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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 eastern Scandinavia, and the north-eastern Balkans; (3) A. graeca restricted to the southern Balkans, and partially 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-specific differentiation of A. colchica is discussed, and subspecific status of the Caucasian and Caspian populations 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.
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Václav Gvoždík a,b,*, David Jandzik c, Petros Lymberakis d, Daniel Jablonski c, Jiří Moravec a
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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.

fragilis and the Italian slow worms. Further, three samples from
southern Germany and central Austria had PRLR haplotype (P0) derived by one mutational step from the most common Italian haplotype 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 ancestral state of P0 haplotype within Anguis, i.e. the result of incomplete 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 having 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,
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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.

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 dorsal 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). Correct groupings of the individuals were tested by discriminant

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
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).
new distinct lineage which we tentatively name ‘‘the Italian
clade’’.
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/
In both phylogenetic approaches (ML, BA) the Italian clade
was
bpp are not
indicated.
recovered as the sister lineage to A. cephallonica, however with virthe Italian slow worms. Further, three samples from
3.4. Morphological comparison
tually no support. Therefore the deep relationships withinfragilis
the and
tree
southern Germany and central Austria had PRLR haplotype (P0) derived
by one mutational step from the most common Italian haploOur analyses show that adult A. fragilis and the Italian slow
remain unresolved, polytomic, with unclear position of the
Italian
in combination with A. fragilis mtDNA haplotypes (f1, f12,
worms differ in the relative length of the intact tail [ANCOVA,
clade relatively to A. cephallonica and the clade containingtype
A.
fragif13). This might indicate either some level of gene flow between
SVL as a covariate; males: F(1, 20) = 9.641, p = 0.006; females:
the Italian
slow worms and A. fragilis or, as we suppose, an ancesF(1, 36) = 25.332, p < 0.001] (Fig. 6a), with Italian slow worms havlis, A. colchica and A. graeca (showing relatively high support
87/
tral state of P0 haplotype within Anguis, i.e. the result of incoming longer tails than A. fragilis in both males (mean ± SE; Italian
0.97 in ML/BA).
plete lineage sorting (see Table 1, Fig. 1).
slow worms: 206.3 ± 5.4 mm, N = 12; A. fragilis: 186.6 ± 9.0 mm,
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
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f13). This might indicate either some level of gene flow between
the Italian slow worms and A. fragilis or, as we suppose, an ancestral state of P0 haplotype within Anguis, i.e. the result of incomplete 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:
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g. 5. Haplotype network of the C-mos gene based on the statistical parsimony
gorithm (95% limit of parismony). Circle sizes correspond to haplotype frequenes and colors match the main mtDNA clades (species). Anguis fragilis and A.
olchica share the common main haplotype (Cfc1) and the same haplotype was
und in one of the two analyzed specimens of A. veronensis. Haplotype names as
sted in Table 1. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of this article.)

worms and A. fragilis, and therefore the character could not have
een compared between the groups. The ear opening is not visible
n Italian slow worms, which is a typical state in A. fragilis as well.
The log-linear analysis of the coloration, which also takes into
ccount correlation among the individual characters, was not sigificant, while the simple chi-square test showed higher frequency
f the occurrence of black abdominal coloration in Italian slow
worms in comparison to A. fragilis (Pearson; v2(3) = 12.507,
= 0.006).
Discriminant function analyses (DFA) showed high rate of sucessful posterior assignment to the respective groups (sexes treaed separately): 90.5% (males) and 94.4% (females) in DFAs of
metric characters, 86.4% and 90.9% in scale characters, and 100%
n combined datasets of both metric and scale characters. However
fter cross-validation procedure the rates considerably decreased
o 52.4% and 66.7% in DFAs of metric characters, 54.5% and 60.6%
n scale characters, and 52.4% and 84.4% in combined datasets of
oth metric and scale characters, in males and females,
espectively.
For the summary descriptive statistics see Supplementary data
Table S2).

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.

mtDNA clade (Fig. 3) are also characterized by distinct PRLR haplotypes 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 network, supporting an ancestral position within the identified lineages of the genus. Genetic distances between the new Anguis
evolutionary lineage and all other currently recognized species
. Discussion
are larger (8.3% on average) than the interspecific distances among
the other lineages within the genus (7.2%) and represent about two
.1. Genetic structure and relationships in Anguis
thirds of the genetic distance between the genera Anguis and
Fig. 6. Box-plots of the relative tail lengths (a) and subcaudal scale numbers (b) in
The
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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.

fragilis and the Italian slow worms. Further, three samples from
southern Germany and central Austria had PRLR haplotype (P0) derived by one mutational step from the most common Italian haplotype 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 ancestral state of P0 haplotype within Anguis, i.e. the result of incomplete 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 having 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,
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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.

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

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-
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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 fragilis ♀ Anguis veronensis ♀

Anguis fragilis
Anguis veronensis
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