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Abstract
Euscorpius tergestinus (C.L. Koch, 1837), Euscorpius concinnus (C.L. Koch, 1837) and Euscorpius sicanus (C.L. Koch, 1837), three presumed closely related species belonging to the “carpathicus group”, occur in the Italian peninsula with a largely parapatric distribution
and some zones of range overlap. These areas of sympatry represent interesting opportunities to investigate species boundaries in natural
populations. Here we report on a study exploring genetic variation in sympatric populations of the three species from central Tuscany.
Additional collecting sites, from diVerent localities across Italy, were also included in the analysis in order to explore the phylogeographic
structure of the group. Species boundaries and evolutionary relationships were examined by sequence comparison of mitochondrial 16S
rRNA and nuclear ITS-1 rRNA gene fragments.
DNA sequence data show no evidence of genetic introgression between diVerent evolutionary lineages from the area of range overlap,
suggesting the absence of either past or ongoing inter-speciWc gene Xow. It is therefore probable that reproductive barriers exist, preventing gene pools from amalgamating. Furthermore, our results support the recent morphological distinction of E. tergestinus, as traditionally classiWed, into two diVerent species: E. tergestinus and E. concinnus. Both mitochondrial and nuclear sequence data clearly indicate
that the two taxa represent well-supported and deeply divergent lineages. Euscorpius sicanus seems to represent a monophyletic taxon, but
the high genetic variability observed within this taxon calls for future investigation. The present distribution patterns across the Italian
peninsula were mainly interpreted as the consequence of climatic oscillations.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction
Areas of range overlap between closely related species
represent an interesting opportunity to investigate species
boundaries. In some instances, secondary contact between
diVerent evolutionary lineages is accompanied by hybridisation and genetic introgression of populations (Rieseberg
and Gerber, 1995; Hewitt, 1996). This mixing can occur to
varying degrees ranging from the formation of hybrids to
the complete genetic assimilation or replacement of one
lineage by another (Rhymer and SimberloV, 1996; Wilson
and Bernatchez, 1998; Smith and Green, 2004). On the
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other extreme, isolating mechanisms can be strengthened
between populations in response to hybrid sterility or inviability (reduced Wtness), providing the Wnal step of the speciation process (Noor, 1995).
Scorpions belonging to the “Euscorpius carpathicus species group” provide interesting cases for the examination of
such issues. Euscorpius carpathicus (Linnaeus, 1767) has
long been considered as a single “biological” species widespread throughout southern Europe and the Mediterranean Basin, from Baleares to Crimea, and from Romania to
northern Africa (Fet and Sissom, 2000; Fet and Soleglad,
2002). However, the morphological distinction among the
diVerent local populations has been historically controversial, due to the high variability observed both within and
between populations: either the characters indicated as
diagnostic were not found in all members of a natural
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population or the characters were not unique to a single
taxon. The diYculty to Wnd unambiguous diagnostic characters resulted in the description of over 20 subspecies (Di
Caporiacco, 1950; Fet and Sissom, 2000; Fet and Braunwalder, 2000), but the biological validity of these taxa
remains questionable (Gantenbein et al., 2001).
Recent studies involving molecular markers have demonstrated that what has been referred to only as E. carpathicus, includes several genetically distinct lineages (at
least Wve, but a formal revision of the species complex is
still pending), all of which may well deserve species rank
(Gantenbein et al., 2001; Fet et al., 2002, 2003). Two of
these are found the Italian peninsula: E. sicanus (C.L.
Koch, 1837) and E. tergestinus (C.L. Koch, 1837). Molecular studies also showed that in some instances extensive
genetic divergence has evolved in the absence of an
appreciable morphological diVerentiation. For example,
the main morphological feature diVerentiating E. sicanus
from E. tergestinus (and another related species, E. balearicus, Di Caporiacco, 1950) is its unique pattern and
number of trichobothria of the pedipalp: the external
patellar series eb has Wve trichobothria, instead of four in
E. tergestinus (and E. balearicus) (Fet and Sissom, 2000;
Gantenbein et al., 2001; Fet et al., 2003). A subsequent
morphological revision did not support the classiWcation
