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ABSTRACT

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; Vo6lkl 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
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(e.g. Beshkov, 1966; Lac, 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; V6lkl 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 (Barta and Tyrner, 1972; Kminiak,
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1992; Lac, 1967; Moravec, 1997; Rozinek et al., 2001), as well as
the status of the Balkan populations, we focused our attention on
genetic variation of A. fragilis using a broad-scale phylogeographic
approach based on mitochondrial and nuclear DNA sequence data.

2. Material and methods
2.1. Sampling

Tissue samples of individual Anguis specimens (n = 50; 43 local-
ities) were obtained from museum voucher specimens (National
Museum, Prague, Czech Rep., NMP; Natural History Museum of
Crete, Irakleio, Greece, NHMC) and road-killed individuals. Oral
swabs or miniature tail biopsy were occasionally taken from live
animals. Three mitochondrial sequences and one nuclear (C-mos)
sequence of four individuals originating from three different re-
gions were taken from GenBank, together with two sequences of
two outgroup species (Table 1 and Fig. 1). We sampled populations
of A. fragilis along a west - east transect through the Czech Repub-
lic and Slovakia. Another sample set covered the area of Greece and
adjacent territories of the southern Balkans. Individuals of several
populations from distant areas (Iberian Peninsula, British Isles, Bal-
tic and Caucasus regions, and northern Iran) were used for compar-
ison. Closely related Anguis cephallonica, as well as more distant
Hyalosaurus koellikeri Glinther, 1873 and Pseudopus apodus (Pallas,
1775) (generic affiliation sensu Macey et al., 1999) were employed
as outgroup species. Both the Caucasian (P. a. apodus) and the Bal-
kan (P. a. thracius Obst, 1978) populations of Pseudopus were in-
cluded into the analyses to compare genetic distinctiveness
between populations of these distant territories within the out-
group Pseudopus, as well as the ingroup Anguis.

2.2. Laboratory procedures

Total genomic DNA was extracted from tissue samples using
different commercial kits following manufacturers’ protocols. A
fragment of mitochondrial DNA (mtDNA) and two nuclear genes
(nDNA) were targeted for molecular phylogenetic analyses.
Mitochondrial DNA comprised the complete NADH dehydrogenase
subunit 2 gene (ND2), five complete transfer RNA genes - trypto-
phan, alanine, aspargine, cysteine, tyrosine (tRNA-Trp, tRNA-Ala,
tRNA-Asn, tRNA-Cys, tRNA-Tyr) and the light-strand replication ori-
gin which is located between tRNA-Asn and tRNA-Cys. PCR primers
were taken (H5934) or modified (L4437n: 5'-AAGCTATTGGGCCCA
TACC-3’) from Macey et al. (1997). Amplification of mtDNA se-
quences involved an initial cycle of denaturation at 94 °C for 2 min,
and 35 subsequent cycles of 94 °C for 35 s, 50 °C for 35 s and 72 °C
for 1 min, followed by a final extension step of 72 °C for 10 min.
Sequencing was performed using a combination of PCR primer
(H5934) and newly designed internal primers AinND2F (5’'-
CCCAAGACYTAACAACA-3'), AND2inR2 (5'-ATGAAGCCGGATAGA
GG-3’) and AND2inRc (5-ATGAAGCCGGATAGTGG-3'; specific for
A. cephallonica). In one sample (from Montenegro) only partial ND2
sequence (744 bp) was obtained due to low quality of source DNA.

Two nuclear protein-coding loci were chosen as independent
markers for comparison of their genetic pattern to the mitochon-
drial signal. Oocyte maturation factor (C-mos) gene was sequenced
as this gene has been used in several squamate phylogeny studies
(e.g. Slowinski and Lawson, 2002). Secondly, prolactin receptor
(PRLR) gene was used herein for the first time in phylogeny/phylo-
geography of reptiles, as Townsend et al. (2008) suggested this
marker to be the most variable nuclear protein-coding locus in
squamate reptiles tested in their comparative study. C-mos was
amplified using primers S77 and S78 (Lawson et al., 2005) and PRLR
with primers PRLR_f1 and PRLR_r3 (Townsend et al., 2008). Both

nuclear genes were amplified according to the following PCR pro-
gram: initial cycle of denaturation at 94 °C for 7 min, 40 subse-
quent cycles of 94 °C for 40 s, 48 °C for 30s and 72 °C for 1 min,
followed by a final extension step of 72 °C for 7 min. Sequencing
was performed using the PCR primers. All sequencing was done
by Macrogen Inc. (Seoul, S. Korea, http://www.macrogen.com). Se-
quences of all particular haplotypes have been deposited in
GenBank (FJ666554-FJ666589 for mtDNA fragment; GQ285104-
GQ285118 for PRLR; GQ285119-GQ285123 for C-mos).

2.3. Phylogenetic analyses

All alignments were performed in BioEdit 7.0 (Hall, 1999) and
tRNAs were aligned with respect to their secondary structures fol-
lowing Macey et al. (1999). The complete mtDNA alignment in-
cluded a 1428 bp stretch. However, two positions within tRNA-
Trp, and one within tRNA-Cys, respectively, were excluded from
phylogenetic analyses because of unique insertions present only
within the outgroup samples (the Albanian P. apodus, and H. koel-
likeri, respectively). The ND2 gene sequences were examined by
translation with the vertebrate mitochondrial genetic code into
amino acids using DnaSP 4.50 (Rozas et al., 2003). No stop codons
were detected. The same program was used to estimate the aver-
age genetic distances between particular taxa or populations. This
was done for the entire mitochondrial fragment, the ND2 gene so-
lely, and nuclear PRLR and C-mos fragments. The whole mitochon-
drial fragment, as well as the nuclear genes, if appropriate, also
served to estimate the average intra-specific and intra-population
variation. The computed distances were based on uncorrected p-
distances, and only distinct haplotypes were assessed. One mito-
chondrial haplotype was omitted from the calculations because
of its incompleteness (the sample from Montenegro).

