L)

Check for
updates

Received: 15 October 2019 Revised: 18 February 2020 Accepted: 20 February 2020

DOI: 10.1111/zsc.12417

ORIGINAL ARTICLE WILEY

Mitochondrial ghost lineages blur phylogeography and taxonomy
of Natrix helvetica and N. natrix in Italy and Corsica

Nadine Schultze! | Cicilia Spitzweg1

Matteo Riccardo Di Nicola*

Enrico Lunghiz’8

Emilio Sperone12

Carolin Kindler! | Melita Vamberger'

"Museum of Zoology (Museum fiir

Tierkunde), Senckenberg Dresden, Dresden,

Germany

Sede “La Specola”, Museo di Storia
Naturale dell’Universita di Firenze, Firenze,
Italy

3Conservatoire du littoral, Bastia, Corsica,
France

*Milano, Italy

SUMR 5175 CEFE, Biogéographie et
Ecologie des Vertébrés, EPHE, PSL
Université Recherche, Montpellier, France

Sezione Zoologica, Museo Friulano di
Storia Naturale, Udine, Italy

"Centro Studi de Romita, Bari, Italy

8Key Laboratory of Zoological Systematics
and Evolution, Institute of Zoology,
Chinese Academy of Sciences, Beijing,
China

“Museo di Storia Naturale di Venezia,
Venezia, Italy

IODipartimento di Biologia, Universita di
Napoli Federico II, Napoli, Italy

""Museo di Storia Naturale, Universita di
Pavia, Pavia, Italy

12Dipartimento di Biologia, Ecologia
e Scienze della Terra, Universita della
Calabria, Rende, Italy

13 Dipartimento di Scienze, Universita degli
Studi Roma Tre, Roma, Italy

Correspondence
Uwe Fritz, Museum of Zoology (Museum
fiir Tierkunde), Senckenberg Dresden,

| Nicola Novarini’

| Luca Stellati’® | Leonardo Vignoli13

| Claudia Corti? | Michel Delaugerre3 |

| Philippe Geniez’ | Luca Lapini6 | Cristiano Liuzzi’ |
| Orfeo Picariello!® | Edoardo Razzetti'! |
| Marika Asztalos' |

| Uwe Fritz!

Abstract

Grass snakes are widely distributed across the Western Palearctic. Recent phylogeo-
graphic studies provided evidence that three distinct parapatric species exist. Two
of these occur in Italy, Natrix helvetica and N. natrix, and a contact zone between
both taxa has been suggested for north-eastern Italy. Moreover, previous investiga-
tions revealed for the Italian Peninsula a complex phylogeographic structure. Using
mtDNA sequences and microsatellite loci, we examined the situation for mainland
Italy, Sicily, Sardinia, and Corsica. Our study confirmed the occurrence of N. natrix
in north-eastern Italy. Cline analyses revealed limited gene flow between N. helvetica
and N. natrix across a narrow hybrid zone. Within N. helvetica, conflicting patterns
of mitochondrial and nuclear genomic differentiation were revealed. Three nuclear
genomic clusters were found; one of them corresponded to no fewer than five distinct
and, in part, deeply divergent and ancient mitochondrial lineages from mainland Italy
and Sicily. This cluster was paraphyletic with respect to the two remaining mito-
chondrial lineages, each of which matched with another nuclear genomic cluster (one
from Corsica plus Sardinia and another one from western Europe north of the Alps).
This unexpected pattern most likely results from mainly male-mediated gene flow
and female philopatry combined with population-density-dependent processes such
as ‘high-density blocking’. With respect to taxonomy, we propose to synonymize M.
h. lanzai Kramer, 1970 with N. h. sicula (Cuvier, 1829), acknowledging their lacking
nuclear genomic differentiation. The studied hybrid zone of N. h. helvetica and N.
h. sicula in Italy is wide, with a smooth cline for nuclear markers, supporting their
subspecies status. We found no evidence for the distinctiveness of the two subspecies
from Corsica (N. h. corsa) and Sardinia (N. h. cetti), suggesting their synonymy, but
refrain from taxonomic conclusions because of small sample sizes and the endan-

gered status of the Sardinian taxon.
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1 | INTRODUCTION
Until recently, grass snakes were believed to represent one
polytypic species (Natrix natrix sensu lato) with a large dis-
tribution range including most of Europe, northern Africa
and extending eastwards to Central Asia (Kabisch, 1999).
There has been much debate about the taxonomy of the mor-
phologically highly diverse grass snakes, with some authors
acknowledging up to 14 different subspecies (Kabisch, 1999;
Kramer, 1970; Mertens & Wermuth, 1960). However, Thorpe
(1979) recognized only four subspecies based on multivariate
statistics of many morphological traits: Natrix natrix natrix in
the distribution area east of the Rhine, N. n. helvetica west of
the Rhine, N. n. cetti in Sardinia, and N. n. corsa in Corsica.

Several recent studies based on mitochondrial and nu-
clear DNA revealed conflicts between the traditionally rec-
ognized subspecies and genetic lineages and clusters (Fritz,
Corti, & Packert, 2012; Guicking, Lawson, Joger, & Wink,
2006; Kindler et al., 2013, 2017; Kindler, Bringsge, & Fritz,
2014; Kindler, de Pous, et al., 2018; Kindler & Fritz, 2018;
Kindler, Gracia, & Fritz, 2018; Pokrant et al., 2016), lead-
ing to the recognition of three distinct species within what
was formerly known as Natrix natrix (Kindler et al., 2017;
Pokrant et al., 2016), namely the common or eastern grass
snake N. natrix (Linnaeus, 1758), the red-eyed grass snake V.
astreptophora (Seoane, 1884), and the barred grass snake N.
helvetica (Lacepede, 1789).

Natrix astreptophora is distributed across northern Africa
and the Iberian Peninsula plus adjacent southern France.
Natrix helvetica inhabits western Europe from the Pyrenees
to the Rhine region. It also occurs on the Italian Peninsula,
Sicily, Corsica, and Sardinia. Natrix natrix occurs eastwards
of the Rhine region to Central Asia including Fennoscandia,
the Balkans, and Asia Minor. Natrix helvetica and N. natrix
meet in the Rhine region and hybridize there in a narrow con-
tact zone, which has been studied in detail by Kindler et al.
(2017).

Based on morphological and genetic differences, five sub-
species of N. helvetica are currently recognized (Kindler &
Fritz, 2018): The nominotypical subspecies N. h. helvetica
(Lacepede, 1789) lives in western Europe (France, Britain,
Benelux countries, western Germany, and Switzerland).
Corsica and Sardinia are each inhabited by one subspe-
cies, namely N. h. cetti Gené, 1839 in Sardinia and N. h.

cline analysis, female philopatry, male-mediated gene flow, microsatellites, mtDNA

corsa (Hecht, 1930) in Corsica. The subspecies N. h. sic-
ula (Cuvier, 1829) occurs in southern Italy (Calabria) and
Sicily, while the remaining Italian Peninsula is inhabited by
N. h. lanzai Kramer, 1970. This high subspecific diversity
matches the complex biogeographic history of Italy. The
Italian Peninsula plus the adjacent islands represent one of
the major Mediterranean refuges and differentiation centres
(Pedall, Fritz, Stuckas, Valde6n, & Wink, 2011; Schmitt,
2007; Vamberger et al., 2015) that has been shaped by on-
going complex geological transformations. Plate tectonics
induced Alpine and Apennine orogeny; repeated sea-level
fluctuations, associated with Pleistocene climatic cycles, re-
sulted in submergence and recurrent shifts of the coastline, as
well as island genesis (Marchetti, Soldati, & Vandelli, 2017).
In particular, Corsica and Sardinia, which have been sepa-
rated from the mainland by the Tyrrhenian Sea for most of
their geological history, exhibit a high level of endemicity
(Grill, Casula, Lecis, & Menken, 2007; Médail & Quézel,
1999; Salvi, Harris, Bombi, Carretero, & Bologna, 2010).
This also applies to grass snakes in Corsica and Sardinia,
which have long been known to be morphologically highly
distinct (Hecht, 1930; Kabisch, 1999; Mertens & Wermuth,
1960). Based on their morphological distinctiveness, it was
suggested that these grass snakes constitute the distinct
species Natrix cetti with the two subspecies N. cetti cetti in
Sardinia and N. cetti corsa in Corsica (Vanni & Cimmaruta,
2011). However, several studies based on mitochondrial
and nuclear genetic evidence rejected this idea and assigned
Corso-Sardinian grass snakes as subspecies to N. helvetica
(Fritz et al., 2012; Kindler et al., 2013, 2017; Kindler, de
Pous, et al., 2018; Kindler & Fritz, 2018).

