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a b s t r a c t

Phylogenetic relationships of the Western Palearctic legless lizard genus Anguis were inferred based on a
fragment of mitochondrial DNA and two nuclear protein-coding loci, C-mos and PRLR. A. cephallonica from
the Peloponnese was confirmed as a valid species. It is the sister taxon to a clade comprising all other
evolutionary lineages, which were shown to represent three distinct species: (1) A. fragilis sensu stricto
occurring in Western and Central Europe, the north-western Balkans, with possibly isolated populations
in the eastern Balkans, and presumably also in western Scandinavia and Italy; (2) A. colchica distributed
from the eastern Czech Republic and the Baltic region eastward to northern Iran, presumably also in east-
ern Scandinavia, and the north-eastern Balkans; (3) A. graeca restricted to the southern Balkans, and par-
tially sympatric with A. cephallonica. According to the more variable mitochondrial marker, A. graeca
appears to be the sister species to A. colchica, and these taxa together form a sister clade to A. fragilis,
whereas the less variable nuclear markers show A. colchica to be closer to A. fragilis. The C-mos gene
has not provided substantial variation within this species complex, while the PRLR gene, which was used
for the first time in phylogeographic study in a reptile, distinguished all species successfully. Intra-spe-
cific differentiation of A. colchica is discussed, and subspecific status of the Caucasian and Caspian popu-
lations is proposed. The uncovered genetic differences should be taken into account in all future
biogeographical, morphological and ecological studies, as well as in conservation.

! 2010 Elsevier Inc. All rights reserved.

1. Introduction

Two species of the legless lizard slow worm, Anguis (Reptilia:
Anguidae) are currently recognized: A. cephallonica Werner, 1894
and A. fragilis Linnaeus, 1758 (Arnold, 2002; Völkl and Alfermann,
2007). Whereas the first species is restricted to the Peloponnese
and adjacent islands of Zakynthos, Kephallenia and Ithaca, the sec-
ond one is widespread in the Western Palearctic region. Tradition-
ally, two forms, regarded by some authors as different subspecies
(e.g. Arnold, 2002; Musters and in den Bosch, 1982), or alterna-
tively as morphotypes (e.g. Cabela and Grillitsch, 1989; Grillitsch
and Cabela, 1990), have been distinguished within A. fragilis – wes-
tern A. f. fragilis and eastern A. f. colchica (Nordmann, 1840). Mor-
phological differentiation (e.g. prefrontal shield position, ear
opening condition, number of scales around the midbody, blue
dorsal spotting) and taxonomic status of these forms has been
subject to several morphological and biogeographical studies

(e.g. Beshkov, 1966; Lác, 1967; Musters and in den Bosch, 1982;
Shcherban’, 1976; Voipio, 1962; Wermuth, 1950). Also a long con-
tact zone between both forms has been suggested to occur in the
north–south direction from the west of Finland and the Baltic
Sea coast, through Central Europe (along the border between the
Czech Republic and Slovakia) to the north-western Balkans (Dely,
1981; Petzold, 1971; Völkl and Alfermann, 2007). A rather complex
pattern of distribution of different morphotypes and their interme-
diates in the Balkan populations has been explained as sympatric
occurrence of both forms (Arnold, 2002; Beshkov, 1966; Cabela
and Grillitsch, 1989; Grillitsch and Cabela, 1990; Musters and in
den Bosch, 1982; Stojanov, 2001), or as evidence for the existence
of an intermediate form (Mayer et al., 1991). However, it is evident
that external morphology is not fully concordant with extant intra-
specific subdivision, and questions of the taxonomic status as well
as interrelationships of the given forms have remained open until
the present study.

With the primary aim to elucidate the phylogenetic relation-
ships and taxonomic positions of the populations distributed along
the presumptive contact zone of two slow-worm forms in the
Czech Republic and Slovakia (Bárta and Tyrner, 1972; Kminiak,
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Molecular Phylogenetics and Evolution 55 (2010) 460–472

Contents lists available at ScienceDirect

Molecular Phylogenetics and Evolution

journal homepage: www.elsevier .com/locate /ympev

An ancient lineage of slow worms, genus Anguis (Squamata: Anguidae),
survived in the Italian Peninsula
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a b s t r a c t