Alignment of nuclear genes was prepared by hand as the genes
are protein-coding exons with no indels (C-mos segment = 555 bp;
PRLR segment = 544 bp). In the PRLR fragment, three individuals
showed more than one heterozygous position. For haplotype infer-
ence of such cases, a coalescent-based Bayesian method of Phase
2.1 (Stephens and Scheet, 2005; Stephens et al., 2001) as imple-
mented in DnaSP 5.00 (Librado and Rozas, 2009) was employed.
The analyses were run multiple times (5x) with different seeds
for the random-number generator and checked if gametic phase
estimation was consistent through the runs according to good-
ness-of-fit values. Each run was conducted under the parent-inde-
pendent mutation model with a burn-in-period of 100 followed by
1000 iterations. No stop codons were detected in nuclear haplo-
types as inferred by Phase 2.1 as checked by translation with the
universal nuclear genetic code using BioEdit 7.0 (Hall, 1999). How-
ever, there were two samples phased with low statistical support
(see Section 3), and only one of them (Czech sample from locality
No. 3) was used for subsequent analyses and checked for both op-
tions of possible haplotype combinations. The other (Slovenian)
sample was not directly included into the analyses because of its
low probabilities of gametic-phase inference. Haplotype networks
for both the C-mos and PRLR phased data were constructed using
the statistical parsimony algorithm implemented in TCS 1.21
(Clement et al., 2000) under the 95% limit of parsimony. For further
phylogenetic computations all sequences, mt and phased nDNA,
were sorted into distinct haplotype data sets using Collapsel.2
(Posada, 2006).

The best-fit model of sequence evolution was selected using
jModelTest 0.1.1 (Posada, 2008). Likelihood scores for each particu-
lar model were computed through maximum likelihood (ML) opti-
mized trees using the implemented PhyML algorithm (Guindon and
Gascuel, 2003). As Posada and Buckley (2004) argued that
the Akaike information criterion (AIC; Akaike, 1974) and the Bayes-
ian information criterion (BIC; Schwarz, 1978) offer important
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Table 1

Specimens examined, localities, museum voucher numbers (NMP = National Museum, Prague, Czech Rep.; NHMC = Natural History Museum of Crete, Irakleio, Greece) or references, and haplotype names (and GenBank accession
numbers; given only once for each haplotype for sequences obtained within this study) of one mitochondrial (ND2 and tRNAs) and two nuclear (C-mos, PRLR; slash indicates heterozygotes) markers. N = number of individuals

sequenced for mtDNA fragment; nDNA was sequenced only in one individual per locality in each case.

Map Species Locality Latitude Longitude N Museum No./ Haplotypes (GenBank Acc. Nos.)
e mt DNA fragment C-mos PRLR
Anguis cephallonica Greece
1 Gialova, Peloponnese 36.95° N 21.70° E 1 - cel (FJ666586) Ccel (GQ285119) Pcel (GQ285104)
2 Stymfalia Lake, 37.88° N 22.48° E 1 NHMC 80.3.92.1 ce2 (FJ666587) Ccel Pcel
Peloponnese
Anguis fragilis s.s. Czech Rep.
3 Straz nad Ohfi 50.33° N 13.10°E 1 - f1 (FJ666554) Cfc1 (GQ285120) Pf2/4 (GQ285106/
GQ285108)
4 Nové Udoli 48.83° N 13.80° E 1 - f1 - -
5 Mala Skala 50.63° N 15.18°E 1 - f1 - -
6 Rantifov 49.41° N 15.52°E 1 - 2 (FJ666555) Cfcl Pf1 (GQ285105)
7 Nejdek 48.82° N 16.77° E 1 - f1 - -
8 Ondfejovice 50.25° N 17.35°E 1 - 3 (FJ666556) - -
Greece
9 Mesoropi 40.89° N 24.06° E 1 - f4 (F]666557) Cfc1 Pf2/3 (see above/
GQ285107)
10 Lepida-Megalo Livadi 41.37° N 24.63° E 1 NHMC 80.3.92.2 f5 (FJ666558) Cfcl Pf2
junction
Slovakia
11 Bratislava 48.15° N 17.07° E 1 - f1 Cfcl Pf3
Slovenia
12 Bohinj Lake, Stara Fuzina 46.29° N 13.90° E 1 NMP6V 72692 6 (FJ666559) Cfcl (GQ285118)°
Spain
13 Vilarmiel, Galicia 42.48° N 07.12° W 1 Albert et al. (2009) 7 (EU443256) - -
UK
14a Kent, Kingsferry Bridge, 51.25° N 00.75° E 1 Ast (2001) f1 (AF407536) -
England
14b Kent, Isle of Sheppey, 51.25° N 00.75° E 1 Slowinski and Lawson - Cfc1 (AY099972) -
England (2002)
Anguis graeca Albania
15 Diviaké 40.95° N 19.47° E 1 - 213 (FJ666572) Cg1/2 (GQ285122/ Pg1 (GQ285109)
GQ285123)
16 Himaré 40.68° N 19.66° E 1 - g7 (FJ666566) - -
17 Dukat 40.21° N 19.58° E 1 - 215 (FJ666574) - -
18 Korce 40.61° N 20.82° E 1 NMP6V 73232 216 (FJ666575) - -
19 Erseké, Sheleguré Lake 40.32° N 20.67° E 2 - g4, g5 (F]666563, - -
FJ666564)
Greece
20 Kerkyra, Korfu 39.59° N 19.90° E 1 NHMC 80.3.92.22 g11 (FJ666570) Cgl Pg1/2 (see above/
GQ285110)
21 Gliki, Acherondas 39.33° N 20.55° E 2 - 29, g12 (FJ666568, - -
FJ666571)
22 Aoos River, near Konitsa 40.05° N 20.76° E 1 NHMC 80.3.92.17 g6 (FJ666565) - -
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Region of type locality of A. fragilis