With respect to mtDNA, the barred grass snake contains
six distinct genealogical lineages, all of which occur in Italy,
and four of them being endemic to Italy (Kindler et al., 2013,
2017; Kindler & Fritz, 2018). These lineages are not com-
pletely consistent with the currently recognized subspecies
(Table 1).

Fossil-calibrated molecular clock calculations by Kindler,
de Pous, et al. (2018) indicated that mitochondrial diversi-
fication within the barred grass snake commenced approx-
imately 6.8 million years ago, with lineage A from Sicily
and Calabria as the oldest branch. Lineage B, distributed
in Corsica and Sardinia, with 3.9 million years is the sec-
ond oldest lineage. Lineage C, occurring in the Po Plain in
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TABLE 1
mitochondrial lineages of N. helvetica

Subspecies and
ubspecies an Subspecies

with their distribution ranges according to

Kindler and Fritz (2018) 1789)

N. h. cetti Gené, 1839
N. h. corsa (Hecht, 1930) B
N. h. lanzai Kramer, 1970
N. h. sicula (Cuvier, 1829) A

northern Italy and in adjacent Switzerland, split from the
remaining lineages 2.8 mya. Representatives of this lin-
eage have recently also been recorded in Bavaria (southern
Germany), suggesting Holocene transalpine dispersal (Glaw,
Franzen, Oefele, Hansbauer, & Kindler, 2019). The youngest
intraspecific divergence (approx. 0.3 million years) refers to
the split between lineages E, corresponding to N. h. helvetica,
and F of N. h. lanzai.

Many studies have emphasized that mitochondrial mark-
ers alone are insufficient for examining evolutionary pro-
cesses of bisexual species because mtDNA is generally
inherited in the maternal line, making the parallel application
of biparentally inherited nuclear genomic markers manda-
tory (Ballard & Whitlock, 2004; Renoult, Geniez, Bacquet,
Benoit, & Crochet, 2009; Thielsch, Knell, Mohammadyari,
Petrusek, & Schwenk, 2017; Toews & Brelsford, 2012).
Using 12 microsatellite loci combined with mtDNA, Kindler
and Fritz (2018) obtained conflicting results with respect to
the taxonomic differentiation of N. helvetica. These authors
found a mismatch between mitochondrial lineages and nu-
clear genomic clusters on the Italian Peninsula. Two old and
deeply divergent mitochondrial lineages (C, F) were not dif-
ferentiated using STRUCTURE analyses and PCAs of microsatel-
lite data. In contrast, grass snakes from Corsica and Sardinia
shared the same mitochondrial lineage. Using microsatellite
data for STRUCTURE analyses, the samples from the two islands
were lumped together, but using PCAs, two distinct clusters
were obtained. However, this study was compromised by
small sample sizes and patchy coverage of the distribution
area. One mitochondrial lineage (D) from mainland Italy was
represented only by a single previously published GenBank
sequence (Guicking et al., 2006), and microsatellite data were
available for only two Sardinian and three Corsican snakes.
In addition, grass snakes from north-eastern Italy, where
N. natrix has been reported to occur (Lanza, 1983; Lapini,
Dall’Asta, Bressi, Dolce, & Pellarini, 1999; Thorpe, 1979),
were not studied by Kindler and Fritz (2018).

For the present study, we used an extended sampling from
Italy and Corsica and reanalysed the genetic differentiation
of grass snakes in this region. We followed the approach of
Kindler et al. (2017) and employed 13 microsatellite loci and
mtDNA sequences of up to 1,984 bp length. In particular, we
aimed at answering the following questions: (a) Do genetic

N. h. helvetica (Lacepede, E
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mtDNA lineage Distribution

Western Europe from the Pyrenees to
the Rhine region, Britain

B Sardinia

Corsica

C,D,F Mainland Italy except southern Calabria

Southern Calabria, Sicily

data confirm the presence of a contact zone between N. hel-
vetica and N. natrix in north-eastern Italy and if so, to which
extent do hybridization and gene flow occur between these
two species? (b) Does the nuclear genomic differentiation of
grass snakes in Italy and Corsica match that of their mito-
chondrial lineages? (c) Are grass snakes from Corsica geneti-
cally distinct from those in Sardinia? And (d) do our findings
alter the taxonomy of Italian and Corsican grass snakes?

2 | MATERIALS AND METHODS

2.1 | Sampling
Samples of 190 grass snakes were analysed as the core data
set of the present study. Of these, 100 samples were newly
processed, and data for the remaining 90 grass snakes had
been generated in our laboratory for previous studies (Fritz
et al., 2012; Guicking et al., 2006; Kindler et al., 2013, 2017;
Kindler, de Pous, et al., 2018; Kindler & Fritz, 2018; Pokrant
et al., 2016). One hundred and forty-three samples originated
from Italy and Corsica. For some analyses, 47 samples were
added from adjacent areas (France, Switzerland, Slovenia,
Croatia) to put the Italian samples into a broader framework.
In addition, microsatellite data of 28 samples from France,
generated by us for a yet unpublished study, were included
for some STRUCTURE and cline analyses, and mtDNA se-
quences of another 38 samples, representing mitochondrial
lineages of grass snakes from outside the study region, were
added for phylogenetic tree calculations. A detailed list of
all samples is provided in Tables S1 and S2. The 100 new
samples (mainly tissue samples, some buccal swabs and shed
skins) were processed according to laboratory procedures de-
scribed in Kindler et al. (2013) and Pokrant et al. (2016).
For the phylogeographic analyses, two different marker
systems were employed, which were previously used in
other studies on grass snakes (Kindler et al., 2017; Kindler,
de Pous, et al., 2018; Kindler & Fritz, 2018; Pokrant et al.,
2016). Two mtDNA fragments were sequenced, one coding
for part of the ND4 gene and adjacent tRNAs (tRNA-His,
tRNA-Ser, tRNA-Leu; in total up to 867 bp), and the cyto-
chrome b (cyt b) gene (up to 1,117 bp). For 12 samples, no
mtDNA sequences could be obtained, and for some, only
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one fragment could be sequenced. Sometimes, only incom-
plete sequences were obtained (ND4 + tRNAs: 313-716 bp,
n = 14; cyt b: 372-1,045 bp, n = 11; Table S1).

As a second marker system, a set of 13 polymorphic
microsatellite loci was applied for genotyping the samples.
Microsatellite data could not be obtained for 30 samples. For
detailed information on microsatellite loci, primers, and PCR
conditions for mtDNA and microsatellites, see Tables S3 and
S4, Kindler et al. (2013, 2017), and Pokrant et al. (2016).