Four species of legless anguid lizard genus Anguis have been currently recognized: A. fragilis from western
and central Europe, A. colchica from eastern Europe and western Asia, A. graeca from southern Balkans,
and A. cephallonica from the Peloponnese. Slow worms from the Italian Peninsula have been considered
conspecific with A. fragilis, despite the fact that the region served as an important speciation center for
European flora and fauna, and included some Pleistocene glacial refugia. We used mitochondrial and
nuclear DNA sequences to investigate the systematic and phylogenetic position of the Italian slow-worm
populations and morphological analyses to test for phenotypic differentiation from A. fragilis from other
parts of Europe. Our phylogenetic analyses revealed that Italian slow worms form a distinct deeply dif-
ferentiated mtDNA clade, which presumably diverged during or shortly after the basal radiation within
the genus Anguis. In addition, the specimens assigned to this clade bear distinct haplotypes in nuclear
PRLR gene and show morphological differentiation from A. fragilis. Based on the differentiation in all three
independent markers, we propose to assign the Italian clade species level under the name Anguis veron-
ensis Pollini, 1818. The newly recognized species is distributed throughout the Italian Peninsula to the
Southern Alps and south-eastern France. We hypothesize that the Tertiary Alpine orogeny with subse-
quent vicariance might have played a role in differentiation of this species. The current genetic variability
was later presumably shaped in multiple glacial refugia within the Italian Peninsula, with the first split-
ting event separating populations from the region of the Dolomite Mountains.

! 2013 Elsevier Inc. All rights reserved.

1. Introduction

Due to the complex geological history and habitat diversity, the
Mediterranean region encompassing the Balkan, Italian, and Ibe-
rian peninsulas played a crucial role for the origin of the biodiver-
sity of the European fauna and its subsequent diversification. For
many taxa the peninsulas represent the radiation centers, areas
with the highest in-group diversity and centers of endemism
(Blondel et al., 2010; Hidalgo-Galiana and Ribera, 2011). The origin
of many of the oldest extant lineages of terrestrial animal groups
dates back to the Oligocene, while the origin of the younger lin-
eages could be related to the Late Oligocene–Early Miocene separa-

tion of Tethys and Paratethys with the diversification being mainly
driven by subsequent vicariance during the Miocene (Oosterbroek
and Arntzen, 1992). Later, in the Quaternary, climate changes had
strong effect on European fauna and caused extinctions or repeated
range contractions and expansions in many species or their popu-
lations. While populations survived glaciations in refugia situated
primarily within the three main Mediterranean peninsulas, they
expanded to the northern areas during the warmer interglacial
periods and particularly after the last glaciation (e.g. Feliner,
2011; Hewitt, 1996, 1999; Taberlet et al., 1998; Weiss and Ferrand,
2007). Within vertebrates, genetic patterns of less vagile taxa, such
as amphibians and reptiles, were particularly influenced by popu-
lation contractions and expansions and their assemblages thus of-
ten better reflect location of glacial refugia than contemporary
climate (Araújo and Pearson, 2005; Araújo et al., 2006).

Slow worms, legless lizards of the genus Anguis Linnaeus, 1758,
inhabit a large territory of the Western Palearctic region including
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fragilis and the Italian slow worms. Further, three samples from
southern Germany and central Austria had PRLR haplotype (P0) de-
rived by one mutational step from the most common Italian haplo-
type in combination with A. fragilis mtDNA haplotypes (f1, f12,
f13). This might indicate either some level of gene flow between
the Italian slow worms and A. fragilis or, as we suppose, an ances-
tral state of P0 haplotype within Anguis, i.e. the result of incom-
plete lineage sorting (see Table 1, Fig. 1).

3.4. Morphological comparison

Our analyses show that adult A. fragilis and the Italian slow
worms differ in the relative length of the intact tail [ANCOVA,
SVL as a covariate; males: F(1,20) = 9.641, p = 0.006; females:
F(1,36) = 25.332, p < 0.001] (Fig. 6a), with Italian slow worms hav-
ing longer tails than A. fragilis in both males (mean ± SE; Italian
slow worms: 206.3 ± 5.4 mm, N = 12; A. fragilis: 186.6 ± 9.0 mm,