var. graeca

Anguis colchica incerta

Region of type locality of A. incerta
Region of type locality of A. incerta

Anguis colchica colchica

Anguis colchica orientalis

Pseudopus apodus apodus

Pseudopus apodus thracius

Hyalosaurus koellikeri

Ampelochori
Pertouli
Fylakti
Mornos River

Stomio

Pefki-Artemision, Evvoias

Kryoneritis, Evvoia
Montenegro
Ulcinj

Serbia

Uzice

Czech Rep.
Hostétin
Stramberk
Lithuania

Paluse
Marcinkonys
Poland

Bocki

Romania
Finatale Clujuluj
Slovakia

Rovné

Sufiava
Chlmecka skalka
Georgia
Vardzia-Apnia road

Telavi

Russia

Babukal, Krasnodarsky
Territory

Turkey

Hopa

Iran
Motalla Sara-ye Lemir
Nowshar

Dedop’lis Tskaro, Georgia

Voskresenskaya,
Chechenia, Russia
Diviaké, Albania

Kenitra, 10 km S, Morocco

39.53° N
39.54° N
39.30° N
38.49° N
39.89° N
39.01° N
38.93° N
41.93° N

43.86° N

49.05° N
49.58° N

55.33°N
54.04° N

52.65° N
46.83° N
48.92° N

49.03° N
48.88° N

41.37° N

41.92° N

43.67° N

41.40° N

38.20° N
36.65° N

41.43° N
43.35° N

40.95° N
34.27° N

21.03°E
21.47° E
21.68°E
22.06° E
22.62°E
23.23°E
23.28°E
19.21°E

19.84° E

17.88° E
18.10° E

26.10° E
24.44° E

23.05° E
23.62°E
18.95° E

20.08° E
21.93°E

43.27° E

45.49° E

39.63° E

41.44° E

48.87° E
51.50° E

46.10° E
46.10° E

19.47° E
06.60° W

W= = =

—_

NHMC 80.3.92.21
NHMC 80.3.92.16
NHMC 80.3.92.4

NHMC 80.3.92.18-19
NHMC 80.3.92.5

NMP6V 71272

NMP6V 73238
NMP6V 72822

Macey et al. (1999)

NMP6 V 73694

NMP6V 72678
NMP6 'V 72680

Macey et al. (1999)

Macey et al. (1999)

g10 (FJ666569)
g2 (FJ666561)
g2

g1 (FJ666560)
g3 (FJ666562)
g2

g2

g14* (FJ666573)

8 (FJ666567)

c2 (FJ666577)
3 (FJ666578)

c6 (FJ666581)
c6

c4 (FJ666579)
¢5 (FJ666580)
c1 (FJ666576)

cl
cl

9 (FJ666584)

9

c11 (AF085622)

¢10 (F|666585)

7 (FJ666582)
c8 (FJ666583)

Paal (F|666588)
Paal (AF085623)

Pat1 (F|666589)
AF085621

Cgl

Cgl
Cgl

Cgl

Cgl

Cfcl

Cfcl
Cfcl

Cfcl
Cfcl
Cfcl

Cfcl

Cfcl

Cfcl

Cfcl

Cfc2 (GQ285121)
Cfcl

Pg1

Pg1
Pgl

Pg3 (GQ285111)

Pgl

Pcl (GQ285112)

Pcl
Pc1

Pcl
Pc1

Pcl

Pc1

Pc2/3 (Fj666584/
GQ285114)
Pc3/5 (see above/
GQ285116)

Pc2

Pc2
Pc2/4 (see above/
GQ285115)

PPaal (GQ285117)

2 Only a fragment of the ND2 gene.
b Unphased heterozygous sequence - not directly used in phylogenetic analyses.
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Fig. 1. Map showing localities of specimens used for the molecular analyses. Numbers correspond to those in Table 1; numbers in black squares indicate samples which were
sequenced for both mt and nDNA. Black line delimits the distribution of Anguis according to Volkl and Alfermann (2007). Rhomboids = A. cephallonica; stars = A. fragilis;

triangles = A. graeca; circles = A. colchica.

advantages over the hierarchical likelihood-ratio tests, we selected
the BIC. In the protein-coding genes (ND2, PRLR, C-mos), we tested-
the best-fit model selection for both the whole fragments and sep-
arately for their codon positions, while the tRNA genes were tested
only as a whole fragment. Finally, using the implemented Consense
program from the PHYLIP package (Felsenstein, 2005), we obtained
for mtDNA fragment the model-averaged phylogenetic tree as in-
ferred from the 50% majority-rule consensus tree of 88 ML tree
topologies, one for each model, weighted according to the BIC
weights. This allowed us to estimate phylogenetic uncertainty
due to model selection (Posada, 2008).

Phylogenies were constructed using maximum likelihood (ML),
Bayesian inference (BI), maximum parsimony (MP), and neighbor-
joining (NJ). For ML analyses, PhyML 3.0 (Guindon and Gascuel,
2003) was employed using the best-fit models [TrN + I + G, Tamura
and Nei (1993) for mtDNA; HKY, Hasegawa et al. (1985) for PRLR;
TPM3uf, Kimura (1981) for the combined nuclear-gene tree]. We
set an option of 10 random starting BioN] trees. The best of the
nearest neighbor interchange (NNI), and the “new” subtree prun-
ing and regrafting algorithm (SPR; Hordijk and Gascuel, 2005) of
branch swapping was used as a tree topology search, with options
to optimize the topology and branch lengths. We computed boot-
strap values based on 1000 resampled data sets (Felsenstein,
1985), as well as the approximate likelihood-ratio test for branches
(aLRT; Anisimova and Gascuel, 2006) as branch supports. Bayesian
analyses were performed with MrBayes 3.2 (Huelsenbeck and
Ronquist, 2001; Ronquist and Huelsenbeck, 2003). Partitioned
models were applied according to genes and codon positions (see
Table 2). In the tRNAs fragment of mtDNA, the likelihood settings
corresponded to the general time-reversible model with a propor-
tion of invariant sites and rate heterogeneity (GTR + I+ G; Tavaré,
1986), which is the closest approximation of the TrN + I + G model
(best model) available in MrBayes. All MrBayes analyses were per-
formed with two runs and four chains for each run for six million
generations, and sampling every 100th tree. First 300 trees (burn-

Table 2
Results of the substitution-model selections as inferred by jModelTest (Posada, 2008)
under the Bayesian information criterion (BIC).