2.2 | Mitochondrial sequence analyses and
phylogenetic trees

Alignments of mtDNA sequences were compiled using BI-
oepIT 7.0.5.2 (Hall, 1999). For phylogenetic tree calcula-
tions, a concatenated alignment of 1,984 bp length was used.
Phylogenetic trees were built using Bayesian and Maximum
Likelihood approaches. For doing so, three sequences for
each terminal clade of Natrix natrix, N. helvetica and N.
astreptophora, as identified by Kindler et al. (2013, 2017)
and Kindler, de Pous, et al. (2018), were added to the align-
ment. Sequences of N. maura, N. tessellata and Nerodia sipe-
don were included as outgroups, using N. sipedon for tree
rooting (Table S2). To determine the optimal partitioning
scheme and evolutionary models, PARTITIONFINDER 2 (Lanfear,
Frandsen, Wright, Senfeld, & Calcott, 2016) was run with
linked branch lengths, the ‘search = all’ and ‘models = all’
options, and the Bayesian information criterion (BIC).
This resulted in the selection of seven partitions, with each
codon position of the two coding genes as one partition and
the tRNAs merged in an extra partition. For the Maximum
Likelihood (ML) approach, RAxML 7.2.8 (Stamatakis,
2006) was run with the default GTR + G model for all par-
titions. Five independent fast bootstrap algorithm searches
were conducted to compute ML trees, starting from distinct
randomized maximum parsimony trees. Subsequently, thor-
ough bootstrap replicates were run until they converged with
a cut-off of 1%. Convergence occurred after 2,900 replicates,
and the resulting values were plotted against the best-scor-
ing ML tree. In addition, Bayesian analyses were performed
in MRBAYES 3.2.5 (Ronquist et al., 2012), using the best-fit
models for each partition as determined by PARTITIONFINDER 2
(see Table S5). Two simultaneous independent runs were ex-
ecuted, each with four chains that ran for 10 million genera-
tions with every 500th generation sampled. Convergence was
confirmed by average standard deviations of split frequencies
approaching zero. A burn-in of 2.5 million generations was
used to generate the final 50% majority-rule consensus tree.
The mitochondrial clade for each new sample was identified
using the tree results.

Alignments for each mtDNA block (only complete se-
quences) were then further examined using the Tcs parsimony

network algorithm (Clement, Posada, & Crandall, 2000) as
implemented in PopART (http://popart.otago.ac.nz) to cre-
ate haplotype networks. Previously identified haplotypes
(Kindler et al., 2017, 2018) were added to the new Italian
samples for network construction, to incorporate the full di-
versity of each mtDNA lineage.

2.3 | Microsatellite analyses

A set of 13 previously used microsatellite loci (Kindler et al.,
2017; Kindler, de Pous, et al. 2018; Kindler & Fritz, 2018;
Kindler, Graci, et al., 2018; Pokrant et al., 2016) was sub-
jected to unsupervised cluster analyses in STRUCTURE 2.3.2.1
(Falush, Stephens, & Pritchard, 2003; Pritchard, Stephens,
& Donelly, 2000). sTRUCTURE analyses were adjusted for the
presence of null alleles because MICRO-CHECKER 2.2.3 (van
Oosterhout, Hutchinson, Wills, & Shipley, 2004) detected
null alleles for some loci. STRUCTURE was run using the ad-
mixture model and correlated allele frequencies. The Monte
Carlo Markov chains ran for 1,000,000 generations with a
burn-in of 250,000. Calculations were repeated ten times
each for Ks ranging from 1 to 10. As it is a known limitation
of STRUCTURE to reveal only the uppermost level of genetic
structuring (Evanno, Regnaut, & Goudet, 2005; Janes et al.,
2017), a stepwise hierarchical approach was applied, with in-
creasingly pruned data sets in consecutive STRUCTURE analyses
(Evanno et al., 2005; Kalinowski, 2011; Puechmaille, 2016).
For each round, the optimal number of clusters was estimated
using the AK method (Evanno et al., 2005) as implemented
in STRUCTURE HARVESTER (Earl & vonHoldt, 2012). STRUCTURE
results were visualized in pisTRUCT 1.1 (Rosenberg, 2004).
The hybrid status of individual samples of each round was
inferred using simulations in HYBRIDLAB 1.0 (Nielsen, Bach,
& Kotlicki, 2006).

Our first STRUCTURE analysis included all 160 samples.
For HYBRIDLAB, 15 pure individuals of the local genetic lin-
eage of each species (Natrix helvetica, N. natrix) that meet
in north-eastern Italy were selected as parental genotypes
(Table S1). Using these data, 15 genotypes of each hybrid
class (F;, F,, backcrosses) were modelled. The HYBRIDLAB re-
sults were then subjected to STRUCTURE analyses for inferring
the threshold for the best identification of pure individuals, F,
and F, hybrids, and backcrosses, resulting in values of 93%
and 91% with respect to N. natrix and N. helvetica (Table S6).

For a second sTRUCTURE analysis, all samples of N. natrix
and of all other grass snakes with genetic impact from N. na-
trix were excluded, so that only 112 samples of N. helvetica
remained. To estimate the hybrid threshold for genetic lin-
eages within N. helvetica, all 14 available Corso-Sardinian
grass snake samples served as one parental group and 15
samples of the remaining snakes as the second. For each hy-
brid class, 15 genotypes were modelled and the simulated
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data were processed in STRUCTURE, resulting in a threshold of
73% for snakes from Corsica and Sardinia and 90% for the
others (Table S7).

For a third sTRUCTURE round, the subset containing only
samples of N. helvetica was further pruned. All those sam-
ples that corresponded to, or showed genetic impact of, the
Corso-Sardinian cluster were removed. However, because
STRUCTURE is known to be sensitive to uneven sample sizes
(Puechmaille, 2016), additional pure samples of N. h. hel-
vetica (lineage E) from south-eastern France were added to
increase the number of individuals for this subspecies, yield-
ing a total sample size of 120. To infer hybrid status for this
round, 25 N. h. helvetica from France and Switzerland and 25
grass snakes from mainland Italy and Sicily were processed
in HYBRIDLAB, and 25 genotypes for each hybrid class were
modelled (Table S8). The resulting thresholds were 80% for
N. h. helvetica and 86% for the grass snakes from mainland
Italy and Sicily.

A final exploratory fourth STRUCTURE analysis included
only those 49 samples from mainland Italy and Sicily that did
not belong to the N. h. helvetica cluster and that showed no
genetic impact from this cluster.

In addition to the STRUCTURE analyses, principal compo-
nent analyses (PCAs) were performed using the R package
ADEGENET (Jombart, 2008). STRUCTURE analyses are based on
population genetic presumptions (Hardy—Weinberg equi-
librium, linkage disequilibrium; Pritchard et al., 2000) and
therefore prone to bias from uneven sample sizes. To validate
STRUCTURE results, it is thus advisable to run additional PCAs
that are less sensitive to sample size differences (Puechmaille,
2016). PCAs were run for the same four data sets as used for
STRUCTURE.

2.4 | Cline analyses
Cline analyses are a powerful tool for understanding hybridi-
zation and genetic introgression between distinct taxa, in
which the manner of transition of distinct character states, in
our case, genetic identity, across a contact zone is analysed.
In taxa with good dispersal capacity, wide and shallow clines
indicate extensive gene flow and conspecificity. In contrast,
narrow and steep clines are characteristic for incipient or
complete reproductive isolation and suggest species status
for the involved taxa (Barton, 1979; Derryberry, Derryberry,
Maley, & Brumfield, 2014; Rieseberg, Whitton, & Gardner,
1999). Our cline analyses were calculated with the R pack-
age HzAR (Derryberry et al., 2014) for grass snakes from two
contact zones in Italy using their mitochondrial identity and
the STRUCTURE results for microsatellite data (Q values).