of E. tergestinus as a single species (Vignoli et al., 2005).
This study suggested that reddish, slender morphotypes,
with a large dorsal patellar spine (DPS) correspond to E.
tergestinus sensu stricto, while darker and generally squat
morphotypes with a short DPS, corresponds to E. carpathicus concinnus sensu Caporiacco (1950). This taxon was
therefore elevated to the species level: E. concinnus (C.L.
Koch, 1837).
Euscorpius sicanus is distributed in central and southern
Italy (Sicily and Sardinia included), and extends its areal
eastwards into Greece and probably southward to Africa
(Fet et al., 2003). Euscorpius tergestinus and E. concinnus
are nominally widespread in northern and central Italy,
Slovenia, Croatia, Austria and southern France (Fet and
Soleglad, 2002; Vignoli and Crucitti, 2003; Vignoli et al.,
2005). Although natural populations of the three species
may have diVerent overall ranges, they overlap in Tuscany
and presumably in other areas of the Italian peninsula.
Because of recent taxonomic distinctions, distribution
ranges are, in fact, not yet precisely known.
The present study has two closely related aims. We
want to assess the genetic distinction between E. tergestinus and E. concinnus and to investigate genetic variation
and potential introgression events in populations of
E. sicanus, E. concinnus and E. tergestinus from central
Tuscany. This area of range overlap represents an interesting opportunity to investigate species boundaries in
natural populations. To date, no information is available
to demonstrate the eVective degree of reproductive isolation between the three taxa or the occurrence of gene Xow
among populations in contact. By extending our sampling, we are also interested in deWning the geographic
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distribution of the three species across the Italian peninsula. This can help to shed light into the phylogeography
of the three taxa, in relation to past geological and climatic events.
In order to achieve these goals, we sequenced a fragment
of the mitochondrial large ribosomal subunit (16S rDNA)
and the nuclear internal transcriber spacer 1 (ITS-1) of the
ribosomal RNA cluster in specimens sampled along the
Italian Peninsula.
2. Materials and methods
2.1. Sample collection and species identiWcation
Specimens belonging to the “E. carpathicus complex”
were collected across the Italian peninsula from 1999 to
2005. Our sampling was mainly focused in central Tuscany,
where the ranges of E. tergestinus, E. concinnus and E. sicanus overlap. Normally, in this region, individuals of diVerent species were found in distinct, but geographically very
close sites. However, Wve specimens, representing E. concinnus and E. sicanus, were collected from the same site at
Montalbuccio, a locality near Siena. Additional sites, from
across most of the range of the three species, were also
included in the analysis to examine phylogenetic relationships between northern and southern populations. Five
mitochondrial 16S sequences of E. sicanus from an earlier
study were extracted from the GenBank database (Fet
et al., 2003). In order to analyse genetic variability within
the “carpathicus complex” on a wider geographic range, a
sample from Blidinje Lake, Bosnia–Herzegovina, was also
included in the analysis. This specimen, found in the preserved material kindly supplied by G. Callaini, was collected in 1968 and labelled as E. carpathicus.
Two closely related species were chosen as outgroups:
E. italicus (Herbst, 1800) and E. Xavicaudis (De Geer,
1778). Euscorpius italicus is believed to be the closest relative of the “carpathicus group”, while E. Xavicaudis has
been indicated as the basal taxon of the genus (Gantenbein et al., 1999). A summary of individuals analysed in
this study, together with information on sampling locations, is presented in Table 1 (see Fig. 1 for geographical
distributions).
After Weld collection, samples were sent to the laboratory where they were identiWed and a leg was cut and
stored at ¡80 °C. Voucher specimens were stored in 95%
ethanol for subsequent morphological examination. All
individuals included in the analysis were adults. Species
were identiWed by using the patterns of trichobothria of
the pedipalp, as traditionally accepted for the genus
Euscorpius (Vachon, 1974). In particular, individuals
were classiWed as E. tergestinus, E. concinnus or E. sicanus
according to the trichobothrial pattern and to the number of the patellar eb external series (four trichobothria
for E. tergestinus and E. concinnus, eb D 4/4; Wve trichobothria for E. sicanus, eb D 5/5) as indicated in Fet and
Soleglad (2002), Fet et al. (2003) and Vignoli et al. (2005).
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Table 1
List of the specimens examined in this study, with geographical origins and Genbank accession numbers
Species