Fragment/Partition Model selected References

(BIC)
mtDNA fragment TIN+1+G Tamura and Nei (1993)
ND2 - 1st codon position HKY + G Hasegawa et al. (1985)
ND2 - 2nd codon position HKY + G Hasegawa et al. (1985)
ND2 - 3rd codon position HKY + G Hasegawa et al. (1985)
tRNAs fragment TIN+1+G Tamura and Nei (1993)
PRLR HKY Hasegawa et al. (1985)
PRLR - 1st codon position JC Jukes and Cantor (1969)
PRLR - 2nd codon position K80 Kimura (1980)
PRLR - 3rd codon position  F81 Felsenstein (1981)
C-mos K80 Kimura (1980)
C-mos - 1st codon position JC Jukes and Cantor (1969)
C-mos - 2nd codon position JC Jukes and Cantor (1969)
C-mos - 3rd codon position K80 Kimura (1980)
PRLR - C-mos combined TPM3uf Kimura (1981)

in value) were discarded, as log-likelihood scores of sampled trees
plotted against the generation time showed that stationarity was
fully achieved after the first 30,000 generations in all data sets. A
majority-rule consensus tree was then produced from the remain-
ing trees after discarding the burn-in trees, and the posterior prob-
abilities calculated as the frequency of samples recovering any
particular clade (Huelsenbeck and Ronquist, 2001). The BI analysis
was run three more times in all data sets with random starting
trees, and the results were compared to check for local optima.
Within MP analyses, all characters were equally weighted, gaps
(in mtDNA) were treated as a fifth state, and a heuristic search
was conducted with 100 random taxon stepwise-addition repli-
cates using tree bisection and reconnection (TBR) branch swap-
ping. The topology was reconstructed using 50% majority-rule
consensus of most-parsimonious trees, and support values were
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assessed using 1000 bootstrap pseudoreplicates (Felsenstein,
1985). MP and NJ analyses were performed with PAUP 4.0b10
(Swofford, 2003). The NJ analyses were executed twice: first time
with uncorrected p-distances, and second time with distances
based on the best model. The branch support was evaluated by
bootstrap analysis (Felsenstein, 1985) with 10,000 pseudorepli-
cates. MP and NJ were employed also on the ND2-translated and
PRLR-translated amino acid data sets. The settings were the same
as for the DNA analyses, gaps were treated as a 21st amino acid
in MP, and mean character difference was used as a distance mea-
sure in NJ. All distinct haplotypes were used in the amino acid
analyses as well, and checked for synonymous and non-synony-
mous mutations.

3. Results
3.1. Mitochondrial DNA sequence diversity

Among the 1425 base pair positions examined, 409 were vari-
able, 296 of which were parsimony informative. Several indels
have occurred in all tRNA genes, except for tRNA-Ala and tRNA-
Asn, and in the light-strand replication origin. One codon deletion
in the ND2 gene was detected even in one ingroup clade (see be-
low). For phylogenetic analyses, a data set of 39 distinct haplo-
types, including outgroups, was used. Within the procedure of
substitution-model selection, the BIC selected the TIN+I1+G
(Tamura and Nei, 1993) model, which was used in ML analysis. It

72/
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identified the most likely tree with log likelihood (InL) = —5696.45
(Fig. 2). Model-averaged phylogeny (Posada and Buckley, 2004;
Posada, 2008) showed exactly the same topology of the main
clades as the most likely tree (not shown). Moreover, all main
clades were supported by all most important models as weighted
by the BIC suggesting that the different models support the same
topology of the main lineages in our data set. All independent BI
runs identified essentially identical topologies and likelihood esti-
mates (mean InL=-5428.80). MP analysis produced six most-
parsimonious trees with a length of 747 steps (consistency index,
Cl=0.656; retention index, RI=0.869). All trees had identical
topologies with respect to the main clades. Also both NJ trees, gen-
erated with uncorrected p-distances and the TrN + 1+ G (Tamura
and Nei, 1993) distances, were consistent in their general topolo-
gies, and similar in the bootstrap support values.

The ND2-translated amino acid data set consisted of 345 char-
acters, 78 were variable, of which 54 were parsimony informative.
MP produced 357 most-parsimonious trees with a length of 137
steps (CI=0.715; RI=0.889). All MP trees were congruent in the
topologies of the main clades, although the bootstrap support for
branching patterns was low, yielding a polytomy of most of the
main clades in the bootstrap majority-rule consensus tree. A simi-
lar polytomy was obtained by the NJ algorithm after bootstrap
analysis. The NJ tree with branch lengths is depicted in Fig. 3.

In all mtDNA nucleotide analyses, A. cephallonica from Pelopon-
nese was the sister lineage to a clade comprising all other lineages
within the radiation (Fig. 2). However, deep divergences were
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Fig. 2. Maximum likelihood haplotype tree showing the Anguis phylogeny as inferred from the ND2 and five tRNAs mtDNA sequences. Substitution model TrN + [ + G with
following values was used: substitution rate matrix AC = AT = CG = GT = 1.00, AG = 26.43, CT = 9.17; proportion of invariable sites P;;, = 0.091; gamma shape rate variation
among sites o = 0.201; base frequencies A =0.33, C=0.32, G=0.13, T= 0.22. Numbers above branches indicate bootstrap support values for maximum likelihood/maximum
parsimony/neighbor-joining analyses. Numbers below branches indicate the PhyML (Guindon and Gascuel, 2003) approximate likelihood-ratio test for branches values/
Bayesian posterior probability values/uncertainty due to model selection. Asterisk indicates full support (100 or 1.00) for particular clade. Haplotype names as presented

in Table 1.



466 V. GvoZdik et al./ Molecular Phylogenetics and Evolution 55 (2010) 460-472

clade C

A. graeca
Bedriaga, 1881

95
c4
- c5
= c2
o5 c1
- 65 c6
] c10
- 92 c9 B2 - A. c. colchica
= 88 c1
87 % c7 B3 - A. c. orientalis Anderson, 1872
55 91 3
% clade A
99 ]tg A. fragilis
o 100 f Linnaeus, 1758

59

100

clade B
A. colchica
(Nordmann, 1840)
B1 - A. c. incerta Krynicki, 1837
2 I
f4

A. cephallonica
Werner, 1894

Paa1

100 L Pat1

Pseudopus apodus

0.01 substitution/site

P

Hyalosaurus koellikeri

Fig. 3. Neighbor-joining tree based on amino acid sequences of the translated ND2 gene. Numbers above and below branches indicate bootstrap support values for neighbor-
joining and maximum parsimony analyses, respectively. Sample names correspond to the haplotype names as in Fig. 2 and Table 1.

uncovered within the cluster of A. fragilis sensu lato (s.1.). This clus-
ter (80/91/79/0.90 = ML/MP/N]J bootstrap values/BI posterior prob-
ability) is divided into three main clades. Clade A (100/100/100/
1.00) consists of haplotypes from the Iberian Peninsula, the British
Isles, Central Europe, Slovenia, and two isolated samples in north-
eastern Greece. Clade B (83/88/96/1.00) was found in four regions:
(a) the Carpathians, (b) the Baltic region, (c) Caucasus, and (d) the
Caspian region. These four regions clustered into three distinct
subclades: B1 (100/100/100/1.00) consisting of haplotypes from
the Carpathians and the Baltic region, B2 (100/100/99/1.00) corre-
sponding to the Caucasus area and B3 (99/98/99/1.00) with two
samples from the southern Caspian region. However, the mutual
relationships between these subclades remain unresolved. Clade
C (100/100/100/1.00) was found geographically located in the
southern Balkan Peninsula (Greece, Albania, southern Montenegro,
western Serbia), and is genetically very diverse, although without
deeply divergent subclades. Clades B and C are likely sister clades
(72/86/93/0.97).