Fig. 3. Maximum-likelihood phylogeny of the slow worms, based on sequences of the 1428 bp fragment of ND2 and tRNAs (tRNA-Trp, tRNA-Ala, tRNA-Asn, tRNA-Cys, tRNA-Tyr).
Statistical support for the major clades is expressed as the percentage bootstrap values and Bayesian posterior probabilities (bpp). Branch support values <50/0.50 bootstrap/
bpp are not indicated.
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were tested with multivariate analysis of covariance (MANCOVA)
with SVL used as a covariate and also with univariate ANCOVAs.
Meristic characters (number of dorsal, ventral, anal, subcaudal,
supraocular, submaxillar, supralabial scales, and number of the
scale rows around body in four body segments) were compared
with multivariate analysis of variance (MANOVA) and t-test. The
categorical characters were compared for the frequency of their
occurrence in both species with chi-square test (type of prefrontal
scales position; presence of the ear opening was not statistically
compared as we found no variation in this trait) and log-linear
regression (coloration and pattern characters; the amount of dor-
sal spots, presence and intensity of vertebral line, presence and
intensity of the border between dorsal and lateral coloration,
amount of the dark pigment in the ventral side of the body). Cor-
rect groupings of the individuals were tested by discriminant
function analysis (DFA) using leave-one-out cross-validation
(Lance et al., 2000). The sexes were analyzed separately to avoid
misinterpretation of the differences caused by sexual dimorphism
and in all statistical tests only adult specimens with known sex
were used. All statistical analyses were performed in SPSS 17.0
(SPSS Inc., Chicago, IL).

3. Results

3.1. Mitochondrial DNA

The resulting mtDNA dataset (1425 bp), excluding the out-
groups, contained 324 polymorphic sites out of which 278 were
parsimony informative, and yielded 60 haplotypes. Thirty-two
newly sequenced individuals produced 27 haplotypes, including
24 new ones. The ML (Fig. 3) and BA consensus trees were essen-
tially identical with respect to the topology of the main Anguis lin-
eages and recovered the same, previously detected (Gvoždík et al.,
2010), clades/species and their relationships: (A. cephallonica, (A.
fragilis, (A. colchica, A. graeca))). However, from the 24 new haplo-
types only nine belonged to the previously recognized clades,

one to the A. colchica clade (c12 from Poland) and eight to the A.
fragilis clade (f8–f15; one codon deletion in ND2 was detected in
all new fragilis haplotypes). The remaining 15 haplotypes (v1–
v15), originating from Italy and south-eastern France, formed a
new distinct lineage which we tentatively name ‘‘the Italian clade’’.
In both phylogenetic approaches (ML, BA) the Italian clade was
recovered as the sister lineage to A. cephallonica, however with vir-
tually no support. Therefore the deep relationships within the tree
remain unresolved, polytomic, with unclear position of the Italian
clade relatively to A. cephallonica and the clade containing A. fragi-
lis, A. colchica and A. graeca (showing relatively high support 87/
0.97 in ML/BA).

The three newly sequenced individuals of A. colchica had two
haplotypes, c6 (Ukraine) and c12 (Poland). Both haplotypes belong
to the eastern European A. colchica subclade, A. colchica incerta
Krynicki, 1837 (Gvoždík et al., 2010). The newly analyzed individ-
uals with A. fragilis haplotypes filled some geographic gaps in the
knowledge on distribution of the haplotypes, such as in eastern
Spain, southern and eastern France, southern Germany, Austria, ex-
treme north-eastern Italy, Slovenia, Croatia, Bosnia and Herzegovi-
na, and Serbia. No distinctly divergent subclade was detected
within the A. fragilis clade, which is characterized by relatively
low genetic variation in respect to its wide distribution range. On
the contrary, the Italian clade possesses relatively high genetic var-
iation with conspicuous, highly supported basal split separating
samples from the Dolomite Mountains (Eastern Alps, NE Italy)
from all others. The result of the SH test clearly rejected the con-
strained tree (A. fragilis and the Italian clade monophyletic) over
the best tree where the two species were not in a sister relation-
ship (p < 0.01). Genetic distances between all taxa are shown in
Table 5.

3.2. Nuclear DNA

The number of polymorphic sites in the nuclear PRLR fragment
(544 bp), excluding the outgroup genera, was 20 with nine

Fig. 1. Map showing the origin of the slow-worm samples used for molecular analyses and the distribution range of the genus (ochre). For the list of localities see Table 1.

1082 V. Gvoždík et al. / Molecular Phylogenetics and Evolution 69 (2013) 1077–1092

fragilis and the Italian slow worms. Further, three samples from
southern Germany and central Austria had PRLR haplotype (P0) de-
rived by one mutational step from the most common Italian haplo-
type in combination with A. fragilis mtDNA haplotypes (f1, f12,
f13). This might indicate either some level of gene flow between
the Italian slow worms and A. fragilis or, as we suppose, an ances-
tral state of P0 haplotype within Anguis, i.e. the result of incom-
plete lineage sorting (see Table 1, Fig. 1).