Two transects were selected. The first ran in west-east
direction through north-eastern Italy (625 km), covering
the contact zone between Natrix helvetica and N. natrix in

O-WILEY-®

north-eastern Italy. The second transect ran from south-east-
ern France through north-western Italy southwards to the re-
gion of Rome (1,300 km), covering the transition between
the two microsatellite clusters of N. helvetica. For this second
analysis, an extended sampling was used that included ad-
ditional material from France to enlarge the number of pure
N. h. helvetica samples. Using qais 3.4.5 (http://qgis.org),
samples were pooled along the first transect into sections of
25 km length, including samples within 55 km distance on
both sides of the transect. For the second transect, sections of
50 km length were chosen to pool samples along the transect,
and samples within 100 km left and right of the transect were
included. One sample of lineage G from Tuscany (MTD T
11977) was excluded from the cline analysis, as it is most
likely non-native and introduced in this area. However, a sam-
ple of lineage C from Liguria (MSNVE 684) was included be-
cause grass snakes of this lineage are known to have crossed
even the Alps (Glaw et al., 2019; Kindler & Fritz, 2018), and
it is possible that lineage C dispersed naturally across the rel-
atively low Apennine chain. For each section of the transects,
the mean Q value of cluster membership (as determined by
STRUCTURE) was calculated using microsatellite data. For mi-
tochondrial data, the frequency of haplotypes of N. helvetica
(north-eastern contact zone) or of lineage E (north-western
contact zone) was calculated, opposed to haplotypes of N.
natrix or other lineages of N. helvetica, respectively. These
four data sets (two contact zones, mtDNA and microsatellite
data for each) were then processed independently using the
approach described in Kindler et al. (2017); the best cline
model for each marker system was selected by the lowest AIC
score (Table S9).

Zoologica Scripta

3 | RESULTS

3.1 | Mitochondrial differentiation in Italian
and Corsican grass snakes

3.1.1 | Phylogenetic trees

Largely identical topologies were obtained under both tree
building approaches (Figure 1). The only difference was that
the Bayesian tree placed the well-supported clade E in an un-
resolved polytomy among sequences of lineage F, while the
ML tree showed a distinct clade F.

In accordance with previous studies (Fritz et al., 2012;
Guicking et al., 2006; Kindler et al., 2013; Kindler, de
Pous, et al., 2018), the deeply divergent Natrix astrepto-
phora constituted the sister taxon of a crown group formed
by N. natrix and N. helvetica. Within N. natrix, all eight
lineages identified by Kindler et al. (2013) were recov-
ered. Many sequences from north-eastern Italy occurred in
the same clade as haplotypes of lineage 4 of Kindler et al.


http://qgis.org

SCHULTZE ET AL.

u—Wl LEY— Zoologica Scripta

53/95
6.83
99/1
3.93
9211
2.75
36/0.92
74/0.97
98/1 s g
88/1
[
650 98/0.98 red ,
: lineage
*
70/0.69 37/1\—4 .
97/1 :
97/1

ML *gq

(2013), the so-called ‘red lineage’ of N. natrix (Kindler &
Fritz, 2018; Kindler, Gracia, et al., 2018), confirming that
this species occurs in north-eastern Italy. A previously un-
known clade (G) was discovered for N. helvetica, which
was sister to clade D.

3.1.2 | Haplotype networks

All mtDNA clades were reflected in the parsimony networks
as distinct haplotype clusters, both for ND4 + tRNAs and
for the cyt b gene. The networks shown in Figure 2 exclude
Natrix natrix because the sequences of Italian samples rep-
resented, besides previously identified haplotypes, only two
new tip haplotypes for ND4 + tRNAs (134, r35) that differed
by one mutation step from the common haplotypes r4 and r16
(Table S10; see also the network in Kindler, Gracia, et al.,
2018).

FIGURE 1
based on mtDNA sequences of 1,984 bp
length (cyt b, ND4 + tRNAs). Outgroups
(Nerodia sipedon, Natrix maura, N.

Maximum Likelihood tree

tessellata) removed for clarity. Terminal
clades are collapsed to cartoons, coloured
cartoons are clades present in Italy and
Corsica. Black numbers at nodes are ML
bootstrap values (3,000 bootstrap replicates)
and Bayesian posterior probabilities.
Asterisks (*) indicate maximum support

. under both approaches. Red numbers are
N. helvetica divergence time estimates in million years
from Kindler, de Pous, et al. (2018). The
coloured bar for N. helvetica on the right
shows congruence of mitochondrial clades
and nuclear genomic clusters

N. natrix

- — IN. astreptophora

For ND4 + tRNAs of N. helvetica (Figure 2, top), a star-
like cluster of 12 haplotypes of lineage E was located in the
interior of the network. It was connected by a minimum of
four mutation steps to the cluster D, and by a minimum of two
steps to cluster F. Cluster G differed from clusters E and F
each by a minimum of six steps. Cluster C differed from both
clusters E and F by a minimum of 18 steps and from cluster
G by 22 steps. Cluster A was connected to clusters B and E
and differed by a minimum of 34 steps from cluster B and by
a minimum of 41 steps from cluster E. Clusters B and E dif-
fered by a minimum of 19 steps. Cluster D comprised three
haplotypes that differed by a maximum of two mutations, like
the individual haplotypes of cluster E. Cluster F and the newly
identified cluster G consisted each of two haplotypes that dif-
fered by one mutation. One of the haplotypes of cluster G
was misinterpreted by Kindler and Fritz (2018) as belonging
to clade F. Cluster C comprised three haplotypes that differed
by a maximum of three mutations. Cluster A was formed by
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FIGURE 2 Parsimony networks of
mtDNA sequences of Natrix helvetica.
Symbol sizes correspond to number of
samples per haplotype. Lines connecting
haplotypes represent one mutation step, if
not otherwise indicated by numbers along
lines. Small black circles correspond to
missing node haplotypes; colour coding
according to mtDNA lineages (Figure 1)

cyt b (1117 bp)
n=128

ND4 + tRNAs (867 bp)
n=113
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three haplotypes differing from each other by a maximum of
two steps. Cluster B contained a loop and consisted of three
haplotypes that differed by a maximum of two mutations.
One haplotype from each of the clusters B and F was newly
identified in the present study (b3, f2), and two haplotypes
from each of the clusters C, D, and G were new (c2, c3, d2,
d3, gl, g2; European Nucleotide Archive accession numbers
LR721654-LR721659, LR722601, LT900415).

A more complex network, with more haplotypes, was
obtained for the cyt b gene (Figure 2, bottom). The network

®4 a5
a6

contained loops for three clusters (A, C, F), indicating alter-
native mutation pathways. Lineage A constituted the most
distinct haplotype cluster that was connected over a mini-
mum of 46 steps with cluster C. The latter cluster differed
by a minimum of 20 mutations from cluster D, which in turn
was connected by six steps with the only cyt b haplotype of
lineage G. In addition, cluster D was connected by seven
steps with cluster F, and cluster F by two steps with cluster
E and by a minimum of 30 steps with cluster B. Cluster A
comprised six haplotypes that differed by a maximum of four
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mutations. Cluster C contained 11 haplotypes that differed
by a maximum of five mutations. Cluster D comprised six
haplotypes with a maximum of four mutations among them.
Cluster F had five haplotypes differing by a maximum of
two mutations. The star-like cluster E contained 29 haplo-
types that differed from each other by a maximum of five
steps, even though the majority of haplotypes differed only
by one mutation from the central haplotype hl. Cluster B
contained seven haplotypes that differed by a maximum of
nine mutations. The following haplotypes were newly iden-
tified in the present study: a5, a6, b6, b7, c6-c12, d2-d6, {6,
f7, and g1 (European Nucleotide Archive accession numbers
LR722580-LR722598).

Additional information on uncorrected p distances be-
tween the haplotype clusters, and with respect to N. natrix
from the study region, and information on variable and par-
simony-informative sites can be found in the Supporting
Information (Table S11).