Analyses of the translated ND2 data set also showed several
well supported distinct lineages within Anguis, congruent with
the DNA lineages (Fig. 3), i.e. a high number of nucleotide substitu-
tions were non-synonymous. However, topologies of the lineages
within the ND2-translated trees are rather unsupported, forming
a polytomy, including particular subclades of the mitochondrial
clade B, which are considered distinct within the bootstrap analy-
ses, but without clear relationships to each other and to the other
clades (see the bootstrap support, or rather non-support in Fig. 3).
Contrary to the nucleotide-based topology, A. cephallonica seems to

be the sister lineage to the clade A, although with only low support
(59/60 = MP/N] bootstrap values). In contrast to the deep diver-
gences between the clades in the ND2-translated data set, the geo-
graphically distant individuals from Spain, Slovenia, some Czech
individuals, a Slovak sample, and even one individual from Greece
(clade A) had only synonymous mutations.

From the mitochondrial analyses two main results we may
highlight: (1) Topologies of all mt phylograms and the fact that
the mitochondrial divergences between A. cephallonica and any
main mt clade of A. fragilis s.l. (7.0-7.8%) are similar to those
among the main clades within A. fragilis s.l. (5.8-8.1%) argue for
species-level status of these main lineages (Table 3, Figs. 2 and
3). (2) Presence of the unique deletion of one codon within the
ND2 gene in the clade A is an unusual type of mutation, even be-
tween different genera within the family Anguidae (Macey et al.,
1999).

3.2. Nuclear DNA sequence diversity

Only a parsimony haplotype network was applied to the C-mos
data set, as little variation was present within Anguis (5 distinct
haplotypes; Fig. 4). The only heterozygous site in the only hetero-
zygous sample (locality No. 15, Albania) was uncovered. Thus there
was no problem with the inference of gametic phases within this
diploid marker. Haplotype of A. cephallonica was the most distant
within the genus, seven mutational steps away from the most
common haplotype (Cfc1), which was shared by the mitochondrial
clades A and B with the exception of one sample from Iran
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Table 3

Genetic distances in percentage between the taxa (populations) based on uncorrected p-distances below and above diagonals. Average intraspecific (-population) variation at
diagonals. In mtDNA, distances based on the whole mtDNA fragment below and at the diagonal (in bold), on the ND2 gene solely above the diagonal. In nDNA, the PRLR gene
(in bold) below the diagonal and in front of the slash, and the C-mos gene above the diagonal and behind the slash.

Uncorrected
p-distances (%)

Fragment

H. koellikeri P. apodus P. a. apodus P. a. thracius A. cephallonica A. fragilis A. graeca A. colchica A. c. incerta A. c. colchica A. c. orientalis

(Europe)  (Caucasus) (Caspian)

mtDNA H. koellikeri - 17.9 - -
P. apodus 16.0 2.9 - -
P. a. apodus - - - 3.1 -
P. a. thracius - - 29 - -
A. cephallonica 14.1 12.1 - - 0.5
A. fragilis 15.6 13.2 - - 7.8
A. graeca 15.0 13.1 - - 7.6
A. colchica 14.0 124 - - 7.0
A.c. incerta - - - - -
(Europe)

A.c. colchica - - - - -
(Caucasus)

A. c. orientalis - - - - -
(Caspian)

PRLR|C-mos H. koellikeri - - - - -
P. apodus - - = o -
P. a. apodus - - o = -
P. a. thracius - - = = -
A. cephallonica - 1.5 - - -
A. fragilis - 2.0 - - 15
A. graeca - 1.8 - - 09
A. colchica - 1.9 - - 14
A. c. incerta - - = - -
(Europe)

A. c. colchica - - = - -
(Caucasus)

A. c. orientalis - - - = -
(Caspian)

15.8
13.8

17.4 16.4 15.4 - - -
14.6 15.0 14.1 - - -

9.0 @2 8.6 - - -
0.5 9.2 8.1 - - -
8.1 13 7.0 - 6.9 -
71 5.8 24 - - -
- - - 0.2 4.0 3.8

- 5.9 - 3.5 1.2 4.4

13 0.5/02 04 = = =
0.3/02 - = =

0.2/-

= = = 03 0.4 0.2/-

(mt clade B, locality No. 45). Six of the seven mutational steps
were, however, synonymous. Samples from the mt clade C were
distinguished from the most common haplotype Cfc1 by one (or
two) unique mutation step(s).

The PRLR data set contained higher variation than the C-mos,
although still not very high (compare genetic distances in Table 3).
Seven slow-worm individuals were heterozygous, three of which
in more than one site (2, 3, 4 sites). One of the three individuals
(sample from the locality No. 9, Greece) was phased with high
probabilities above 0.95, the second one with low probability in
one from three heterozygous positions (probability 0.51; locality
No. 3, Czech Rep.), and the third one with low probabilities in three
from four heterozygous sites (probabilities around 0.70; locality
No. 12, Slovenia). The latter was not further used in the analyses,
while the second one was employed and both haplotype possibil-
ities as inferred from the ambiguous site were checked. Parsimony
haplotype network was applied for 13 distinct haplotypes within
Anguis (Fig. 5B). The Czech sample with one ambiguous position
did not change the network substantially when the other haplo-
type combination was applied (not shown). One haplotype stayed
common with one homozygous sample (Pf3, instead of previous
Pf2), while the other one stayed unique on the tip of the network.
Among 544 base pairs in total within the PRLR fragment, 23 base
pair positions were variable, ten of which were parsimony infor-
mative, including the outgroup genus Pseudopus (18 variable, 9
parsimony informative in Anguis). The HKY substitution model
(Hasegawa et al., 1985) was used in ML analysis and different co-
don position-partitioned models (as in Table 2) in BI analyses.
ML analysis identified the most likely tree with InL=-927.53
(Fig. 5A). All independent BI runs yielded essentially identical
topologies and likelihood estimates (mean InL=-932.73). MP
analysis produced four most-parsimonious trees with a length of
25 steps (CI=0.960; RI=0.955). Majority-rule consensus tree re-
sulted in the same topology as ML and BI phylograms. NJ trees

computed based on uncorrected p-distances and the HKY distances
showed also the same topologies and were similar in the bootstrap
support values. The PRLR-translated amino acid sequence data set
consisted of 181 characters, 18 of which were variable, and eight of
these variable characters were parsimony informative. MP pro-
duced four most-parsimonious trees with a length of 21 steps
(CI'=0.952; RI=0.938). MP majority-rule consensus tree and NJ
tree (both not shown) were very similar to those of the nucleotide
sequence data set (Fig. 5A). The most important difference was that
nucleotide haplotypes Pfl and Pf2, differing only in one synony-
mous mutation, formed a single haplotype in the amino acid data
set.

