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Abstract

Based on broad, nearly rangewide sampling, we reanalysed the phylogeography of the Lacerta viridis complex using the mitochondrial cytochrome b
gene and the intron 7 of the nuclear f-fibrinogen gene. Using the mitochondrial marker, we identified in phylogenetic analyses 10 terminal clades clus-
tering in four deeply divergent main lineages whose relationships are weakly resolved. These lineages correspond to Lacerta bilineata, L. viridis, the
previously identified Adriatic or West Balkan lineage and a newly discovered fourth lineage from the Anatolian Black Sea coast and the south-eastern
Balkan Peninsula. Except for the latter lineage, there is considerable phylogeographic structuring in each lineage, with higher diversity in the south of
the distribution ranges. This pattern indicates the existence of two distinct microrefugia in the Italian Peninsula and Sicily and of up to seven
microrefugia in the Balkan Peninsula, but of only one refugium along the Black Sea coast of Anatolia. We identified secondary contact zones of the
main lineages and of terminal clades within these lineages. However, most of the formerly described putative contact zone of L. bilineata and
L. viridis turned out to be a contact zone between the Adriatic lineage and L. viridis, but L. bilineata seems to be involved only marginally. Our
nuclear marker could not unambiguously resolve whether there is gene flow in contact zones. Thus, further research is necessary to decide whether the
four main lineages are conspecific or whether they represent distinct biological species. We restrict the name L. v. meridionalis to the newly identified
genetic lineage from Turkey and south-eastern Europe, synonymize some previously recognized taxa and suggest a tentative nomenclature for the

L. viridis complex.
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Introduction

Green lizards of the Lacerta viridis complex are brightly green-
coloured medium-sized lizards with a snout—vent length of up to
13.6 cm and a tail length of up to approximately 40 cm (Nett-
mann and Rykena 1984). They are widely distributed in northern
Spain, France, continental Italy and Sicily, across the Balkans
and southern East Europe to western Ukraine and northern Tur-
key. Central Europe corresponds to a major distribution gap,
with some isolated relict populations providing evidence for a
formerly wider distribution range (Fig. 1; Nettmann and Rykena
1984; Nettmann 2001).

Green lizards (Lacerta sensu stricto) have experienced a confus-
ing taxonomic history as reviewed in Nettmann (2001), and cur-
rently up to nine distinct species are recognized (Nettmann 2001;
Arnold et al. 2007; Andres et al. 2014). Two of these species,
L. bilineata Daudin, 1802 and L. viridis (Laurenti, 1768), consti-
tute the L. viridis complex. For a long time, these two species have
been regarded as conspecific. Based on captive breeding experi-
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ments, Rykena (1991) suggested that western (L. bilineata) and
eastern green lizards (L. viridis sensu stricto) represent two distinct
species. Using allozyme data, albeit of a limited data set, Amann
et al. (1997) supported Rykena’s (1991) conclusions and later on,
many authors adopted the view that L. bilineata and L. viridis are
distinct species. Morphologically, both taxa are difficult to tell
apart, and only the coloration of hatchlings is a more or less reli-
able diagnostic character (Rykena 1991; Nettmann 2001). The
contact zone between both species is thought to be located in
north-eastern Italy and adjacent countries (Joger et al. 2001; Nett-
mann 2001). However, due to contradictory branching patterns
using phylogenetic analyses of mitochondrial and nuclear DNA
sequences and negligible sequence divergences, the species status
of L. bilineata and L. viridis has repeatedly been challenged
(Briickner et al. 2001; Mayer and Beyerlein 2001; Godinho et al.
2005; Bohme et al. 2007), and L. bilineata is not treated as a valid
species by Arnold and Ovenden (2002).

Within L. bilineata and L. viridis, several subspecies have
been recognized (Nettmann 2001; Rykena et al. 2001), some of
which are also supported by molecular markers (Godinho et al.
2005; Bohme et al. 2007; Sagonas et al. 2014). However, a com-
prehensive investigation of the phylogeography of the L. viridis
complex discovered, in addition to two main lineages corre-
sponding to L. bilineata and L. viridis, an unexpected third main
lineage, which is distributed along the west coast of the Balkan
Peninsula (Bohme et al. 2007). The taxonomic allocation of this
third lineage remains unclear. Another unresolved issue is the
status of the populations of the L. viridis complex from northern
Turkey, which are currently identified by some authors with
three distinct subspecies (Fig. 1; Schmidtler 1986; Nettmann
2001). However, a thorough morphological study using samples
from the whole Turkish distribution range concluded that all pop-
ulations are morphologically indistinguishable and represent one
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Fig. 1. Distribution of the subspecies of the Lacerta viridis complex (from Nettmann 2001). Question marks denote probably extinct populations of

L. v. viridis.

and the same taxon (Kumlutag 1996). This view was later rein-
forced by serological data (Arikan et al. 1999). Moreover, based
on allozyme data, the lizards from Turkey cluster among
L. viridis from northern Greece and Euboea (Joger et al. 2001).
Until now, these populations have never been examined using
mitochondrial or nuclear DNA sequences.

Based on broad, nearly rangewide sampling and including for
the first time representatives of the populations in northern Tur-
key, here we re-examine phylogeography and taxonomic differ-
entiation within the L. viridis complex. For doing so, we apply a
widely used mitochondrial marker, the cytochrome b gene (cyt
b), and a nuclear marker, the intron 7 of the f-fibrinogen gene
(p-fibint7). This intron is characterized by a pronounced length
dimorphism (Godinho et al. 2005), which is promising for
detecting gene flow between L. bilineata and L. viridis.