Code

Sampling localities

Accession numbers
16S

ITS-1

E. sicanus

si103
si262
si12
si93
si553
si556
si16
si50
si59
si68
si14
si23
si34
si79
si84
si80
si110
si113
si2
si451

Certaldo, Tuscany (central Italy)
S.Appiano, Tuscany (central Italy)
Siena, Tuscany (central Italy)
Mt. Amiata, Tuscany (central Italy)
Montalbuccio, Tuscany (central Italy)
Montalbuccio, Tuscany (central Italy)
Follonica, Tuscany (central Italy)
Giglio Island, Tuscan Archipelago (central Italy)
Giglio Island, Tuscan Archipelago (central Italy)
Giannutri Island, Tuscan Archipelago (central Italy)
Argentario, Tuscany (central Italy)
Orbetello, Argentario, Tuscany (central Italy)
Orbetello, Argentario, Tuscany (central Italy)
Gargano, Puglia (southern Italy)
Tremiti Islands, Puglia (southern Italy)
Salento, Puglia (southern Italy)
Salento, Puglia (southern Italy)
Salento, Puglia (southern Italy)
Nebrodi, Sicily (southern Italy)
Potenza, Basilicata (southern Italy)

DQ989914
DQ989915
DQ989916
DQ989919
DQ989917
DQ989918
DQ989920
DQ989921
DQ989922
AY090082*
AY090079*
DQ989923
DQ989924
AY090085*
AY090084*
DQ989926
DQ989927
DQ989928
AY090076*
DQ989925

DQ989865
DQ989866
DQ989867
DQ989870
DQ989868
DQ989869
DQ989871
DQ989872
DQ989873
DQ989874
DQ989875
DQ989876
DQ989877
DQ989879
DQ989880
DQ989882
DQ989883
DQ989884
DQ989881
DQ989878

E. concinnus

co101
co95
co89
co88
co102
co106
co245
co256
co260
co265
co36
co304
co310
co544
co546
co547
co266
co43
co44
co46
co267
co105

Mugello, Emilia-Romagna (northern Italy)
Bologna, Emilia-Romagna (northern Italy)
Pavia, Lombardia (northern Italy)
Spezia, Liguria (northern Italy)
Montaione, Tuscany (central Italy)
Lucca, Tuscany (central Italy)
Volterra, Tuscany (central Italy)
Castellina, Tuscany (central Italy)
Poggibonsi, Tuscany (central Italy)
Badia Cerreto, Tuscany (central Italy)
Gaiole, Tuscany (central Italy)
Siena, Tuscany (central Italy)
Brenna, Tuscany (central Italy)
Montalbuccio, Tuscany (central Italy)
Montalbuccio, Tuscany (central Italy)
Montalbuccio, Tuscany (central Italy)
Gambassi, Tuscany (central Italy)
Elba Island, Tuscan Archipelago (central Italy)
Elba Island, Tuscan Archipelago (central Italy)
Elba Island, Tuscan Archipelago (central Italy)
Lepini Mountains, Lazio (central Italy)
Lepini Mountains, Lazio (central Italy)

DQ989929
DQ989931
DQ989930
DQ989933
DQ989932
DQ989934
DQ989935
DQ989936
DQ989937
DQ989938
DQ989939
DQ989940
DQ989941
DQ989942
DQ989943
DQ989944
DQ989945
DQ989946
DQ989947
DQ989948
DQ989949
DQ989950