Combined nuclear data set (PRLR, C-mos) was analysed by ML
and BI, which yielded very similar trees as when based on the PRLR
fragment solely. The main difference was that all samples of the mt
clade C formed a clade with high statistical support (Fig. 6).

A. cephallonica had the most distant haplotype within Anguis hap-
lotypes in the nDNA analyses. Samples from the mt clade C from the
southern Balkans were shown consistently distinctive in both nucle-
ar genes from the other nuclear haplotypes of A. fragilis s.I. However,
variation of the C-mos segment was very low within Anguis and not
practical for a phylogeographic approach. The PRLR phylogram
showed samples from the mt clade A (Western Europe, haplotypes
Pf1-Pf4) monophyletic. Samples from the mt clades B2 and B3 (Cau-
casus - Caspian region, haplotypes Pc2-Pc5) also formed a mono-
phyletic group. Samples from the mt clade B1 (Eastern Europe,
haplotype Pc1) appeared as basal in respect to the two monophyletic
groups. Statistical supports of all clades were rather low, although it
was clearly caused by general low number of variable sites.

3.3. Estimation of divergence times

Rate of molecular evolution for the mitochondrial region we
used was estimated to 0.6-0.7% change per lineage per million
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Fig. 4. Haplotype network of the C-mos gene based on the statistical parsimony
algorithm. Circle sizes correlate to haplotype frequencies and color to the proper mt
clade (species). A. fragilis and A. colchica share common main haplotype. Six from
seven mutational steps (black dots) between A. cephallonica and the common
fragilis—colchica haplotype are synonymous. Haplotype names as listed in Table 1.

years in ectotherm vertebrates based on uncorrected distances
(Bermingham et al., 1997; Macey et al., 1998a,b). We found 12.7%
of average uncorrected genetic distance between Anguis and Pseud-
opus. Applying mean rate of 0.65%, the calculated divergence date
9.8 Mya coincides with the result of Macey et al. (1999). Based on
this rate, the basal radiation within Anguis could have occurred
approx. 5.7 Mya in the late Miocene, followed by further rapid
diversification. The lastly diverged lineages according to the mito-
chondrial gene tree, clade B and C, could have separated approx.
4.5 Mya in the early Pliocene. The three lineages of the clade B could
then have started their own evolutionary history during the Plio-
cene/Pleistocene boundary approx. 2.5-2.8 Mya. At that time they
apparently segregated into three different refugia - the southern
Caspian, Caucasian, and presumably the Carpathian. However,
one has to have in mind that all these calculations are rough, based
on uncorrected genetic distances, and thus might be underesti-
mated in the case some substitutional saturation has occurred.

4. Discussion
4.1. Genetic structure and relationships within Anguis

The results of this study reveal that there are not two (A. ceph-
allonica, A. fragilis), but rather four comparable divergent evolu-
tionary lineages representing separate species in Anguis. The
observed levels of the mitochondrial sequence divergences within

A. fragilis s.l. are comparable to those observed between A. cephal-
lonica and any of the main mt clades of A. fragilis s.I. The mean ge-
netic distance between Anguis and its sister genus, Pseudopus
(Macey et al., 1999), is only 1.8 times greater (12.7%) than average
“intra-specific” variation within A. fragilis s.1. (7.0%). Furthermore, if
we compare the genetic distance between P. a. apodus from the
Caucasus region and P. a. thracius from the Balkans (2.9%) with
the respective Caucasian and Balkan populations of Anguis, the dis-
tance is more than double in the latter (5.9%). Also nuclear protein-
coding locus PRLR shows genetic structure, which is concordant
with the mitochondrial genetic structure in the sense of main mt
clades A, B, C, and thus, concordant also with geography. Only mt
clade A (Western Europe) forms a monophyletic group in the PRLR
phylogram, although all samples from the mt clade B (Eastern Eur-
ope) form a compact cluster as well, in which each haplotype dif-
fers from the neighboring one just in one mutation step. Haplotype
Pc1 corresponds to the mt subclade B1 and seems to be the ances-
tral haplotype from which the haplotypes found in specimens cor-
responding to the mt (sub)clades A, B2 and B3 derived. This pattern
may be caused by incomplete lineage sorting as autosomal loci are
known to have fourfold slower rate of lineage sorting (Avise, 2000).
On the other hand, samples from the mt clade C are clearly distin-
guished from the other A. fragilis s.l. and A. cephallonica haplotypes.
Moreover, the results of Mayer et al. (1991), who examined several
proteins, i.e. exonic nuclear markers on a set of slow-worm indi-
viduals, are in good agreement with ours regarding the general
patterns recovered. The study, focused on the question of taxo-
nomic position of A. cephallonica (A. fragilis peloponnesiacus Stépa-
nek, 1937 at that time), also distinguished three lineages within
the remaining populations of A. fragilis. A. f. fragilis specimens of
Mayer et al. (1991) originated from Austria, i.e. from the region
of our A. fragilis mt clade A distributed along the southern border
of the Czech Republic eastwards to the south-western Slovakia,
and into Slovenia. Similarly, A. f colchica sensu Mayer et al.
(1991) from Hopa (Turkey) is identical with our mt clade B (or
B2, respectively), which includes samples from the same locality
(map No. 44 in Fig. 1). Also their intermediate “fragilis/colchica”
form from Feneos (Greece) corresponds well to our mt clade C.
Thus, bringing the data of Mayer et al. (1991) into context with
our results, it is evident that the “three species concept” within
A. fragilis s.l. is supported by mitochondrial and nuclear DNA se-
quence data as well as with protein data.