Assuming that distinct species represent largely distinct genetic
lineages without extensive gene flow (‘biological species’, cf.
Mayr 1963) and that subspecies are distinct genetic lineages that
have not reached this stage yet, we aim at answering the follow-
ing questions: (1) Do L. bilineata and L. viridis qualify as dis-
tinct species? (2) How is the general phylogeographic pattern of
the L. viridis complex influenced by the inclusion of the popula-
tions from northern Turkey? (3) Are the currently recognized
subspecies corroborated by genetic differentiation?

Materials and Methods
Sampling and laboratory procedures

We processed 394 samples from throughout the whole distribution range
of the Lacerta viridis complex as listed in the Appendix. Total genomic
DNA was extracted using the innuPREP DNA Mini Kit or the innuPREP
Blood DNA Mini Kit (both Analytik Jena AG, Jena, Germany). The
complete mitochondrial cyt b gene (1143 bp) of 359 samples was ampli-
fied using a newly designed primer pair (forward: 5-GCC CCA AAA
TAA GGA GAC GG-3'; reverse: 5-TAG TGA TGG GGG ATT AGA
GC-3"). PCR was carried out in a total volume of 25 pl containing 1 unit
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TopTag DNA Polymerase with Q-Solution (Qiagen, Hilden, Germany),
buffer as recommended by the supplier, 2 mM MgCl,, 0.6 pM of each
primer (Biomers, Ulm, Germany), 0.2 mM of each dNTP (Thermo-Scien-
tific, St. Leon-Rot, Germany) and 10-30 ng of total DNA. Challenging
samples were additionally treated with 7.5 pg BSA (Thermo-Scientific).
PCR products were purified using the ExoSAP-IT enzymatic cleanup
(USB Europe GmbH, Staufen, Germany; modified protocol: 30 min at
37°C; 15 min at 80°C). PCR products were sequenced on an ABI 3130x1
Genetic Analyzer (Life Technologies, Darmstadt, Germany) using the
same primers and the BigDye Terminator v3.1 Cycle Sequencing Kit
(Life Technologies). Cycle sequencing reactions were purified by ethanol/
sodium acetate precipitation or using Sephadex™ (GE Healthcare,
Miinchen, Germany). After an initial denaturation step at 94°C for 5 min,
40 cycles were run with denaturation at 94°C for 45 s, annealing at 56°C
for 45 s and elongation at 72°C for 2 min. The final elongation step
lasted for 10 min. Resulting sequences were verified by manually check-
ing electropherograms using BIoEDIT 7.1.3.0 (Hall 1999). Thirty-five addi-
tional samples were processed according to the procedures described in
Pavlicev and Mayer (2009).

The f(-fibint7 was analysed in a subsample (n = 73) representing all
mitochondrial lineages (see Appendix). For amplification and sequencing,
the primer pair FIB-B17U and FIB-B17L (Prychitko and Moore 1997) and
the same PCR conditions were used as for cyt b, except that only 37 cycles
were run, with initial denaturation at 94°C for 5 min, denaturation at 94°C
for 30 s, annealing at 58°C for 30 s, elongation at 72°C for 1 min, and
final elongation of 10 min. Since alleles of the f-fibint7 showed a pro-
nounced length polymorphism (alleles differing by 380 bp) and direct
sequencing of heterozygotes was not possible, a preparative gel elec-
trophoresis and the peqGOLD Gel Extraction Kit (peqlab, Erlangen, Ger-
many) was used. The short allele could then be sequenced directly using
the PCR primers and the BigDye Terminator v3.1 Cycle Sequencing Kit,
whereas the long allele had to be cloned for obtaining clean sequences. For
this purpose, the TOPO TA Cloning Kit and pCR 2.1-TOPO Vector (Life
Technologies) were applied. The maximally possible amount of DNA (10—
30 ng) was used for ligation to facilitate successful insertion. One Shot
ToplO Chemically Competent E. coli Cells (Life Technologies) were
transformed by heat shock for 42 s and plated out on LB medium plates
containing 50 mg/l ampicillin (Roth, Karlsruhe, Germany). To facilitate
screening of successful cloning, the blue white approach was used and four
white colonies were picked per sample, followed by PCR using the vector
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primer M13. Purified PCR products were sequenced as described for the
short allele. Obtained sequences were up to 1074 bp long.

Alignment and sequence analyses

Additional cyt b sequences of the Lacerta viridis complex were down-
loaded from GenBank and aligned with our newly generated sequences
using BIOEDIT 7.1.3.0. Sequences of Lacerta agilis Linnaeus, 1758, L. me-
dia Lantz and Cyrén, 1920, L. schreiberi Bedriaga, 1878, L. strigata
Eichwald, 1831, L. trilineata Bedriaga, 1886, and Timon lepidus (Dau-
din, 1802) were included as outgroups, resulting in a data set of 475 cyt
b sequences (see Appendix). All cyt b sequences aligned without any
gaps, as expected for protein-coding DNA. Also p-fibint7 sequences
aligned well using BIOEDIT, even though several gaps occurred, among
them one corresponding to a pronounced length polymorphism as
described below.