3.1.3 | Geographic distribution of
mitochondrial clades

In easternmost northern Italy (Friuli-Venezia Giulia, Veneto),
haplotypes of the ‘red lineage’ of Natrix natrix (Kindler et al.,
2013, 2017) were recorded (Figure 3). Previously, N. natrix
was only known from east of the Piave River (Lapini et al.,
1999). We found several records for the red lineage west of
the Piave River, near Treviso and Venice; the westernmost
records are far beyond the Piave River, from close to the Po
estuary and Ferrara (Emilia-Romagna). Except for one re-
cord of clade C of N. helvetica in the region of Udine, amidst
records of the red lineage, it is obvious that the mitochondrial
haplotypes of clade C are largely parapatrically distributed,
and the contact zone of the red lineage and clade C largely
matches in the north with the Piave River, even though our
new records reveal that it extends further south-westwards
and beyond the Po River.

. helvetica A
. helvetica B
. helvetica C
. helvetica D
. helvetica E
. helvetica F

. helvetica G

| JON NON NON NeJ
z2zz2z=z2=223z2z2

. natrix red lin.

200

FIGURE 3 Geographic distribution of mtDNA clades for 172 grass snakes. Samples from neighbouring sites were pooled; circle sizes

indicate number of samples per site. Black arrows highlight records representing most likely translocated grass snakes. The red arrow indicates the

approximate location of the Piave River. Colour coding for lineages as in Figure 1. Snake photographs show from left to right: Natrix helvetica

corsa (Galéria, Corsica; photo: P. Geniez), N. h. sicula (Altamura, Bari, Apulia; photo: M. Di Nicola), and N. natrix (striped morphotype, Isola

della Cona, Gorizia, Friuli-Venezia Giulia; photo: M. Di Nicola)
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Except for the very east, clade C of N. helvetica is widely
distributed in northern Italy and occurs in the Padan Plain
and along the southern slope of the Alps. Grass snakes
of this clade crossed the Alps and occur in Switzerland
(Kindler & Fritz, 2018) and Bavaria (Glaw et al., 2019).
Another record of clade C (Taggia, Liguria) lies along the
Mediterranean coast, beyond the Po Plain and the Apennine
Mountains, in close proximity to a record of clade E of
N. helvetica. In the face of the dispersal ability of grass
snakes across Alpine passes (Glaw et al., 2019; Kindler &
Fritz, 2018), this record could represent a natural occur-
rence. Clade E, widely distributed north-west of the Alps
in western Europe, was also recorded from another sample
from Tuscany (Carrara), in close proximity of grass snakes
representing clade F. Clade F is widely distributed and was
recorded, besides Liguria and Tuscany, from Campania and
Lazio. An isolated record of clade F from Trentino-Alto
Adige/Siidtirol lies among records for clade C. Even from
the same site (Mules, Campo di Trens = Mauls, Freienfeld),
another sample corresponded to clade C, suggestive of a
translocated individual. Likewise, another completely iso-
lated record for clade F from Calabria seems questionable
(see below). Two records of the newly discovered clade G
are from Campania and Basilicata, and amidst records of
clade F, another record of clade G was found in Tuscany.
Clade D, previously only known from a single individual
from southern Apulia (Guicking et al., 2006), was con-
firmed by several new records from this region (Salentine
Peninsula). All samples from Sicily and most from Calabria
corresponded to clade A. For Calabria, also one grass snake
each harbouring clade F and E was found. All samples from
Corsica and Sardinia represented clade B.

3.2 | Nuclear DNA
structuring and admixture
3.2.1 | sTRUCTURE analyses

Four different STRUCTURE analyses were executed. Since
STRUCTURE is known to often find only the uppermost hierar-
chical level of genetic clustering (Evanno et al., 2005; Janes
et al., 2017; Kalinowski, 2011), the software was run for four
data sets to examine for hidden differentiation.

For the first analysis representing the uppermost hier-
archical level (Figure 4a), all 160 samples were included.
The AK method identified K = 2 as the optimal number of
clusters (Figure S1). One cluster corresponded to Natrix
helvetica, and the other, to N. natrix. A restricted amount
of hybridization between the two species was detected for
the north-eastern Italian Veneto region. In addition, two
genotypically pure N. natrix from there had introgressed
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mitochondrial haplotypes of N. helvetica (Table Sl:
MSNVE 24716, MSNVE 24717).

For the second analysis (Figure 4b), all samples of pure
N. natrix or with genetic impact from N. natrix were removed
to examine structuring within N. helvetica. For this data set
(n=112), the AK method revealed three as the optimal num-
ber of clusters (Figure S2). One cluster corresponded to all
samples from Corsica and Sardinia (mitochondrial clade B);
the second, to samples from north-western Italy and adjacent
France and Switzerland (mitochondrial clade E); and the
third, to samples from the Italian Peninsula and Sicily (re-
maining mitochondrial clades of N. helvetica). Many grass
snakes from north-western Italy and north and west of the
Alps had hybrid signatures, reflecting admixture between the
north-western cluster (mitochondrial clade E) and the cluster
from mainland Italy and Sicily. Grass snakes from Corsica
and Sardinia showed no genetic impact from any other clus-
ters, while for a few snakes from southern France and south-
ern Italy admixture with Corsican and Sardinian snakes was
inferred. In view of the geographic location of the respective
collection sites, this is difficult to explain and could represent
a methodological artefact.

The third analysis examined structuring within the Italian
Peninsula and Sicily and excluded all samples of the Corso-
Sardinian cluster and the few mainland samples with putative
impact from Corso-Sardinian grass snakes. Since STRUC-
TURE is known to be sensitive against uneven sample sizes
(Puechmaille, 2016), additional samples representing N. h.
helvetica from south-eastern France (mitochondrial clade E)
were added to achieve comparable sample sizes for the indi-
vidual mitochondrial lineages, resulting in a total number of
120 processed samples. The AK method revealed two as the
optimal number of clusters (Figure S3). Despite the removal
of the Corso-Sardinian cluster and its putative hybrids, no
further structuring was detected and the results for the Italian
Peninsula and Sicily resembled the second STRUCTURE analy-
sis (Figure 4c). However, it is noteworthy that genetic impact
from the peninsular cluster was traceable deep into the Rhone
region of southern France.

For the fourth sSTRUCTURE analysis (Figure S4), only N. hel-
vetica samples from mainland Italy and Sicily were included
that did not belong to the north-western cluster corresponding
to N. h. helvetica and that showed no genetic impact from this
cluster. For this data set (n = 49), the AK method favoured
a subdivision in two clusters again (Figure S5). However, all
samples then had mean proportions for cluster membership
(Q values) close to 0.5. The results were obviously geograph-
ically and biologically meaningless (Figure S4), indicating
that the samples from mainland Italy and Sicily represent
only one collective cluster. This was also corroborated by
the log probability values for K (Figure S5), with the highest
value for K = 1.
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(c) Third STRUCTURE analysis (K = 2) — Natrix helvetica mainland + Sicily
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Additional information on variation of the studied microsatel-
lite loci and population genetic parameters of the STRUCTURE clus-
ters can be found in the Supporting Information (Tables S12-S16).