4.2. Taxonomic implications and nomenclature

In the light of the obtained results and in accordance with the
Baker and Bradley’s (2006) definition of the genetic species con-
cept (i.e. genetic species is a group of genetically compatible inter-
breeding natural populations that is genetically isolated from other
such groups), we propose full species ranks for the main clades of
A. fragilis s.l. and following nomenclature:

Clade A = Anguis fragilis Linnaeus, 1758, restricted type locality
(Mertens and Miiller, 1928): “Schweden” [=Sweden]; proposed
common name: Common European Slow Worm.

Clade B = Anguis colchica (Nordmann, 1840), (new status), type
locality: “Abasien” [=Kuban’ region, southern Russia] and “Min-
grelien” [=region in western Georgia]); proposed common
name: Eastern Slow Worm.

Clade C = Anguis graeca Bedriaga, 1881 (new status), type local-
ity: “ParnaB-Gebirge, Griechenland” [=Parnas Mts., Greece];
proposed common name: Greek Slow Worm.

The trinomen A. fragilis colchica [or more commonly, although
incorrectly as masculine colchicus; Linnaeus (1758) used the



V. GvoZdik et al./ Molecular Phylogenetics and Evolution 55 (2010) 460-472 469

Pg2
87/85 9
1.00/89 Pg1
Pg3
Pc3
63/61
0.99/68
54/- Pc5
0.76/62
esiea | PC2
0.97/63
Pc4
Pc1
90/90
1.00/94 Pfa
68/63
1.00/67 Pf3
63/64
Pf1
0.97/64
Pf2
L pcet u
PPaa1

0.01 substitution/site

B

mt clade C

A. graeca
Bedriaga, 1881

Pg2

mt clade B

A. colchica
(Nordmann, 1840)

mt clade A

A. fragilis
Linnaeus, 1758
A. cephallonica
Werner, 1894

Pseudopus apodus

Fig. 5. (A) Maximum likelihood phylogram based on phased haplotypes of nuclear PRLR gene. Parameters for the HKY substitution model were as follows: transitions/
transversions ratio = 2.118; base frequencies A=0.34, C=0.21, G=0.23, T=0.22. Numbers above branches are bootstrap support values for maximum likelihood/maximum
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parsimony haplotype network of the same data set, PRLR, with circle sizes proportional to haplotype frequencies; small black dots = missing haplotypes. Haplotype names

as listed in Table 1.

name Anguis in feminine gender as obvious from his originally
established names like e.g. A. maculata, A. reticulata, etc.; see Arti-
cle 30.1.4.2 of ICZN (1999)] had for a long time been applied for
the populations from south-eastern Europe and the Caucasus re-
gion (Mertens and Wermuth, 1960). Later the name colchica has
often been applied to the eastern slow worm populations includ-
ing the northern ones (Arnold, 2002; Dely, 1981). Our findings in-
deed confirmed that clade B includes also the Baltic populations
from Lithuania, where the type locality (Vilnius) of Anguis incerta
Krynicki, 1837 is located. This name, previously erroneously con-
sidered a junior synonym of A. f. fragilis (Mertens and Wermuth,
1960), is older than the name Otophis eryx var. colchica Nord-
mann, 1840 (=A. f. colchica). However, according to our knowl-
edge, few authors (e.g. Juszczyk, 1974; Stépanek, 1949) used
this name after 1899, in contrast to the name A. f. colchica (Nord-
mann, 1840) which has widely been used in zoological literature
throughout the last century (for references see Supplementary
data). As all authors known to us, who used the name incerta
after 1899, explicitly used this name as infra-subspecific, and
thus invalid according to ICZN (1999) [see articles 45.5 and
45.6], we believe that both conditions of the Article 23.9.1 of
ICZN (1999) [see Supplementary data to discuss the conditions
of the Article 23.9.1.2] have been met to promote the nomencla-
tural stability and consider the younger though prevailingly used
name A. colchica (Nordmann, 1840) valid as nomen protectum.
Consequently, we propose to treat A. incerta Krynicki, 1837 as no-
men oblitum.

Regarding the finding that the eastern European populations
north of the Caucasus are geographically separated from the Cau-
casian populations (V6lkl and Alfermann, 2007) and show distinct
genetic differentiation (Figs. 2 and 3), we propose to treat the east
European populations (subclade B1) as distinct subspecies Anguis
colchica incerta Krynicki, 1837, restricted type locality (Mertens
and Wermuth, 1960): “Wilna, Litauen” [=Vilnius, Lithuania] (new
status). The same approach we apply for the similarly divergent
and presumably geographically isolated Caspian populations from
northern Iran and probably from south-eastern Azerbaijan (subc-
lade B3), for which the subspecific name Anguis colchica orientalis
Anderson, 1872 (new status) (type locality: “Rehst, on the Caspian
Sea” [=Rasht, Iran]) is available.

The species rank of the southern Balkan populations requires
resurrection of the name Anguis fragilis var. graeca Bedriaga, 1881
(type locality: Parnas Mts., Greece) from the synonymy of A. f.
fragilis.

4.3. Distribution and biogeography of the species

The exact distribution pattern of all three species is still little
known. The Common European Slow Worm, A. fragilis sensu stricto
(s.s.), is distributed from the Iberian Peninsula (confirmed on the
mitochondrial basis) eastwards to Central Europe (Czech Republic,
south-western Slovakia; confirmed by mt and nDNA). The range of
this species presumably continues to Hungary west of the Danube
River (Musters and in den Bosch, 1982), northwards to western
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Scandinavia (Norway, Sweden = type locality), and south-east-
wards to the Apennine Peninsula and the north-western Balkans
(according to the data from Vo6lkl and Alfermann, 2007). Isolated
refugia have also been suggested to occur in the north-eastern Bal-
kans (Lac, 1967; Petzold, 1971), in Romania (Musters and in den
Bosch, 1982), and in Bulgaria (Beshkov, 1966; Musters and in
den Bosch, 1982). The only Romanian sample we analyzed (from
the Transylvanian region) fell within A. colchica according to both
markers mtDNA and nDNA, respectively. However, based on both
independent molecular markers we identified two A. fragilis s.s.
individuals in north-eastern Greece, which is consistent with the
assumption of an isolated refugium in Bulgaria (e.g. in the Rhodope
Mts.). The situation in the north-western Balkans is not known at
the moment. According to the distribution map in Musters and
in den Bosch (1982), it is possible that the Greek (and Bulgarian)
A. fragilis s.s. populations are not isolated, but rather the species
may be continuously distributed west- and southwards the Dan-
ube River. However, it is probable that all three species (A. fragilis
s.S., A. colchica and A. graeca) meet somewhere in the northern Bal-
kans. Pozzi (1966) mentioned the fragilis form to be present in
Slovenia and Croatia, and the colchica form in Bosnia and Herzego-
vina, Serbia, Montenegro and F.Y.R.0. Macedonia. This pattern
could correspond to A. fragilis s.s. (the “fragilis” form), whereas
the Balkan “colchica” morphotype presumably comprised two spe-
cies, A. graeca and A. colchica. However, most of the A. colchica dis-
tribution probably corresponds to the range of the former
“colchica” form as suggested by Arnold (2002), Dely (1981), Petzold
(1971), and Vo6lkl and Alfermann (2007), with the exception of the