Phylogenetic relationships were inferred for cyt b sequences using
Bayesian inference and the maximum-likelihood (ML) approach. For
Bayesian analyses, the best evolutionary model (Tr2M+G) was deter-
mined using JMODELTEST 0.1.1 (Posada 2008) and the BIC. Then, phylo-
genetic trees were calculated with MrRBAYES 3.2.4 (Ronquist et al. 2012)
and the implemented Metropolis-coupled Markov chain Monte Carlo
algorithm. Two parallel runs, each with one cold and three hot chains,
were conducted. The chains ran for 15 x 10° generations, with every
500th generation sampled. For generating the final 50% majority rule
consensus, a burn-in of 25% was used to sample only the most likely
trees. In addition, phylogenetic ML trees were computed using RAxML
7.2.8 and the default GTR+G model (Stamatakis 2006). Five indepen-
dent ML searches were run with different starting conditions and the
fast bootstrap algorithm. The robustness of the branching patterns was
examined by comparing the best trees. Subsequently, 1000 nonparamet-
ric thorough bootstrap replicates were calculated and the values plotted
against the tree with the highest likelihood value. All analyses were run
for a data set including all sequences listed in the Appendix and for
another data set which excluded the 20 sequences from Sagonas et al.
(2014).

Sequence divergences between and within lineages identified by phy-
logenetic analyses were explored using uncorrected p distances. These
values were obtained using MEGAG6 (Tamura et al. 2013) and the pair-
wise deletion option. For uncorrected p distances, the data from Sagonas
et al. (2014) were disregarded.

For the f-fibint7 sequences, parsimony networks were calculated
using Tcs 1.21 (Clement et al. 2000), with gaps treated as Sth character
state. However, this intron shows a pronounced length dimorphism of
380 bp, causing a challenge for network building. To overcome this sit-
uation, we produced in a first step a network for the long sequences
alone. Then, we computed a second network which included also the
short sequences. Their 380-bp-long deletion was reduced for this pur-
pose to an only 1-bp-long deletion; the corresponding nucleotides of the
long alleles were also removed. This, however, resulted also in the loss
of informative sites from the long sequences so that some haplotypes
were collapsed. Therefore, a third network was constructed manually by
linking the two haplotype clusters of short alleles from the second net-
work to the respective haplotypes of the long alleles from the first net-
work.

Results
Mitochondrial phylogeography

Both tree-building methods delivered largely congruent results
which differed only with respect to the weakly resolved branch-
ing pattern of some deep nodes in the Lacerta viridis complex
(Fig. 2). When the relatively short sequences (290-425 bp) from
Sagonas et al. (2014) were included, bootstrap support for one
terminal node decreased from 100 to 24 under ML and Bayesian
analyses did no longer recover the respective clade. Moreover,
most Sagonas sequences had long branches that were difficult to
explain. Therefore, here we show the results (Fig. 2) of the cal-
culations of the data set without the sequences from Sagonas

et al. (2014), but present a RAxXxML tree including these
sequences in the Supporting Information (Fig. S1).

Within the L. viridis complex, the sequences clustered in 10
well-supported terminal clades (Fig. 2). Their geographical distri-
bution (Fig. 3), however, did not match with the ranges of the
previously recognized subspecies of L. bilineata and L. viridis in
most cases (Fig. 1). Some of the 10 clades were placed in well-
supported, more inclusive clades whose sister-group relationships
were badly resolved. In total, there were four suchlike ‘main lin-
eages’, all having approximately the same hierarchical level.
While Bayesian analyses placed them in an unresolved basal
polytomy (Fig. 2), each had a very short branch in the RAXML
tree (Fig. S1).

Only one of the main lineages (T) did not show phylogeo-
graphic substructure. This lineage contained all sequences from
the Black Sea coast of Anatolia plus sequences of three green
lizards from European Turkey and eastern mainland Greece
(Fig. 3). Another of these main lineages contained the two clades
B and BI1, representing all sequences of L. bilineata. Clade B
had a wide distribution, with sampled localities from Spain,
France, western Germany and most of Italy, while clade B1 was
only found in Calabria and Sicily. A further main lineage was
comprised of three terminal clades (A, Al, A2) corresponding
together to the Adriatic lineage of Bohme et al. (2007). Clade A
showed a wide distribution from the border region of Italy,
Slovenia and Croatia across the western Balkans southward to
Lake Ohrid. In contrast, the other two clades, Al and A2, being
successive sister taxa of clade A, were sampled only from the
border region of Albania and Greece. The last and most diverse
main lineage consisted of four terminal clades (Fig. 2). One
clade (G), constituting the sister taxon of the other three clades,
was represented by samples from Euboea and adjacent mainland
Greece (Fig. 3). Another clade (V) had a much wider distribution
corresponding to most of the putative range of L. v. viridis
(Figs 1 and 3). This clade V was the sister taxon of the remain-
ing two clades V1 and V2. Clade V1 was found in the Former
Yugoslav Republic Macedonia, central and eastern mainland
Greece and south-eastern Bulgaria, whereas clade V2 was
recorded only from few widely distant sites in Slovenia and
Montenegro (Fig. 3). On Euboea and adjacent mainland Greece,
haplotypes of clades V, V1 and G were found in close proxim-
ity. Further contact zones of haplotypes from distinct clades were
revealed for the border region of Italy, Slovenia and Croatia
(clades A, B, V, V2), Bosnia and Herzegovina (clades A, V),
Montenegro (clades A, V, V2), the Former Yugoslav Republic
of Macedonia and neighbouring Albania (clades A, V, V1),
south-western Bulgaria (clades V, V1), and for western (clades
Al, A2, V1) and eastern mainland Greece (clades V, V1, T).