3.4. Morphological comparison

Our analyses show that adult A. fragilis and the Italian slow
worms differ in the relative length of the intact tail [ANCOVA,
SVL as a covariate; males: F(1,20) = 9.641, p = 0.006; females:
F(1,36) = 25.332, p < 0.001] (Fig. 6a), with Italian slow worms hav-
ing longer tails than A. fragilis in both males (mean ± SE; Italian
slow worms: 206.3 ± 5.4 mm, N = 12; A. fragilis: 186.6 ± 9.0 mm,

Fig. 3. Maximum-likelihood phylogeny of the slow worms, based on sequences of the 1428 bp fragment of ND2 and tRNAs (tRNA-Trp, tRNA-Ala, tRNA-Asn, tRNA-Cys, tRNA-Tyr).
Statistical support for the major clades is expressed as the percentage bootstrap values and Bayesian posterior probabilities (bpp). Branch support values <50/0.50 bootstrap/
bpp are not indicated.
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1086 V. Gvoždík et al. / Molecular Phylogenetics and Evolution 69 (2013) 1077–1092



fragilis and the Italian slow worms. Further, three samples from
southern Germany and central Austria had PRLR haplotype (P0) de-
rived by one mutational step from the most common Italian haplo-
type in combination with A. fragilis mtDNA haplotypes (f1, f12,
f13). This might indicate either some level of gene flow between
the Italian slow worms and A. fragilis or, as we suppose, an ances-
tral state of P0 haplotype within Anguis, i.e. the result of incom-
plete lineage sorting (see Table 1, Fig. 1).

3.4. Morphological comparison

Our analyses show that adult A. fragilis and the Italian slow
worms differ in the relative length of the intact tail [ANCOVA,
SVL as a covariate; males: F(1,20) = 9.641, p = 0.006; females:
F(1,36) = 25.332, p < 0.001] (Fig. 6a), with Italian slow worms hav-
ing longer tails than A. fragilis in both males (mean ± SE; Italian
slow worms: 206.3 ± 5.4 mm, N = 12; A. fragilis: 186.6 ± 9.0 mm,

Fig. 3. Maximum-likelihood phylogeny of the slow worms, based on sequences of the 1428 bp fragment of ND2 and tRNAs (tRNA-Trp, tRNA-Ala, tRNA-Asn, tRNA-Cys, tRNA-Tyr).
Statistical support for the major clades is expressed as the percentage bootstrap values and Bayesian posterior probabilities (bpp). Branch support values <50/0.50 bootstrap/
bpp are not indicated.

1086 V. Gvoždík et al. / Molecular Phylogenetics and Evolution 69 (2013) 1077–1092

worms and A. fragilis, and therefore the character could not have
been compared between the groups. The ear opening is not visible
in Italian slow worms, which is a typical state in A. fragilis as well.

The log-linear analysis of the coloration, which also takes into
account correlation among the individual characters, was not sig-
nificant, while the simple chi-square test showed higher frequency
of the occurrence of black abdominal coloration in Italian slow
worms in comparison to A. fragilis (Pearson; v2(3) = 12.507,
p = 0.006).

Discriminant function analyses (DFA) showed high rate of suc-
cessful posterior assignment to the respective groups (sexes trea-
ted separately): 90.5% (males) and 94.4% (females) in DFAs of
metric characters, 86.4% and 90.9% in scale characters, and 100%
in combined datasets of both metric and scale characters. However
after cross-validation procedure the rates considerably decreased
to 52.4% and 66.7% in DFAs of metric characters, 54.5% and 60.6%
in scale characters, and 52.4% and 84.4% in combined datasets of
both metric and scale characters, in males and females,
respectively.

For the summary descriptive statistics see Supplementary data
(Table S2).