southern Balkans (Greece, Albania, southern Montenegro, western
Serbia), where A. graeca is present. For the moment, we docu-
mented nominotypic subspecies A. c. colchica in Georgia, the Cau-
casian part of Russia, north-eastern Turkey; further lineages
assigned to the subspecies A. c. incerta in Lithuania, north-eastern
Poland, eastern Czech Republic, Slovakia, Romania, and another
subspecies A. c. orientalis in northern Iran.

All species are probably mutually parapatric, although partial
sympatry is feasible as has already been shown in A. cephallonica
and A. graeca (A. fragilis at that time) in northern Peloponnese
(Grillitsch and Cabela, 1990; Mayer et al., 1991). Ecological vicari-
ance can be anticipated in the contact zones, as was shown by
Beshkov (1966) in Bulgaria. However, there is no information
about hybridization of the species at the moment. There are four
potential zones of contact, or possibly hybrid zones (A. cephallo-
nicalA. graeca, A. graeca/A. fragilis, A. fragilis|A. colchica, and A. col-
chica/A. graeca). No vertebrate species complexes with the same
distribution pattern are known to us, however some parallels
might be found in anurans, e.g. in Bombina (Hofman et al., 2007;
Zheng et al., 2009) or Pelobates (see maps in Arnold, 2002), with
western, eastern and southern taxa.

4.4. Intra-specific genetic variation

Uncovered intra-specific genetic variation had a very different
pattern within each particular species studied. The most diverse
mtDNA variation was found within A. graeca. It is probably tied
to the fact that we sampled most of the species’ range, which is lo-
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cated in the zone of an important glacial refugium (Joger et al.,
2007; Taberlet et al., 1998). Different sublineages in several micro-
refugia are thus likely to have persisted. On the other hand, the ge-
netic uniformity of A. fragilis s.s. is surprising. Although our
sampling of the species range is not comprehensive, we included
geographically very distant populations such as the Iberian versus
Slovak, or even the Greek, to prevent a possible bias caused by un-
der-sampling. Nevertheless, the average intra-specific mtDNA var-
iation is very low (0.5%), and most of the mutations within the ND2
gene were found to be synonymous. It is possible that the Spanish
as well as the Greek populations resulted from a recent coloniza-
tion, and the refugium of A. fragilis s.s. was located elsewhere. Here,
Apennine Peninsula, southern France, and/or the north-western
Balkans, which we did not sample (with the exception of one Slo-
venian sample, which is phylogenetically outside the group formed
by other mt haplotypes of A. fragilis s.s. examined) come into ac-
count. The second possible explanation, however far less likely, is
that there is a low substitution rate within this species. It would
also mean that the origin of this species dated to the late Miocene
based on mean mt genetic distance comparison is underestimated.
As discussed above, A. colchica shows the most distinct intra-spe-
cific differentiation, which is probably related to the existence of
several separate Pleistocene refugia. In comparison to the Cauca-
sian (B2) and Caspian (B3) subclades, the European subclade (B1)
shows relatively lower genetic variation. We could hypothesize
that it is due to incomplete sampling, as we have virtually no indi-
viduals from prospective refugia of the subclade B1, which could
be located in the Carpathian Basin, or in the north-eastern Balkans.

4.5. Current knowledge of morphological differentiation

The morphology of the newly recognized species is not known
sufficiently, as many available morphological studies (Lac, 1967,
Shcherban’, 1976; Voipio, 1962; Wermuth, 1950) dealt with sam-
ples containing mixtures of different species. Nonetheless, some
morphological traits historically distinguishing two morphotypes
(e.g. Dely, 1981), i.e. “fragilis” and “colchica”, could be roughly ap-
plied to A. fragilis s.s. (prefrontal shields in broad contact; ear open-
ing indistinct; 24-26 scales around the midbody; blue dorsal
spotting infrequent, present only in males) and A. colchica (prefron-
tal shields usually separated, sometimes in point contact and only
rarely in broad contact; ear opening usually distinct, visible; 26-30
scales around the midbody; blue dorsal spotting frequent in males
and occasionally present also in females), respectively. A. graeca re-
mains morphologically the most enigmatic, as its populations are
known to display intermediate or mosaic characters of the “fragilis”
and “colchica” morphotypes (Cabela and Grillitsch, 1989; Grillitsch
and Cabela, 1990). Detailed morphological study of the species
complex is under preparation by the authors.

4.6. Conservation

The slow worm, A. fragilis s.l., has been suggested as Least Con-
cern under the IUCN criteria (Cox et al., 2006). It is believed to be a
widely distributed and quite common species. However, its cryptic
ecology complicates a proper evaluation of populations’ densities
and possible threat in situ. Beside these general complications for
evaluation of conservation status, the genetic structure has totally
been omitted so far. This should be changed now, considering the
slow worm, A. fragilis s.1., to be composed of three species, A. fragilis
s.s., A. colchica and A. graeca. The first two species are seemingly
widespread across Western and Eastern Europe, respectively, while
A. graeca seems to be a more geographically limited species, which
calls for further attention to the Mediterranean Basin as a global
biodiversity hotspot (Myers et al., 2000) and to the importance of
the Balkan Peninsula in particular.

The evolutionary differentiation within the genus Anguis pre-
sented in our study should be taken into account in all future con-
servation efforts, as well as in all biogeographical, morphological,
ecological, and/or ethological studies.
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