The ten terminal clades of the L. viridis complex differed by
uncorrected p distances ranging from 1.69% to 7.37% (Table 1).
The weakest differentiation was found among the three clades of
the Adriatic lineage (1.69-2.02%), while the two clades within
L. bilineata (clades B and B1) differed by 2.97%. The divergences
of the four clades representing together the fourth main lineage
within the L. viridis complex (G, V, V1, V2) ranged from 2.61%
to 5.63%, with the deepest divergences (5.02-5.63%) occurring
between clade G and the remaining three clades. Within-group
divergences ranged in the ten terminal clades of the L. viridis
complex from 0.04% to 0.98%. If the terminal clades were lumped
together, the four main lineages of the L. viridis complex
(Table 2) differed by uncorrected p distances of 5.34—6.90%, with
the smallest divergence observed between the lineage correspond-
ing to L. bilineata (B + B1) and the Turkish lineage (T), and the
largest divergence, between the Adriatic lineage (A + Al + A2)
and the Turkish lineage (T). The divergences among the four main
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Fig. 2. Bayesian tree based on the mitochondrial cyt b gene of 454 green lizards (Lacerta sensu stricto), rooted with Timon lepidus (sequences from
Sagonas et al. 2014 disregarded). Terminal clades collapsed to cartoons. Numbers along branches are posterior probabilities > 0.95 and bootstrap sup-
port > 50 obtained under maximum likelihood (ML). Asterisks indicate maximum support under both approaches. Root length shortened by 80%. ML
analyses suggested a weakly supported sister-group relationship between T and G + [V + (VI + V2)] and between (B + Bl) and [A + (Al + A2)],
with short branch lengths and bootstrap values of 48 and 25, respectively. An ML tree showing all sequences including the data of Sagonas et al.

(2014) is presented as Fig. S1 in the Supporting Information.

lineages of the L. viridis complex and the remaining species of
Lacerta sensu stricto ranged from 7.95% to 15.63%, with the
smallest divergence observed between L. media and L. trilineata
and the largest divergence, between L. media and the lineage com-
prised of clades G, V, V1 and V2.

Evidence from the intron 7 of the f-fibrinogen gene

Among the 73 samples of green lizards studied for the f-fibint7
were 46 samples homozygous having variants of the long allele
and 10 further samples were homozygous having variants of the
short allele. The remaining 17 samples were heterozygous with
respect to the length polymorphism of the f-fibint7. Our parsi-
mony network analyses (Fig. 4) revealed that there are two
highly distinct types of the short allele; both are characterized by
the 380-bp-long deletion, but derived from different haplotypes
of the long allele. One of the types of the short allele (s1) was
linked in the network with the most frequent haplotype of the
long allele of clades V, V1 and V2 (Lacerta viridis); this com-
mon haplotype of the long allele was shared with one individual
of the Adriatic lineage (clade A) from Montenegro. The other
type of the short allele (s2) was connected to a cluster of haplo-
types of the long allele corresponding mainly to the Adriatic lin-
eage (clades A, Al, A2). However, the most frequent haplotype
in this cluster was shared with three samples representing clade
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V2, and another haplotype of this cluster, different by three
mutational steps, represented clade V.

Variants of the long allele were found in lizards belonging to
all studied mitochondrial clades. Generally, haplotypes of the
main lineages corresponded in the network to different clusters
which were, however, not perfectly mutually exclusive. Nonethe-
less, the variants of the long allele of most samples of L. bilin-
eata (mitochondrial clades B, B1) and of a few samples of the
Adriatic lineage (only clade A, from localities close to the distri-
bution range of clade B) were quite distinct from the remaining
samples.

With respect to the two types of short alleles, individuals of
the Adriatic lineage had only one type (s2), while most samples
of the main lineage corresponding to clades V, V1 and V2
(L. v. viridis, L. v. meridionalis from Europe) yielded the other
type (sl). In addition, the sl allele was also found in two L. bi-
lineata (clade B), even though most studied samples of this spe-
cies harboured variants of the long allele. Both types of short
alleles (s1, s2) were recorded for clade G (L. v. guentherpetersi).
For the Turkish lineage (clade T), no short alleles were found.

For samples representing the mitochondrial clades B, B1, G
and T, only unique haplotypes were found, but in the network,
these were located in very different positions and associated with
haplotypes of other clades. Shared haplotypes were revealed only
for the Adriatic lineage (clades A, Al, A2) and the main lineage
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Fig. 3. Distribution of mitochondrial clades of the Lacerta viridis complex. Divided symbols represent syntopic occurrences or occurrences in close
proximity. Stars indicate crucial type localities mentioned in the text: (1) Istria and Istrian islands, Croatia (type locality of Lacerta viridis istriensis
Werner, 1897), (2) Ogulin, Croatia (type locality of Lacerta viridis intermedia Méhely, 1905), and (3) Adapazari, Turkey (type locality of Lacerta viri-
dis meridionalis Cyrén, 1933, restricted by Mertens and Miiller 1940). Inset shows a green lizard of the ‘meridionalis morphotype’ from Brodilovo,
Bulgaria (male, clade V).

Table 1. Uncorrected p distances (percentages) of the cyt b gene (1143 bp) of the terminal clades of the Lacerta viridis complex and outgroups.