4. Discussion

4.1. Genetic structure and relationships in Anguis

The results of this study reveal a new evolutionary lineage with-
in the genus Anguis. This lineage was detected within the Italian
Peninsula and is distributed up to the southern Alps and to
south-eastern France (Figs. 1 and 2). All specimens of the Italian

mtDNA clade (Fig. 3) are also characterized by distinct PRLR haplo-
types that are not shared by other slow-worm lineages (Fig. 4b).
According to the mtDNA genealogy, the new evolutionary lineage
forms part of a basal polytomy within Anguis not yet fully resolved.
Additionally, the structure in the nuclear PRLR gene reveals that
the new Anguis lineage occupies an internal position inside the net-
work, supporting an ancestral position within the identified lin-
eages of the genus. Genetic distances between the new Anguis
evolutionary lineage and all other currently recognized species
are larger (8.3% on average) than the interspecific distances among
the other lineages within the genus (7.2%) and represent about two
thirds of the genetic distance between the genera Anguis and
Pseudopus (12.8% in uncorrected p-distances; Table 5). Therefore
the genetic distances in the mtDNA markers indicate rather inter-
specific than intraspecific differentiation. Multilocus inference of
phylogenetic relationships within Anguis is currently ongoing

Fig. 5. Haplotype network of the C-mos gene based on the statistical parsimony
algorithm (95% limit of parismony). Circle sizes correspond to haplotype frequen-
cies and colors match the main mtDNA clades (species). Anguis fragilis and A.
colchica share the common main haplotype (Cfc1) and the same haplotype was
found in one of the two analyzed specimens of A. veronensis. Haplotype names as
listed in Table 1. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. Box-plots of the relative tail lengths (a) and subcaudal scale numbers (b) in
adult A. veronensis and A. fragilis (only specimens with intact tails were considered).
The tail lengths were standardized to the length of the male slow worm with the
longest SVL and subsequently normalized to the ratio of the obtained standardized
tail length to the longest male standardized tail length (male TLmax = 1.00). Upper
and lower limit of the box represent upper and lower quartile, respectively, the bar
inside the box represents median, the ends of whiskers show extreme values, and
the individual dots are outliers.
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1088 V. Gvoždík et al. / Molecular Phylogenetics and Evolution 69 (2013) 1077–1092



EINFÜHRUNG - IN DER SCHWEIZ

• A. fragilis: 
nördlich der Alpen

• A. veronensis: 
südlich der Alpen

were tested with multivariate analysis of covariance (MANCOVA)
with SVL used as a covariate and also with univariate ANCOVAs.
Meristic characters (number of dorsal, ventral, anal, subcaudal,
supraocular, submaxillar, supralabial scales, and number of the
scale rows around body in four body segments) were compared
with multivariate analysis of variance (MANOVA) and t-test. The
categorical characters were compared for the frequency of their
occurrence in both species with chi-square test (type of prefrontal
scales position; presence of the ear opening was not statistically
compared as we found no variation in this trait) and log-linear
regression (coloration and pattern characters; the amount of dor-
sal spots, presence and intensity of vertebral line, presence and
intensity of the border between dorsal and lateral coloration,
amount of the dark pigment in the ventral side of the body). Cor-
rect groupings of the individuals were tested by discriminant
function analysis (DFA) using leave-one-out cross-validation
(Lance et al., 2000). The sexes were analyzed separately to avoid
misinterpretation of the differences caused by sexual dimorphism
and in all statistical tests only adult specimens with known sex
were used. All statistical analyses were performed in SPSS 17.0
(SPSS Inc., Chicago, IL).

3. Results

3.1. Mitochondrial DNA

The resulting mtDNA dataset (1425 bp), excluding the out-
groups, contained 324 polymorphic sites out of which 278 were
parsimony informative, and yielded 60 haplotypes. Thirty-two
newly sequenced individuals produced 27 haplotypes, including
24 new ones. The ML (Fig. 3) and BA consensus trees were essen-
tially identical with respect to the topology of the main Anguis lin-
eages and recovered the same, previously detected (Gvoždík et al.,
2010), clades/species and their relationships: (A. cephallonica, (A.
fragilis, (A. colchica, A. graeca))). However, from the 24 new haplo-
types only nine belonged to the previously recognized clades,

one to the A. colchica clade (c12 from Poland) and eight to the A.
fragilis clade (f8–f15; one codon deletion in ND2 was detected in
all new fragilis haplotypes). The remaining 15 haplotypes (v1–
v15), originating from Italy and south-eastern France, formed a
new distinct lineage which we tentatively name ‘‘the Italian clade’’.
In both phylogenetic approaches (ML, BA) the Italian clade was
recovered as the sister lineage to A. cephallonica, however with vir-
tually no support. Therefore the deep relationships within the tree
remain unresolved, polytomic, with unclear position of the Italian
clade relatively to A. cephallonica and the clade containing A. fragi-
lis, A. colchica and A. graeca (showing relatively high support 87/
0.97 in ML/BA).