FIGURE 4 Genotypic structuring of grass snakes in Italy and
Corsica and the adjacent mainland. Symbol colours indicate STRUCTURE
cluster membership; admixed ancestries are depicted as pie chart
sectors according to Q values. In the bar plots below the maps, each
sample is represented by two bars, indicating its inferred cluster
membership (upper bar) and its mitochondrial lineage (lower bar).
Mitochondrial lineages colour-coded as in Figures 1-3; white bars
indicate missing mtDNA data. Samples are arranged from west to east
within the individual regions as defined in the bar plots

322 |
(PCAs)

Principal Component Analyses

The PCAs supported our STRUCTURE results, with respect to
both the cluster numbers and admixed individuals. Snakes
identified as admixed in STRUCTURE analyses were also gener-
ally intermediate between PCA clusters. In the PCA using
the whole data set, Natrix natrix and continental N. helvetica
were distinct and corresponded to two clusters. Grass snakes
from Corsica and Sardinia constituted a third cluster that was
distinct using the first two principal components (Figure S6a).
The cluster assignment of the few hybrid individuals (N. hel-
vetica X N. natrix) suggests that gene flow is bidirectional,
with approximately the same number of hybrids clustering
with each parental species. The only two individuals with cy-
tonuclear discordance were two genotypically pure N. natrix
with introgressed mitochondrial haplotypes of N. helvetica.
In the PCA for N. helvetica only (Figure S6b), a new tripar-
tite division emerged. Corso-Sardinian grass snakes again
formed a distinct cluster. However, using the first two princi-
pal components, the other N. helvetica were divided into two
clusters. One corresponded to the nominotypical subspecies
N. h. helvetica (mitochondrial lineage E), and the other clus-
ter to the remaining Italian grass snakes. Another PCA with-
out Corso-Sardinian grass snakes but with additional data
for the nominotypical subspecies (Figure S6c) confirmed,
in perfect agreement with the STRUCTURE analyses (Figure 4),
not only the differentiation but also extensive hybridization
between N. h. helvetica and barred grass snakes from main-
land Italy plus Sicily. The last PCA using only N. helvetica
from mainland Italy plus Sicily without genetic impact from
N. h. helvetica corroborated the absence of phylogeographic
structuring across these regions (Figure S6d).

3.3 | Cline analyses

The first transect (625 km length) runs through north-east-
ern Italy from west to east across the Italian contact zone of
Natrix helvetica and N. natrix. For both marker systems, the
cline from N. helvetica to N. natrix is steep and with very
similar cline centres and widths (Figure S7, left). For micro-
satellite data, the cline centre is 335.5 km (95% confidence
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interval 282.8-352.8 km) from the reference locality used
as the starting point. The cline width is 87.6 km (95% con-
fidence interval 36.2-293.3 km). For mtDNA, the cline
centre is located at nearly the same site, 345.4 km (95% con-
fidence interval 314.7-361.5 km) from the reference local-
ity, with a cline width of 66.7 km (95% confidence interval
30.1-211.7 km).

The second transect (1,300 km length) runs from
south-eastern France through north-western Italy to the re-
gion of Rome, across the contact zone of N. h. helvetica and
the peninsular genetic cluster of N. helvetica. For microsat-
ellites, the cline is smooth and the cline centre lies 534.9 km
(95% confidence interval 353.1-720.8 km) from the starting
locality (Figure. S7, right). The cline has a considerable width
of 1,065.4 km (95% confidence interval 691.2—1,359.8 km),
corresponding to most of the studied transect. For mtDNA,
the cline is much steeper and the centre is located 588.9 km
(95% confidence interval 467.1-698.3 km) from the reference
locality. The cline width for mtDNA is 331.5 km (95% con-
fidence interval 172.2-599.7 km). The cline centres for both
markers approximately match with the Alpine main chain.

4 | DISCUSSION
Our investigation is the first detailed examination of the ge-
netic identity of grass snakes from Italy and Corsica. Previous
studies (Kindler et al., 2013; Kindler & Fritz, 2018) were
compromised by patchy sampling and small sample sizes.
Nevertheless, the unexpectedly high level of genetic diver-
gences made it clear that further investigations are needed
for understanding the phylogeography and taxonomy of grass
snakes in this region. Kindler and Fritz (2018) suggested that
the following subspecies of Natrix helvetica should be rec-
ognized from the study region and beyond: Natrix helvetica
helvetica (western Europe, corresponding to mitochondrial
lineage E), N. h. lanzai (Po drainage and Italian Peninsula
except southern Calabria, tentatively identified with popula-
tions harbouring the mitochondrial lineages C, D, and F), V.
h. sicula (southern Calabria and Sicily, mitochondrial lineage
A), and provisionally N. h. cetti (Sardinia, mitochondrial lin-
eage B) and N. h. corsa (Corsica, mitochondrial lineage B).
Only very few samples could be analysed of the latter
two subspecies, with weak support for their validity. Since
the Sardinian subspecies is imperilled and morphologically
distinctive (Thorpe, 1979), Kindler and Fritz (2018) refrained
from premature taxonomic conclusions that may jeopar-
dize conservation efforts. Lineage D from Apulia was only
known by a single previously published GenBank sequence
(Guicking et al., 2006). Grass snakes harbouring lineages C,
D, and F were, despite deep mitochondrial divergence, tenta-
tively assigned to the same subspecies, either because nuclear
genomic evidence was unavailable (lineage D) or because
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analyses of microsatellite loci did not reveal differences (lin-
eages C and F; Kindler & Fritz, 2018).

In the present study, we examined the genetics of grass
snakes from north-eastern Italy for the first time. Based on
morphological evidence, the common grass snake (Natrix
natrix) was recorded east of the Piave River (Lapini et al.,
1999). We confirmed this finding genetically and clarified
that the involved genetic lineage of N. natrix is the so-called
‘red lineage’ of Kindler et al. (2017). This lineage also occurs
in neighbouring Slovenia (Kindler et al., 2013, 2017). Our
genetic data, however, also revealed that the Piave River does
not form the distribution border for the red lineage. Its west-
ernmost records lie approximately 20 km west of the Piave
River in the Veneto region. To the south-west, additional re-
cords from the Po Delta and the Emilia-Romagna suggest a
much wider distribution range than previously thought. The
red lineage had its glacial refugia in the southern Balkans
(Kindler, Gracié, et al., 2018) and is surely a Holocene immi-
grant to Italy that met in the Veneto region the barred grass
snake (N. helvetica), which survived the Pleistocene glacial
cycles in Italy (Kindler et al., 2013; Kindler & Fritz, 2018).
Unlike the well-documented contact zone of N. helvetica and
N. natrix in the Rhine region (Kindler et al., 2017; Schultze,
Laufer, Kindler, & Fritz, 2019), this Italian contact zone had
not been examined genetically before (Kindler & Fritz, 2018).

According to our cline analyses, the Italian contact zone is
narrow (approx. 90 km based on microsatellite data and ap-
prox. 70 km based on mtDNA), with an abrupt genetic tran-
sition from one species to the other (Figure S7). Based on
morphological evidence alone (multivariate analyses of many
characters), Thorpe (1979) had suggested a much wider con-
tact zone in this region, a conclusion that conflicts with our
data. In its width, the Italian contact zone of the two species
resembles that in the Rhine region. Like there, we detected
localized admixture, with paternal genotypes occurring along
with hybrids and introgressed animals (Figure 4, centre) in
the contact zone, which therefore qualifies for a bimodal
hybrid zone (Jiggins & Mallet, 2000). However, gene flow
could be bidirectional (Figure 4; Figure S6), whereas in the
Rhine region, gene flow is largely unidirectional from N. hel-
vetica into N. natrix (Kindler et al., 2017).