Between-group divergences below diagonal; within-group divergences on the diagonal in boldface; n = number of sequences

n A Al A2 B Bl G T v V1 V2 agilis media schrei striga trilin  Timon
A 52 0.19
Al 4 202 0.56
A2 6 169 189 0.76
B 51 654 633 628 041
B1 10 638 6.65 597 297 0.88
G 6 658 633 660 599 551 042
T 21 684 737 704 534 536 636 0.63
A% 264 681 657 683 619 6.12 563 6.66 0.36
V1 24 717 690 733 540 559 526 625 397 098
V2 4 644 616 640 539 543 502 567 283 261 0.04
agilis 3 1467 1436 1511 13.77 1372 1439 15.10 1425 1461 1428 0.29
media 1 1521 1517 1551 14.60 13.76 15.19 1534 1569 15.16 1498 1352 —
schreiberi 1 1548 1579 1557 1506 14.74 1537 15.16 1549 1596 1522 1479 1444 —
strigata 1 1554 1524 1574 14.17 1390 1520 15.60 15.17 15.17 1551 14.67 14.09 1426 —
trilineata 6 14.13 1461 1431 14.17 1359 1429 14.60 1482 1430 1425 1148 795 1332 1388 149
Timon 1 19.65 1942 19.07 18.50 1821 19.24 2030 19.32 19.73 19.09 1945 17.85 1890 1872 17.79 —

embracing L. v. viridis and European L. v. meridionalis (clades
V, V1, V2), and only for lizards collected in contact zones or
regions close to contact zones. A similar picture emerged for
heterozygous lizards with the short allele s2 combined with the
long allele. Most of the respective samples originated from con-
tact zones or regions close to contact zones (see Appendix).

Discussion

In our phylogenetic analyses of the mitochondrial cyt b gene,
most data generated by Sagonas et al. (2014) diverged from the
majority of other sequences, resulting in long branches and, in
part, weaker clade support, even though the general phylogeo-
graphic pattern remained unchanged (Fig. S1). Basically, there

are two explanations for this divergence: low sequence quality
or the involvement of numts, that is of nuclear copies of mito-
chondrial DNA. If numts were responsible, it should be
expected that such sequences show rather less variation than
authentic mitochondrial DNA because of the repair mechanisms
in the nucleus, causing a slower evolutionary rate (Brown et al.
1982; Zhang and Hewitt 1996). Also non-synonymous muta-
tions, indels, frameshift mutations and the presence of unex-
pected stop codons are characteristic for numts (Zhang and
Hewitt 1996; Bensasson et al. 2001; Song et al. 2008). This is
all not the case, but this does not necessarily exclude that the
sequences in question are numts (Bertheau et al. 2011). Yet,
numts are often indicated by double peaks in the electrophero-
grams because authentic mitochondrial DNA and numt are

doi: 10.1111/jzs.12115
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Table 2. Uncorrected p distances (percentages) of the cyt b gene (1143 bp) of the four main lineages of the Lacerta viridis complex and outgroups.

For further explanation, see Table 1.

n 1 2 3 4 agilis media schrei striga trilin Timon
1 (A+Al+A2) 62 0.67
2 (B + Bl) 61 6.48 1.13
3(G+V+VIl+V2 298 6.82 6.10 1.14
4 (T) 21 6.90 5.34 6.60 0.63
agilis 3 14.69 13.77 14.28 15.10 0.29
media 1 15.23 14.46 15.63 15.31 13.52 —
schreiberi 1 15.51 15.00 15.52 15.15 14.79 14.44 —
strigata 1 15.54 14.12 15.18 15.60 14.67 14.09 14.26 —
trilineata 6 14.18 14.08 14.76 14.59 11.48 7.95 13.32 13.88 1.49
Timon 1 19.58 18.45 19.35 20.29 19.45 17.85 18.90 18.72 17.79 —
382 Montenegro (V2)
B Clades A, A1,A2 [] Short allele 1 (s1) f
[] CladesB,B1 [ Shortallele 2 (s2) O
@ cladec =~ e Heterozygous individuals
O Clade T 375 Greece Y_Fj:2- Bosnia
[l CladesV, V1, V2 ) 1
b Montenegro
990 . v2)
" Slovenia’ LYH.7
e O ‘:Iﬂosni,‘a )
Q@ | ® v i
YGJ-1 Greece \
/ : /7596 Friuli-
vOWEsse / Venezia Giulia
- i ! 3749 Slovenia

2310
2313 YZ9 Bulgaria

BulgariaGreece

368 Bulgaria

9008
Turkey. YE-1,
YE-2
Greece

3443 Germany

9991 Slovenia

Fig. 4. Parsimony network for the intron 7 of the fS-fibrinogen gene (fS-fibint7), based on 73 samples. Symbol size reflects haplotype frequency. Miss-
ing haplotypes are represented by small black circles. Lines connecting two haplotypes correspond to one mutational step. Flexed connections of short
alleles indicate that the length polymorphism was reduced for network building (see text). Sequences of individuals heterozygous for the length poly-
morphism are connected by broken lines (for their sample codes, see Appendix). Samples of clade V2 mentioned in the text are highlighted.

amplified together. Unfortunately, the electropherograms of the
Sagonas sequences are not accessible. Thus, we cannot exclude
completely that these short sequences (290-425 bp) are numts.
However, we believe that low sequence quality is more likely
because the Sagonas sequences contain many singletons, sugges-
tive of base-calling errors or Tag errors during amplification. In
addition, these sequences cluster in the same clades as the clean
mitochondrial sequences produced for the present study and pre-

doi: 10.1111/jzs.12115
© 2016 Blackwell Verlag GmbH

vious papers (Briickner et al. 2001; Bohme et al. 2007), whereas
a different phylogenetic placement would be expected for numts
(Zhang and Hewitt 1996; Bensasson et al. 2001; Fritz et al.
2010).

In any case, compared to previous studies (Briickner et al.
2001; Joger et al. 2001; Mayer and Beyerlein 2001; Godinho et
al. 2005; Bohme et al. 2007; Sagonas et al. 2014) we found in
the present investigation a more complex phylogeographic pat-
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tern for the Lacerta viridis complex. Based on the cyt b gene,
we identified four deeply divergent main lineages (Fig. 2).
Hitherto, only three of these lineages were known, and Bohme
et al. (2007) believed that their newly discovered ‘West Balkan
lineage’ (i.e. the Adriatic lineage) is closely related to and con-
specific with L. bilineata. However, if the phylogenetic tree of
Bohme et al. (2007) is scrutinized, it turns out that this assump-
tion is based on a weakly supported sister-group relationship
with a very short common branch. Thus, L. bilineata and the
Adriatic lineage are better understood as basal lineages having
approximately the same hierarchical level as the lineage compris-
ing the clades of L. viridis. This is in accord with our results.