DQ989885
DQ989887
DQ989886
DQ989889
DQ989888
DQ989890
DQ989891
DQ989892
DQ989893
DQ989894
DQ989895
DQ989896
DQ989897
DQ989898
DQ989899
DQ989900
DQ989901
DQ989902
DQ989903
DQ989904
DQ989905
DQ989906

E. tergestinus

te35
te96
te243
te278

Siena, Tuscany (central Italy)
Sistiana, Friuli (northern Italy)
Siena, Tuscany (central Italy)
Roma, Lazio (central Italy)

DQ989954
DQ989951
DQ989952
DQ989953

DQ989910
DQ989907
DQ989908
DQ989909

E. carpathicus sp.
E. italicus
E. Xavicaudis

ca231
it33
X40

Blidinje Lake, Bosnia-Herzegovina
Brescia (northern Italy)
Pianosa, Tuscan Archipelago (central Italy)

DQ989955
DQ989956
DQ989957

DQ989911
DQ989912
DQ989913

Sequences obtained from a previous work are marked (¤). Sample numbers correspond to the voucher specimen’s collection codes (V. Vignoli’s collection:
VVZC collection – Department of Evolutionary Biology, University of Siena, Italy).

The sample from Bosnia-Herzegovina presented four
trichobothria in the series eb. However, given the lack of
a detailed morphological revision of populations from
the Balkans and the high geographic distance separating
this sampling site from the other Italian localities, this
individual will be here cautionarily indicated as “E. carpathicus sp.”.

2.2. DNA extraction, PCR and sequencing
Total genomic DNA was extracted from leg muscle of
fresh, frozen or alcohol preserved specimens using the
CTAB buVer (0.1 M Tris-HCl pH 8.0, 1.4 M NaCl, 0.02 M
EDTA, 2% CTAB, 0.2% 2-mercaptoethanol) and standard
phenol–chloroform/ethanol extraction (Hillis et al., 1996).
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Fig. 1. Sampling locations for specimens of the “carpathicus group” used in this study. For abbreviations see Table 1.

A fragment of the mitochondrial gene encoding for the
large ribosomal subunit (16S rDNA) was polymerasechain-reaction (PCR) ampliWed, using the primer LR-J12887 (5⬘-CGATTTGAACTCAGATCA-3⬘ Simon et al.,
1994) and a scorpion-speciWc primer (5⬘-GTGCAAAGG
TAGCATAATCA-3⬘, Gantenbein et al., 1999). For ampliWcation of the nuclear region including the 3⬘-end of the
small subunit (SSU, 18S) the complete internal transcribed
spacer ITS-1 and the 5⬘-end of the 5.8S gene, the primers
used were CS249 (5⬘-TCGTAACAAGGTTTCCG-3⬘) and
DT421 (5⬘-GCTGCGTTCTTCATCG-3⬘) (Schlötterer
et al., 1994). PCR reactions were run in a total volume of
50 l with the following conditions: 95 °C for 20⬘⬘, 55–52 °C
for 30⬘⬘ and 72 °C for 30⬘⬘ (repeated for 25 cycles), plus a
Wnal extension step at 72 °C for 5⬘.
AmpliWcation products were visualised on 1.5%
agarose gel and puriWed with “Nucleospin extract”
(Genenco™) column kit following the manufacturer’s
instructions. For both genes, detecting the appropriate
ampliWcation products was straightforward, as no secondary band due to non-speciWc priming was visible. About
30 g of the puriWed products were used as templates for
direct sequencing of both strands, using the same primers
and the CEQ dye terminator cycle sequencing kit. DNA
sequences were then electrophoresed on a CEQ 8000XL
(Beckman Coulter™). All sequences generated in this
study have been deposited in GenBank (see Table 1 for
accession numbers).
2.3. Data analysis
Mitochondrial sequences were easily aligned by eye
using the computer program MACCLADE (version 4.0,