In contrast to these narrow hybrid zones, the second
contact zone studied here shows a pattern of wide-reaching
gene flow within the two mainland clusters of N. helvetica
(Figure S7), matching with a unimodal hybrid zone (Jiggins
& Mallet, 2000). The high degree of nuclear genomic ad-
mixture corresponds to a much earlier stage of the speciation
process, implying genetic amalgamation of formerly allopat-
ric units after secondary contact. Yet, for mtDNA a steeper
cline was found, in agreement with the hypothesis of female
philopatry combined with population-density-dependent pro-
cesses such as ‘high-density blocking” (Waters, Fraser, &
Hewitt, 2013; see below).
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In contrast to N. natrix, N. helvetica is an old endemic
in our study region and shows a remarkable diversity with
several deeply divergent mitochondrial lineages. This dif-
ferentiation has been attributed to the existence of several
glacial refugia (Kindler et al., 2013; Kindler & Fritz, 2018).
In addition to the previously identified lineages, we found a
new Italian lineage (clade G), which is phylogenetically sister
to clade D, previously known only from a single GenBank
sequence derived from a grass snake from southern Apulia
(Guicking et al., 2006). We confirmed the occurrence of lin-
eage D for this region. The discovery of lineage G, recorded
from two putatively native sites in Campania and Basilicata
and one putatively translocated snake (see below), brings the
number of mitochondrial lineages of N. helvetica to seven,
which is an unrivalled diversity among all other amphibi-
ans and reptiles in the region (see the review in Pedall et al.,
2011 and Bisconti, Porretta, Arduino, Nascetti, & Canestrelli,
2018; Canestrelli, Sacco, & Nascetti, 2012; Canestrelli, Salvi,
Maura, Bologna, & Nascetti, 2012; Maura, Salvi, Bologna,
Nascetti, & Canestrelli, 2014; Vamberger et al., 2015). All
seven lineages occur in mainland Italy, Corsica, Sardinia, and
Sicily, even though lineage E is mainly distributed in west-
ern Europe beyond the Alps (Kindler et al., 2017; Kindler,
Gracia, et al., 2018).

In general, our new records for the mitochondrial lineages
of N. helvetica (Figure 3) refine the picture drawn by Kindler
and Fritz (2018). However, there are a few records with mis-
matched mitochondrial lineages (Figure 3: black arrows) that
most likely represent either translocated snakes, as known
for several other cases (Arnold, 2019; Bohme & Grell, 2013;
Dubey et al., 2017; Kindler et al., 2017; Vamberger et al.,
2015), or incorrectly labelled collection material (Table S1).
If these problematical records are disregarded, the mitochon-
drial lineages of N. helvetica are distributed largely parapatri-
cally. In the north-west of the peninsula, two lineages (E and
F) meet, that is in the region where we found evidence for
broad-scale gene flow. Lineage A is restricted to Sicily and
Calabria, and lineage B, to Corsica and Sardinia. Lineage C
occurs in the southern Alps and in the western and central
Po Plain. This lineage has crossed the Alps in Switzerland
(Kindler & Fritz, 2018; this study) and presumably Austria;
the recently published northernmost records are known from
Bavaria (Glaw et al., 2019). Lineage D occurs in southern-
most Apulia. The newly identified lineage G is found north of
lineage D, with records on both the Tyrrhenian and Adriatic
sides of the Italian Peninsula, suggestive of female disper-
sal across the relatively low Apennine chain in this region
(Figure 3). In the light of our new records, the contact zone
of lineages A and F that had been postulated for Calabria
(Kindler et al., 2013) is questionable because the record of
lineage F refers to one of the doubtful samples mentioned
above. Lineage F has a wide distribution in the western
Italian Peninsula and meets lineage E in northern Tuscany.

According to a fossil-calibrated molecular clock (Kindler,
de Pous, et al., 2018), the divergence of the mitochondrial
lineages of N. helvetica commenced approximately 7 mil-
lion years ago, with the split between lineage E and F being
the youngest (approx. 320,000 years ago). The oldest diver-
gence refers to lineage A from Sicily and Calabria. Lineage
B (Corsica, Sardinia), the second oldest lineage, branched off
from the remaining mitochondrial lineages approximately
4 million years ago. According to these estimates (Figure 1),
several mitochondrial lineages predate the Pleistocene con-
siderably, and others originated during the severe glacial cy-
cles of the Pleistocene that started 1.2—0.8 million years ago
(Ehlers & Gibbard, 2011).

However, our results for Italian grass snakes based on
nuclear genomic data are clearly conflicting (Figures 1, 4;
Figure S6). Despite the pronounced mitochondrial structure of
N. helvetica, we found much less differentiation with respect
to microsatellite loci. Our sTRUCTURE analyses and PCAs as-
signed the N. helvetica samples to only three clusters, in sharp
contrast to the mitochondrial data that correspond to seven
deeply divergent, and in part very old, lineages. One micro-
satellite cluster included samples from Corsica and Sardinia,
another cluster included those of the nominotypical subspe-
cies N. h. helvetica (mtDNA lineage E) from north-western
Italy and beyond, and the third cluster comprised all remain-
ing barred grass snakes from Italy (Figure 4b). Thus, snakes
harbouring the oldest mitochondrial lineage (A), with an
inferred age of approximately 7 million years, are lumped
together with the majority of the other mitochondrial lin-
eages, among them also lineage F, that diverged from lineage
E only during the Pleistocene (320,000 years ago). Despite
this recent divergence, lineage E constitutes a distinct nuclear
genomic cluster. In other words, one of the youngest mito-
chondrial lineages (E) matches a distinct nuclear genomic
cluster, whereas another nuclear genomic cluster comprises
snakes representing no fewer than five distinct mitochondrial
lineages, among them the oldest lineage.

Grass snakes are highly mobile (Meister, Ursenbacher,
& Baur, 2012), with comparatively large home ranges of
0.18-9.41 ha (Reading & Jofré, 2009: England) to 25-40 ha
(Madsen, 1984: Sweden; Wisler, Hofer, & Arlettaz, 2008:
Switzerland). We therefore hypothesize that effective geo-
graphic barriers restrict dispersal and gene flow, facilitating
the distinctness of the current three nuclear genomic clus-
ters. Corsica and Sardinia are separated from the mainland
by the Tyrrhenian Sea, largely preventing exchange with
continental populations of N. helvetica. For the two remain-
ing clusters, the Alps act as a barrier, even though grass
snakes have been reported in altitudes of up to 1,900 m a.s.1.
(Switzerland; Kindler & Fritz, 2018) or even up to 2,300 m
a.s.l. (French Alps; Piedmont, Italy; East Tyrol, Austria;
Kabisch, 1999). However, it seems likely that during gla-
cial periods, the barrier function of the Alps was much
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stronger, implying that N. h. helvetica (lineage E), whose
glacial refuge was most likely in southern France (Kindler,
Gracia, et al., 2018), invaded the Italian Peninsula only
in the Holocene. Simultaneously, lineage C would have
expanded its range across the Alps to the north reaching
southern Bavaria (Glaw et al., 2019).

This complicated pattern of mismatched mitochondrial
and nuclear genomic differentiation results from the inter-
play of repeated dispersal and vicariance events during the
geological history of our study region. The model of ‘refu-
gia within (Pleistocene) refugia’ (Gémez & Lunt, 2007) only
incompletely explains the observed mitochondrial structure.
What is today the Italian Peninsula was an island chain during
the Pliocene (5.3-2.6 mya; Marchetti et al., 2017), suggest-
ing that the deeply divergent mitochondrial lineages evolved
in allopatry in this island setting. After the formation of the
peninsula, the younger lineages originated from glacial range
disruptions. However, repeated range expansions during cli-
matically favourable periods seem to have erased divergence
on the nuclear genomic level, resulting in the present nuclear
genomic uniformity in continental Italy and Sicily, so that
only the mitochondrial lineages as ‘ghosts of past’ bear wit-
ness to the former divergence.