We found, in addition to the three previously known lineages
(Adriatic lineage, L. bilineata, L. viridis), a fourth main lineage
(T), which is largely confined to the Black Sea coast of Anatolia
(Fig. 3), that is from within the ranges of the morphologically
defined  subspecies L. v. meridionalis, L. v. paphlagonica
and L. v. infrapunctata (Schmidtler 1986). The Turkish lineage
was also discovered at three sites in eastern mainland Greece
and European Turkey, in close proximity to records of clades V
and V1.

Except for the Turkish lineage, we found for all main lineages
considerable substructuring. The greatest genetic diversity occurs
then in the south of the distribution ranges, according to the well-
known paradigm of ‘southern richness’ and ‘northern purity’
(Hewitt 2000). This pattern reflects the relatively large genetic
diversity of populations in former southern glacial refugia. Typi-
cally, not all of these refugia contributed to the Holocene coloniza-
tion of more northerly parts of the current distribution ranges of
Western Palaearctic animals and plants, and during the rapid range
expansions, further genetic diversity was lost due to founder
effects and drift. Accordingly, the more northerly parts of the dis-
tribution range of the Adriatic lineage are occupied only by clade
A, whereas two additional clades (A1, A2) occur in the very south
(Fig. 3). These three clades (A, Al, A2) show largely parapatric
distributions, arguing for the existence of three distinct microrefu-
gia in the south. Moreover, distinct clades (V, V1, G) of the main
lineage corresponding to L. viridis occur in close proximity to A,
Al and A2, again with largely parapatric distribution ranges. This
suggests the existence of additional microrefugia in the southern
Balkans. Obviously, only one of these clades of L. viridis (V) was
capable to expand its range with the Holocene warming consider-
ably, and it spreads all over what is now the northern distribution
range of L. viridis. A similar differentiation pattern suggestive of
several microrefugia in the southern Balkan Peninsula has also
been found in the European pond turtle (Emys orbicularis; Fritz
et al. 2007), the grass snake (Natrix natrix; Kindler et al. 2013),
the common wall lizard (Podarcis muralis; Salvi et al. 2013), in
slow worms (Anguis spp.; Gvozdik et al. 2013) and in the smooth
newt (Lissotriton vulgaris; Pabijan et al. 2015), supporting a com-
mon phylogeographic pattern. However, within L. viridis, there is
yet another clade (V2), which is known only from three sites in
Slovenia and Montenegro (Fig. 3), but not from the southernmost
part of the species’ range. This distribution is surprising and
incomplete sampling, ancestral polymorphism or translocation by
humans have to be considered as possible explanations. Also
another more northerly microrefugium in the Balkan Peninsula
seems possible, even though it cannot explain the widely disjunct
records of clade V2.

Among the clades of L. viridis, clade G (L. v. guentherpetersi)
is deeply divergent. It differs from the other three clades (V, V1,
V2) by uncorrected p distances (5.02-5.63%) resembling the
divergences among the four main lineages (5.34-6.90%;
Tables 1 and 2). This implies that L. v. guentherpetersi harbours
an old and well-differentiated mitochondrial lineage. However,

our records of clades V and V1 in close proximity (Euboea,
mainland Greece; Fig. 3; Appendix) indicate secondary contact,
perhaps during Holocene range shifts.

Also with respect to L. bilineata, a pronounced phylogeo-
graphic break is only observed in the southern part of the range.
Samples from Sicily and Calabria represent the distinct clade B1,
whereas the samples from more northern parts of the range
belong to clade B, with a putative contact zone of the two clades
in Calabria and Campania. Thus, the observed variation suggests
the existence of two distinct refugia in the southern Italian Penin-
sula and Sicily, and the more northern parts of the species’ range
were colonized only from one refugium. The phylogeographic
distinctness of Sicily and its close link to Calabria is well-known
and observed in many other species, see the recent review in
Kindler et al. (2013).

According to our results, there are several secondary contact
zones between distinct mitochondrial clades and main lineages
of the L. viridis complex (Fig. 3). Previous studies focused
mainly on the putative contact zone of L. bilineata and L. viridis
in the border region of Italy, Slovenia and Croatia (e.g. Briick-
ner et al. 2001; Joger et al. 2001; Bohme et al. 2007). However,
the only records of L. bilineata in this region are known from
the island of Cres, Croatia (Briickner et al. 2001; Bohme et al.
2007; this study). Except for Cres, the very most samples from
the putative contact zone of L. bilineata and L. viridis turned
out to represent the Adriatic lineage (clade A), and only few
records refer to L. viridis (clades V, V2; Fig. 3). Thus, this
region represents a secondary contact zone of three lineages,
and not two as previously assumed, and the exact location of
the break line between the Adriatic lineage and L. bilineata
remains unknown. In any case, except for the enigmatic record
of L. bilineata for Cres, the contact zone seems to be further
westward than previously thought.

We identified previously unknown, additional contact zones
between the Adriatic lineage and L. viridis for Bosnia and Herze-
govina, Montenegro, the Lake Ohrid region and western main-
land Greece (Fig. 3). In eastern Greece (and most likely adjacent
European Turkey), there is another contact zone between
L. viridis and the Turkish lineage (T), and within the southern
parts of the distribution ranges of L. bilineata and L. viridis,
there are further contact zones between the individual clades of
these lineages. It seems likely that all of these secondary contact
zones established during Holocene range expansions.