The three newly sequenced individuals of A. colchica had two
haplotypes, c6 (Ukraine) and c12 (Poland). Both haplotypes belong
to the eastern European A. colchica subclade, A. colchica incerta
Krynicki, 1837 (Gvoždík et al., 2010). The newly analyzed individ-
uals with A. fragilis haplotypes filled some geographic gaps in the
knowledge on distribution of the haplotypes, such as in eastern
Spain, southern and eastern France, southern Germany, Austria, ex-
treme north-eastern Italy, Slovenia, Croatia, Bosnia and Herzegovi-
na, and Serbia. No distinctly divergent subclade was detected
within the A. fragilis clade, which is characterized by relatively
low genetic variation in respect to its wide distribution range. On
the contrary, the Italian clade possesses relatively high genetic var-
iation with conspicuous, highly supported basal split separating
samples from the Dolomite Mountains (Eastern Alps, NE Italy)
from all others. The result of the SH test clearly rejected the con-
strained tree (A. fragilis and the Italian clade monophyletic) over
the best tree where the two species were not in a sister relation-
ship (p < 0.01). Genetic distances between all taxa are shown in
Table 5.

3.2. Nuclear DNA

The number of polymorphic sites in the nuclear PRLR fragment
(544 bp), excluding the outgroup genera, was 20 with nine

Fig. 1. Map showing the origin of the slow-worm samples used for molecular analyses and the distribution range of the genus (ochre). For the list of localities see Table 1.
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and in all statistical tests only adult specimens with known sex
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3. Results
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The resulting mtDNA dataset (1425 bp), excluding the out-
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newly sequenced individuals produced 27 haplotypes, including
24 new ones. The ML (Fig. 3) and BA consensus trees were essen-
tially identical with respect to the topology of the main Anguis lin-
eages and recovered the same, previously detected (Gvoždík et al.,
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fragilis, (A. colchica, A. graeca))). However, from the 24 new haplo-
types only nine belonged to the previously recognized clades,

one to the A. colchica clade (c12 from Poland) and eight to the A.
fragilis clade (f8–f15; one codon deletion in ND2 was detected in
all new fragilis haplotypes). The remaining 15 haplotypes (v1–
v15), originating from Italy and south-eastern France, formed a
new distinct lineage which we tentatively name ‘‘the Italian clade’’.
In both phylogenetic approaches (ML, BA) the Italian clade was
recovered as the sister lineage to A. cephallonica, however with vir-
tually no support. Therefore the deep relationships within the tree
remain unresolved, polytomic, with unclear position of the Italian
clade relatively to A. cephallonica and the clade containing A. fragi-
lis, A. colchica and A. graeca (showing relatively high support 87/
0.97 in ML/BA).

The three newly sequenced individuals of A. colchica had two
haplotypes, c6 (Ukraine) and c12 (Poland). Both haplotypes belong
to the eastern European A. colchica subclade, A. colchica incerta
Krynicki, 1837 (Gvoždík et al., 2010). The newly analyzed individ-
uals with A. fragilis haplotypes filled some geographic gaps in the
knowledge on distribution of the haplotypes, such as in eastern
Spain, southern and eastern France, southern Germany, Austria, ex-
treme north-eastern Italy, Slovenia, Croatia, Bosnia and Herzegovi-
na, and Serbia. No distinctly divergent subclade was detected
within the A. fragilis clade, which is characterized by relatively
low genetic variation in respect to its wide distribution range. On
the contrary, the Italian clade possesses relatively high genetic var-
iation with conspicuous, highly supported basal split separating
samples from the Dolomite Mountains (Eastern Alps, NE Italy)
from all others. The result of the SH test clearly rejected the con-
strained tree (A. fragilis and the Italian clade monophyletic) over
the best tree where the two species were not in a sister relation-
ship (p < 0.01). Genetic distances between all taxa are shown in
Table 5.