But how can the survival of so many mitochondrial
lineages be explained? Our scenario implies philopatry in
females and largely male-mediated gene flow. Despite the
considerable dispersal capability of grass snakes as mir-
rored by large home ranges (Madsen, 1984; Meister et al.,
2012; Reading & Jofré, 2009; Wisler et al., 2008), female
grass snakes appear to be relatively stationary. It has been
shown that female grass snakes use the same home range
in successive years, with some site fidelity for oviposition
(Madsen, 1984). Also, population-density-dependent pro-
cesses, such as high-density blocking (Waters, Fraser, &
Hewitt, 2013), are likely to have played a role in preventing
establishment of another mitochondrial lineage in a preoc-
cupied habitat. In any case, to the best of our knowledge,
no comparably extreme example of conflicting nuclear
and mitochondrial evidence became known to science
(see the reviews in Salvi, Pinho, & Harris, 2017; Toews &
Brelsford, 2012). The situation resembles that in sea tur-
tles (Cheloniidae; Bowen & Karl, 2007; Clusa et al., 2018)
and some North American freshwater turtles (Graptemys,
Emydidae; Praschag, Ihlow, Flecks, Vamberger, & Fritz,
2017; Thomson, Spinks, & Shaffer, 2018), taxa also dis-
playing pronounced female philopatry, but in both turtle
groups the divergences of the maternal lineages are much
shallower than in N. helvetica, with Pleistocene divergence
estimates (Bowen & Karl, 2007; Thomson et al., 2018).
However, old mitochondrial ‘ghost lineages’ are known
from certain European wall lizard species (Renoult et al.,
2009; Salvi et al., 2017), but these cases involve much less
mitochondrial lineages.
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5 | TAXONOMY

Based on our microsatellite evidence, the recognition of the
subspecies Natrix helvetica lanzai and N. h. sicula, as sug-
gested by Kindler and Fritz (2018), is not supported. These
authors tentatively identified N. h. lanzai with barred grass
snakes harbouring haplotypes of lineages C, D, and F and
N. h. sicula with snakes possessing haplotypes of lineage
A. Based on the samples available in their study, the two
subspecies matched with two distinct clusters in PCAs for
microsatellite loci, whereas they were lumped together in
STRUCTURE runs. Using our expanded sampling, however, all
Sicilian and peninsular Italian N. helvetica are not distinct
with respect to their microsatellites, neither in STRUCTURE
analyses nor in PCAs. Thus, if a subspecies is understood as
an evolutionarily significant unit that differs both in nuclear
and in mitochondrial DNA from other such units, but that is
still capable of large-scale gene flow (Kindler & Fritz, 2018),
the distinction of two subspecies for Sicilian and peninsu-
lar Ttalian grass snakes is not justified because all analysed
samples represent a nuclear genomic continuum. The oldest
available name for this subspecies is Natrix helvetica sicula
(Cuvier, 1829), rendering N. h. lanzai Kramer, 1970 a junior
synonym.

Further research is needed to better understand the com-
plex morphological variation of barred grass snakes from
Sicily and mainland Italy. Up to four or five subspecies have
been suggested to occur there by some authors (Kramer, 1970;
Lanza, 1983), while others recognized only two (Mertens &
Wermuth, 1960) or assigned all populations from these re-
gions to what is now the nominotypical subspecies of N. hel-
vetica (Thorpe, 1979). The geographic distributions of some
of the putative subspecies match the distinct mitochondrial
lineages of N. helvetica to some extent, suggesting that some
morphological heritage of the formerly allopatric populations
might have survived until today.

While the morphological variation of Sicilian and main-
land Italian populations obviously is complex and contra-
dictory, barred grass snakes from Sardinia and Corsica have
been unanimously regarded as two distinct subspecies based
on their peculiar morphology (Kabisch, 1999; Kreiner, 2007;
Lanza, 1983; Mertens, 1957; Mertens & Wermuth, 1960;
Thorpe, 1979). With respect to mtDNA, the two taxa from
Sardinia and Corsica together represent the deeply diver-
gent mitochondrial lineage B (Kindler et al., 2013; Kindler
& Fritz, 2018). However, using limited sampling, Kindler
et al. (2013) found mtDNA sequences of Sardinian (n = 3)
and Corsican grass snakes (n = 4) to be not reciprocally
monophyletic. Using 11 samples of N. h. cetti and five of N.
h. corsa, we found the same pattern, with one shared haplo-
type each for ND4 + tRNAs (bl) and for cyt b (b4) between
specimens from both islands. Using microsatellite data, the
few samples of each subspecies studied by Kindler and Fritz



SCHULTZE ET AL.

il—WI LE Y— Zoologica Scripta

@

(2018) were lumped together in STRUCTURE analyses (N. h.
cetti: n = 2; N. h. corsa: n = 3), but PCA retrieved each sub-
species as a distinct cluster. Our reanalyses using more, but
still few, samples (N. h. cetti: n = 9; N. h. corsa: n = 5) re-
sulted in only one cluster for the snakes from the two islands,
both for sTRUCTURE analyses and for PCAs. This suggests that
Sardinian and Corsican grass snakes do not represent genet-
ically distinct taxa and that both should be lumped together
under the oldest available name Natrix helvetica cetti Gené,
1839. Because Sardinian grass snakes are very rare and listed
as ‘Critically Endangered’ in the IUCN Red List (European
Reptile and Amphibian Specialist Group, 1996), this con-
clusion could have negative implications for conservation.
Therefore, we recommend studying more samples from each
nominal subspecies before drawing a taxonomic decision.

6 | CONCLUSIONS

Our study confirmed the contact zone of N. helvetica and N.
natrix in north-eastern Italy. There, barred grass snakes har-
bouring the mitochondrial lineage C meet the ‘red lineage’ of
the common grass snake. Hybridization occurs in a narrow
zone of less than 90 km width, with concordant steep clines
for nuclear and mitochondrial markers. Gene flow may be
bidirectional, in contrast to the hybrid zone of the two species
in the Rhine region. Natrix natrix has a wider distribution
in north-eastern Italy than previously known and occurs also
west of the Piave River and south of the Po River.

Within barred grass snakes, we found conflicting patterns
of mitochondrial and nuclear genomic differentiation. There
are seven distinct mitochondrial lineages, some of them
deeply divergent and considerably predating Pleistocene
glaciations. In contrast, only three nuclear genomic clusters
were detected. One of these clusters matches no fewer than
five mitochondrial lineages, among them the oldest lineage
(approx. 7 million years old), corresponding to grass snakes
from Sicily and Calabria, and four other, much younger, con-
tinental Italian lineages. Another nuclear genomic cluster
represents grass snakes from Corsica and Sardinia harbour-
ing the second oldest mitochondrial lineage. The third cluster
corresponds to grass snakes from western Europe north of
the Alps with a young mitochondrial lineage of Pleistocene
age that is sister to one of the young Italian lineages. This
situation makes the cluster from Sicily and mainland Italy
paraphyletic with respect to mitochondrial lineages.

Barred grass snakes from Corsica (N. h. corsa) and
Sardinia (N. h. cetti) were found to be genetically undif-
ferentiated, with respect to both nuclear and mitochondrial
markers. The two islands were repeatedly connected during
the Pliocene and during Pleistocene low sea-level stands
(Marchetti et al., 2017), and the last connection between
Corsica and Sardinia was only interrupted by the rising sea

level in the early Holocene. As a consequence, grass snakes
of the two islands most likely repeatedly formed a contiguous
population system, suggesting that their morphological dif-
ferences are the result of recent divergence. However, larger
sample sizes from both islands should be studied geneti-
cally before taxonomic conclusions are drawn, not least be-
cause N. h. cetti is Critically Endangered (European Reptile
and Amphibian Specialist Group, 1996).

The mismatched mitochondrial and nuclear genomic
differentiation of N. helvetica represents an extreme case
apparently resulting from female philopatry and male-medi-
ated gene flow. Acknowledging the lack of nuclear genomic
differentiation, we propose that N. h. lanzai Kramer, 1970 is
relegated into the synonymy of N. h. sicula (Cuvier, 1829).
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