Of paramount interest for the taxonomic interpretation of the
observed distribution pattern of mitochondrial lineages is the
question of whether there is gene flow in secondary contact
zones, and if yes, to what extent. Our original approach was to
tackle this question using the nuclear f-fibint7. Unfortunately,
the interpretation of this marker is not straightforward. Godinho
et al. (2005) thought that the long allele ‘is only present in some
individuals of L. viridis within a well-defined geographical area
but [...] in all the L. bilineata individuals analysed throughout
the distribution range of this species’. Godinho et al. (2005)
found heterozygous lizards ‘in a transect between southern Croat-
ia, western Greece (L. v. viridis) and the Aegean Greek islands
(L. v. guentherpetersi)’, suggestive of gene flow. However, the
original interpretation of Godinho et al. (2005) was based on the
erroneous identification of the Adriatic lineage with L. viridis
(Bohme et al. 2007). Moreover, according to our results, there
are two distinct types of short alleles of the f-fibint7 (see below)
and not only one, as thought by Godinho et al. (2005).

Even though our data are at first glance complicated, they
allow some insights. Variants of the long allele were widely dis-
tributed and occurred in green lizards of all studied mitochon-
drial clades. The haplotypes of the long allele showed some

doi: 10.1111/jzs.12115
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geographical structuring (Fig. 4) and we found no shared haplo-
types for lizards corresponding to the mitochondrial clades B,
B1, G and T. Most differentiated were the haplotypes of L. bilin-
eata (clades B, Bl). This cluster included also two Slovenian
lizards of the Adriatic lineage (clade A). An Italian lizard of
clade A from Friuli-Venezia Giulia, a region close to the distri-
bution range of L. bilineata, had a somewhat more remote posi-
tion in the network, being intermediate between the haplotypes
of L. bilineata and most haplotypes of the Adriatic lineage. Most
studied lizards of clades B and B1 had only haplotypes of the
long allele, a finding resembling the observations of Godinho
et al. (2005), although two of our L. bilineata samples harboured
haplotypes of the short allele s1.

For short f-fibint7 sequences, we identified in our network
analyses two distinct clusters of haplotypes (Fig. 4). Godinho
et al. (2005) were not aware of these two types because they
determined in many samples allele lengths only by PCR. One
allele type (s1) occurred mainly in lizards of clades V, V1 and
V2 (corresponding to L. v. viridis and L. v. meridionalis from
Europe), the other type (s2) was largely restricted to the Adriatic
lineage (clades A, Al, A2). However, there were also two haplo-
types of s2 which were shared between representatives of the
Adriatic lineage and clade V2, and these lizards were from con-
tact zones of the respective mitochondrial clades. Also shared
haplotypes of the long allele and heterozygous lizards having the
short allele s2 combined with the long allele (Fig. 4) originated
mainly from contact zones or regions close to contact zones
(Fig. 4; Appendix). This suggests gene flow between the Adriatic
lineage and L. viridis (clades V, V1, V2). However, an alterna-
tive explanation could be incomplete lineage sorting (ancestral
polymorphism). That incomplete lineage sorting plays a role is
suggested by the presence of the short allele sl in two L. bilin-
eata from south-western France and south-western Germany (see
Appendix), two sites far away from any contact zone, and by the
occurrence of both short allele types (sl, s2) and the long allele
in L. v. guentherpetersi (clade G). Thus, the described patterns
of haplotype sharing and heterozygosity cannot be understood as
hard evidence for gene flow.

Conclusions and taxonomic recommendations

The mitochondrial phylogeography of the Lacerta viridis com-
plex corresponds to a general pattern for thermophilic taxa in the
Western Palaearctic, with several glacial refugia located in the
southern European peninsulas and Anatolia (cf. Hewitt 2000;
Joger et al. 2007; Schmitt 2007). In the L. viridis complex, two

distinct refugia can be identified for the Italian Peninsula and
Sicily, and one for Anatolia. The situation in the southern Balkan
Peninsula is intricate, with seven distinct terminal clades, each of
which could correspond to a distinct refugium. The Adriatic lin-
eage as a whole, comprised of three distinct clades (A, Al, A2),
and clade G (L. v. guentherpetersi) are most differentiated and
we hypothesize that they represent old genetic lineages that
diverged more than one glacial cycle ago.

The mitochondrial phylogeography of the L. viridis complex
reflects the radiation of four main lineages which are approxi-
mately of the same hierarchical level. Our nuclear marker deliv-
ered no unambiguous results with respect to gene flow among
these lineages. Hybridization experiments (Rykena 1991, 2001)
and allozyme studies (Amann et al. 1997; Joger et al. 2001)
suggested that L. bilineata and L. viridis should be recognized
as distinct species. According to the allozyme studies, gene
flow between both taxa was thought to be largely unidirectional
from viridis into bilineata, and restricted to a small contact
zone in the border region of Italy and Slovenia (Amann et al.
1997; Joger et al. 2001). However, according to our results,
L. bilineata is not present in this region, and the green lizards
there belong mostly to the Adriatic lineage and, to a lesser
extent, to L. viridis, challenging the previous conclusions.

Thus, we could not answer one of our original questions,
whether L. bilineata and L. viridis represent distinct species with-
out extensive gene flow. This calls for further research, with den-
ser sampling farer westwards to locate the proper eastern range
boundary of L. bilineata, which must be in eastern Italy. In this
context, also the enigmatic record of L. bilineata for the island of
Cres (Croatia) needs to be re-examined. According to the present
state of the knowledge, this population is completely isolated.