3.2. Nuclear DNA

The number of polymorphic sites in the nuclear PRLR fragment
(544 bp), excluding the outgroup genera, was 20 with nine

Fig. 1. Map showing the origin of the slow-worm samples used for molecular analyses and the distribution range of the genus (ochre). For the list of localities see Table 1.
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with SVL used as a covariate and also with univariate ANCOVAs.
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supraocular, submaxillar, supralabial scales, and number of the
scale rows around body in four body segments) were compared
with multivariate analysis of variance (MANOVA) and t-test. The
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scales position; presence of the ear opening was not statistically
compared as we found no variation in this trait) and log-linear
regression (coloration and pattern characters; the amount of dor-
sal spots, presence and intensity of vertebral line, presence and
intensity of the border between dorsal and lateral coloration,
amount of the dark pigment in the ventral side of the body). Cor-
rect groupings of the individuals were tested by discriminant
function analysis (DFA) using leave-one-out cross-validation
(Lance et al., 2000). The sexes were analyzed separately to avoid
misinterpretation of the differences caused by sexual dimorphism
and in all statistical tests only adult specimens with known sex
were used. All statistical analyses were performed in SPSS 17.0
(SPSS Inc., Chicago, IL).
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3.1. Mitochondrial DNA

The resulting mtDNA dataset (1425 bp), excluding the out-
groups, contained 324 polymorphic sites out of which 278 were
parsimony informative, and yielded 60 haplotypes. Thirty-two
newly sequenced individuals produced 27 haplotypes, including
24 new ones. The ML (Fig. 3) and BA consensus trees were essen-
tially identical with respect to the topology of the main Anguis lin-
eages and recovered the same, previously detected (Gvoždík et al.,
2010), clades/species and their relationships: (A. cephallonica, (A.
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types only nine belonged to the previously recognized clades,

one to the A. colchica clade (c12 from Poland) and eight to the A.
fragilis clade (f8–f15; one codon deletion in ND2 was detected in
all new fragilis haplotypes). The remaining 15 haplotypes (v1–
v15), originating from Italy and south-eastern France, formed a
new distinct lineage which we tentatively name ‘‘the Italian clade’’.
In both phylogenetic approaches (ML, BA) the Italian clade was
recovered as the sister lineage to A. cephallonica, however with vir-
tually no support. Therefore the deep relationships within the tree
remain unresolved, polytomic, with unclear position of the Italian
clade relatively to A. cephallonica and the clade containing A. fragi-
lis, A. colchica and A. graeca (showing relatively high support 87/
0.97 in ML/BA).
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to the eastern European A. colchica subclade, A. colchica incerta
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scale rows around body in four body segments) were compared
with multivariate analysis of variance (MANOVA) and t-test. The
categorical characters were compared for the frequency of their
occurrence in both species with chi-square test (type of prefrontal
scales position; presence of the ear opening was not statistically
compared as we found no variation in this trait) and log-linear
regression (coloration and pattern characters; the amount of dor-
sal spots, presence and intensity of vertebral line, presence and
intensity of the border between dorsal and lateral coloration,
amount of the dark pigment in the ventral side of the body). Cor-
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function analysis (DFA) using leave-one-out cross-validation
(Lance et al., 2000). The sexes were analyzed separately to avoid
misinterpretation of the differences caused by sexual dimorphism
and in all statistical tests only adult specimens with known sex
were used. All statistical analyses were performed in SPSS 17.0
(SPSS Inc., Chicago, IL).

3. Results

3.1. Mitochondrial DNA

The resulting mtDNA dataset (1425 bp), excluding the out-
groups, contained 324 polymorphic sites out of which 278 were
parsimony informative, and yielded 60 haplotypes. Thirty-two
newly sequenced individuals produced 27 haplotypes, including
24 new ones. The ML (Fig. 3) and BA consensus trees were essen-
tially identical with respect to the topology of the main Anguis lin-
eages and recovered the same, previously detected (Gvoždík et al.,
2010), clades/species and their relationships: (A. cephallonica, (A.
fragilis, (A. colchica, A. graeca))). However, from the 24 new haplo-
types only nine belonged to the previously recognized clades,

one to the A. colchica clade (c12 from Poland) and eight to the A.
fragilis clade (f8–f15; one codon deletion in ND2 was detected in
all new fragilis haplotypes). The remaining 15 haplotypes (v1–
v15), originating from Italy and south-eastern France, formed a
new distinct lineage which we tentatively name ‘‘the Italian clade’’.
In both phylogenetic approaches (ML, BA) the Italian clade was
recovered as the sister lineage to A. cephallonica, however with vir-
tually no support. Therefore the deep relationships within the tree
remain unresolved, polytomic, with unclear position of the Italian
clade relatively to A. cephallonica and the clade containing A. fragi-
lis, A. colchica and A. graeca (showing relatively high support 87/
0.97 in ML/BA).

