group Alleles                       

Nsµ3 (continued) 201 205 209 211 213 215 217 221 225 229 233 445 457            

Bulgaria - - - - - - - - - - - + +            

Cyprus - - - - - - - - - - - - -            

Greece (East Macedonia and Thrace) - - - - - - - - - - - - -            

Turkey (western Anatolia) - - - + + + - - - - - - -            

N. tessellata + + + - + - + + + + + - -            

µNt3 121 123 125 127 129 131 133 135 139 141 143 145 147 149 151 153 155 157 163 167 169 171   

Bulgaria + + + + - + - - + - + - - - + - + - - - - -   

Cyprus + + - + + - - - - + - - - + - - - - - - - -   

Greece (East Macedonia and Thrace) + + - + - - - - - + - - - + + - - - - - - -   

Turkey (western Anatolia) + + + + + + + + - - + + - + + - + - + - - -   

N. tessellata - - - - - + + + - + - + + + + + + + + + + +   

µNt7 166 170 172 174 176 178 180 182 184 186 188 190 192 194 196 198 200 202 204 206 208 212   

Bulgaria + + - + + + - + - + + + + + + + + + - - - +   

Cyprus - - - - - - + - - + - - - + + + - - - - - -   

Greece (East Macedonia and Thrace) - + - - - - + - + + - + + - - - + - - - - -   

Turkey (western Anatolia) - + - - - + + + + + + + + + + + + + + + + +   

N. tessellata - - + + - + + + + + + + + + - - - - + - - -   

Hb30 233 235 237 239 241 243 245 247 249 251 253 255 257 259 261 263 265        

Bulgaria + - + + + + - + + - + + - - - - -        

Cyprus - - - + + - + + - - - + - - - - -        

Greece (East Macedonia and Thrace) + - - + + + - + + + - + - - - - -        

Turkey (western Anatolia) + + + + + + + + + + + + + + + + -        

N. tessellata - + - + + + + - - - - - - - - - +        
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nTable S11 continued                        

Locus/group Alleles                       

Natnat11  104 106 108 110 112 126 128 168 172 174 182 184 186 188 190 194 198 202 220 224 228    

Bulgaria - - - + - - - - - + - - + + - - - - - - -    

Cyprus - - - + - - - - - - - - - - - - - - + + +    

Greece (East Macedonia and Thrace) - - - + - - - - - - - - - - - - - - - - -    

Turkey (western Anatolia) - - + + + - - + + + + + - - + + + + - - -    

N. tessellata + + + - - + - - - - - - - - - - - - - - -    

Natnat06 145 147 153 155 157 159 161 163 165 167 169 171 173 177           

Bulgaria - - + - - - - - - - + + + -           

Cyprus - - + - - - - - - - - - - -           

Greece (East Macedonia and Thrace) - - + - - - - - - - - - - -           

Turkey (western Anatolia) + + + + - - - + - - + - - +           

N. tessellata - + - + + + + + + + - - - -           

3TS 178 182 186 202 206 210 218 222 226 230 234 238 242 246 250 254 258 270 282 286 290 294 298  

Bulgaria - - + + - - - + + + + + + - - + - - + - - - -  

Cyprus - - + + - - - + - - + + - + + - - - - - - - -  

Greece (East Macedonia and Thrace) - - + + - - - + - + + + + - - - - - - - - - -  

Turkey (western Anatolia) - + + + + + + - + + + + + - + + + - - - - - -  

N. tessellata + - - - - - - - + + + + + + + + + + + + + + +  

TbµA09 104 106 108 112 114 116 118 120 122 124 126 128 130            

Bulgaria - - - - - + + + + + + - -            

Cyprus - - - - + - + + + + + - -            

Greece (East Macedonia and Thrace) - - - + + + + + + + + - -            

Turkey (western Anatolia) - - - + + + - + + + + + +            

N. tessellata + + + - - - - - - - - - -            
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nTable S11 continued                        

Locus/group Alleles                       

Eobµ1 120 122 124 128 130 136 138 140 142                

Bulgaria - + + + - + + + +                

Cyprus - - - + + - + - +                

Greece (East Macedonia and Thrace) - - + + + + + + +                

Turkey (western Anatolia) + + - + + + + + -                

N. tessellata - + + - - - - - -                

Eobµ13 130 132 134 136 138 140 142 144 146 148 150 152 154 156 158 160 162        

Bulgaria + - + + + + - + - - - + - - - - -        

Cyprus + - + - + + - - - - - - - - - - -        

Greece (East Macedonia and Thrace) + - + - + - - - - - - - - - - - +        

Turkey (western Anatolia) + + + + + + + + + + + + + - - - -        

N. tessellata + - + - + + + + + + + + + + + + -        
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