For assessing the species status of L. bilineata and L. viridis,
but also of the two other main lineages of the L. viridis com-
plex, the application of sensitive nuclear markers, such as poly-
morphic microsatellite loci or SNPs, is recommended to detect
possible gene flow across contact zones. All four main lineages
show approximately the same degree of mitochondrial differenti-
ation and, thus, if L. bilineata and L. viridis should turn out as
distinct species, the same could be true also for the other two
lineages.

With respect to the previously postulated subspecies of the
L. viridis complex (Fig. 1; Table 3), our genetic data confirmed
for L. bilineata the distinctiveness of only two subspecies. The
taxon endemic to Sicily and Calabria had already been previ-
ously identified with L. b. chloronota Rafinesque, 1810 (Nett-
mann 2001), and its distribution range agrees well with our clade

Table 3. Tentative nomenclature for the Lacerta viridis complex and correspondence of taxa to mitochondrial clades. Except for names that could
refer to the Adriatic lineage are only synonyms shown which have been used in recent studies as valid taxa (cf. Nettmann 2001). The putative subspe-
cies of L. bilineata from central peninsular Italy (Nettmann 2001) is included in L. b. bilineata. Note that most European populations formerly

included in L. v. meridionalis are now assigned to L. v. viridis.

Taxon

‘Adriatic lineage’

Lacerta bilineata bilineata Daudin, 1802

Lacerta bilineata chloronota Rafinesque, 1810
Lacerta viridis viridis (Laurenti, 1768)
Lacerta viridis guentherpetersi Rykena, Nettmann and Mayer, 2001

Lacerta viridis meridionalis Cyrén, 1933

Synonym(s) Mitochondrial clade(s)
‘West Balkan lineage’ A, Al, A2
Lacerta viridis istriensis Werner, 18977
Lacerta viridis intermedia Méhely, 1905?
Lacerta bilineata fejervaryi Vasvary, 1926 B
Lacerta bilineata chlorosecunda Taddei, 1950
- Bl
- Vv, V1, V2
- G
Lacerta viridis infrapunctata Schmidtler, 1986 T

Lacerta viridis paphlagonica Schmidtler, 1986
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B1 (Figs 1 and 3). From the more northerly regions from Italy,
up to four putative subspecies have been distinguished (Nett-
mann 2001; Fig. 1). However, our results suggest that all should
be lumped together under the oldest available name L. b. bilin-
eata Daudin, 1802 (Fig. 3; Table 3).

Among the currently recognized subspecies of L. viridis
(Fig. 1; Table 3), our data confirmed the distinctiveness of
L. v. guentherpetersi Rykena, Nettmann and Mayer, 2001. The
situation is different with respect to L. v. meridionalis Cyrén,
1933. It has morphologically been diagnosed by brownish legs
and brownish tail coloration in adults (Arnold and Ovenden
2002), characters which are perhaps best understood as pedo-
morphic or clinal variation without taxonomic relevance.
According to our mitochondrial data, L. v. meridionalis is com-
posed of three distinct mitochondrial clades (Fig. 2, clades T, V,
V1) and needs to be redefined. Its restricted type locality Ada-
pazart (Mertens and Miiller 1940) lies in Anatolia (Fig. 3), mak-
ing clear that our Turkish lineage (clade T) has to be identified
with this taxon. However, the two other Anatolian subspecies,
L. v. paphlagonica Schmidtler, 1986 and L. v. infrapunctata
Schmidtler, 1986, are not supported and should be regarded as
junior synonyms of L. v. meridionalis Cyrén, 1933 (Table 3).
Our results are in line with the findings of Kumlutag (1996) and
Arikan et al. (1999), who concluded that L. v. paphlagonica and
L. v. infrapunctata are morphologically and serologically indis-
tinguishable from Turkish L. v. meridionalis and should be syn-
onymized.

The genetic lineage of L. v. meridionalis extends into south-
eastern Europe (Fig. 3), but the green lizards in most of the
European range currently attributed to this subspecies (Fig. 1)
harbour haplotypes identical with or very similar to those found
within the distribution range of L. v. viridis (Laurenti, 1768)
(clade V). However, within the putative European range of
L. v. meridionalis, and in the southern part of the range of
L. v. viridis, also another clade (V1) occurs whose status needs
to be reinvestigated using additional markers. The same is true
for the enigmatic clade V2, which is currently only known from
Slovenia and Montenegro. Provisionally, we suggest lumping
together the clades V, V1 and V2 under L. v. viridis.

As already pointed out by Bohme et al. (2007), the Adriatic
lineage (clades A, Al, A2) undoubtedly represents a distinct
taxon. However, our new data reveal that this lineage could cor-
respond to up to three closely related taxa (Figs 2 and 3). It
could be that the names L. v. istriensis Werner, 1897 (type local-
ity: Istria, Istrian islands) and L. v. intermedia Méhely, 1905
(type locality: Ogulin, Croatia) refer to the Adriatic lineage.
Bohme et al. (2007) were reluctant to identify L. v. intermedia
with this lineage because in the region of Ogulin could also other
genetic lineages be expected. Indeed, we recorded from localities
close to Ogulin green lizards representing clades A and V2, and
a similar situation is true for Istria (Fig. 3). The question of
whether L. v. istriensis and L. v. intermedia represent clade A or
not, can only be resolved by studying several individuals from
the type localities. For the time being, we recommend to con-
tinue using ‘Adriatic lineage’ or “West Balkan lineage’ for these
lizards, pending further study. Table 3 summarizes our tentative
nomenclature for the L. viridis complex.
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