The three newly sequenced individuals of A. colchica had two
haplotypes, c6 (Ukraine) and c12 (Poland). Both haplotypes belong
to the eastern European A. colchica subclade, A. colchica incerta
Krynicki, 1837 (Gvoždík et al., 2010). The newly analyzed individ-
uals with A. fragilis haplotypes filled some geographic gaps in the
knowledge on distribution of the haplotypes, such as in eastern
Spain, southern and eastern France, southern Germany, Austria, ex-
treme north-eastern Italy, Slovenia, Croatia, Bosnia and Herzegovi-
na, and Serbia. No distinctly divergent subclade was detected
within the A. fragilis clade, which is characterized by relatively
low genetic variation in respect to its wide distribution range. On
the contrary, the Italian clade possesses relatively high genetic var-
iation with conspicuous, highly supported basal split separating
samples from the Dolomite Mountains (Eastern Alps, NE Italy)
from all others. The result of the SH test clearly rejected the con-
strained tree (A. fragilis and the Italian clade monophyletic) over
the best tree where the two species were not in a sister relation-
ship (p < 0.01). Genetic distances between all taxa are shown in
Table 5.

3.2. Nuclear DNA

The number of polymorphic sites in the nuclear PRLR fragment
(544 bp), excluding the outgroup genera, was 20 with nine

Fig. 1. Map showing the origin of the slow-worm samples used for molecular analyses and the distribution range of the genus (ochre). For the list of localities see Table 1.
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ZIELE

• kommt A. veronensis in der Schweiz vor?

• wie ist ihr Verbreitungsgebiet in der Schweiz?

• gibt es Genfluss / Hybridisierung zwischen den zwei Arten?

• sind morphologische Unterschiede vorhanden?

• lassen sich die Arten im Feld leicht unterscheiden?



METHODEN
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• genetische Analysen

• im Tessin und im Graubünden gesammelte Proben

• einige Proben aus Museen
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• morphologische Analysen

• Untersuchung der Tiere der Museen
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• mitochondrielle DNS: 

• 1 Gen (ND2), gemäss den Methoden beschrieben von Gvozdik et al. 2010

• Vergleich mit den Sequenzen von GenBank

• nukleare DNS:

• Verwendung von 9 Mikrosatelliten-Markern (Geiser et al., 2013)

• Verwandtschaftsanalyse mit STRUCTURE (Pritchard et al., 2000)
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• 138 untersuchte Individuen:

• A. fragilis: 61 ♀♀, 39 ♂♂ 

• A. veronensis: 24 ♀♀,14 ♂♂ 

• Herkunft: Museen von Bern, Basel, Genf, Chur  
und Lugano



MORPHOLOGISCHE ANALYSEN

• 138 untersuchte Individuen:

• A. fragilis: 61 ♀♀, 39 ♂♂ 

• A. veronensis: 24 ♀♀,14 ♂♂ 

• Herkunft: Museen von Bern, Basel, Genf, Chur  
und Lugano

• 18 untersuchte Parameter

• Geschlecht, KRL, verschiedene Kopf-Proportionen, 
Anzahl verschiedener Schuppen

SUM

SLAB

first	V

first	D
HL1

HL2

HW

HH

EYL

EYRL
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• Einige morphologische Eigenschaften signifikant unterschiedlich:

• Anzahl ventraler und dorsaler Schuppen

• Anzahl supralabialer Schuppen 

• ventrale Färbung

     Anguis fragilis                   Anguis veronensis

♀ ♀♂ ♂



MORPHOLOGISCHE ANALYSEN

• Einige morphologische Eigenschaften signifikant unterschiedlich:

• Anzahl ventraler und dorsaler Schuppen

• Anzahl supralabialer Schuppen 

• ventrale Färbung

• Kein Unterschied in der Länge  
des Schwanzes (≠ Gvozdik et al, 2013)

     Anguis fragilis                   Anguis veronensis
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MORPHOLOGISCHE ANALYSEN

• Diskriminanzanalyse: schwache Zuordnung 

• mit allen Parametern: 79.7%

• mit der Anzahl ventraler und  
supralabialer Schuppen: 76.0%
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DISKUSSION

• 2 Anguis-Arten in der Schweiz

• A. veronensis nur im Tessin

• Keine Hybridisierung festgestellt

• Einige morphologische Unterschiede, aber keine gute, einfache 
morphologische Differenzierung



DISCUSSION

• Farbunterschiede??

Anguis veronensis ♀Anguis fragilis ♀
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