Maddison and Maddison, 2000). The nuclear region was
aligned with CLUSTAL X (version 1.8, Thompson et al., 1997)
using default parameters and then adjusted by eye where
necessary.
Values of DNA polymorphism among populations, such
as haplotype diversity, nucleotide diversity () and number
of pairwise diVerences (k) (Nei, 1987) were estimated using
DNASP (version 4.0, Rozas et al., 2003) for the mitochondrial dataset.
Phylogenetic relationships were analysed using maximum parsimony (MP), maximum likelihood (ML) and
Bayesian inference (BI). Parsimony analyses were performed with PAUP¤ (version 4.0, SwoVord, 2001) using a
heuristic search with equal weighting of all characters (1000
random stepwise addition and TBR branch swapping).
Gaps were scored as “new state”. This choice, that mainly
concerns the nuclear dataset, is supported by the distribution of included indels that clearly identify some major
clades. To assess the robustness of the relationships, 1000
bootstrap pseudoreplicates were performed.
For maximum likelihood analyses, the best-Wt ML substitution models were selected using MODELTEST (version
3.06, Posada and Crandall, 1998). The optimal models and
parameters deWned by MODELTEST (TrN + , for the mitochondrial dataset and TrNef +  for the nuclear dataset;
Tamura and Nei, 1993) were then selected to parameterise
the likelihood searches in PAUP¤ (10 random stepwise addition and TBR branch swapping). Nodal support was estimated with 100 bootstrap pseudoreplicates. The molecular
clock hypothesis was tested with a likelihood-ratio test
(Huelsenbeck and Rannala, 1997) using PAUP¤, comparing
the log-likelihood of the 16S ML trees with and without
assuming a molecular clock.
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Table 2
Values of inter-populations genetic diversity in E. sicanus, E. concinnus and E. tergestinus
Species

Samples

Haplotypes

Haplotypes
diversity

Polymorphic sites
(excluding sites with gaps)

Nucleotide
diversity ()

Pairwise
diVerences (k)

Theta
(from )

E. sicanus
E. concinnus
E. tergestinus

19
22
4

12
8
2

0.901
0.736
0.500

26/400
21/398
2/399

0.0152
0.0111
0.0025

6.117
4.433
1.000

0.0156
0.0113
0.0025

The suspected E. sicanus hybrid specimen (si23) was not included in the analysis.

Bayesian analysis was carried out with MRBAYES (version 3.0, Huelsenbeck and Ronquist, 2001; Ronquist and
Huelsenbeck, 2003) using the same models as estimated
from MODELTEST. However, the TrN model is a special case
of the general time-reversible (GTR) model and is not yet
implemented in MRBAYES. Therefore, the GTR model
(GTR +  for both mitochondrial and nuclear dataset) was
used in the analyses. Model parameter values were treated
as unknown and were estimated during the run. We used
the default value of four Markov chains (one cold and three
heated) and each chain was started from a random tree.
The “temperature” parameter was set to 0.2. The Monte
Carlo Markov Chain length was 2,000,000 generations and
trees were sampled every 100 generations.
Parsimony and Bayesian approaches were also used in
the analyses of the combined datasets. Parsimony search
was performed using the same setting as for the separate
datasets, while Bayesian analysis was performed employing
the same models of sequence evolution and allowing sitespeciWc rate variation partitioned by genes.
3. Results
3.1. Sequence characteristics
The alignment of both mitochondrial and nuclear datasets was unambiguous, given the relatively low divergence
observed across all taxa (alignments are available from the
authors upon request). For the mitochondrial 16S dataset,
there were one possible insertion or deletion observed
within the ingroup taxa, and four including the two outgroups. Of the 402 nucleotide sites included in the matrix,
81 were polymorphic and 52 were parsimony informative.
Base composition of sequences belonging to the “carpathicus complex” was homogeneous (2 D 11.93, df D 138,
P D 1.0), but skewed toward a deWciency in guanine (10.6%)
and cytosine (12.0%), as common for mitochondrial genes
(Simon et al., 1994). Similar base content was observed in
E. italicus (G D 10%, C D 12%), while E. Xavicaudis was
characterised by a relatively higher content in G (12.8%)
and C (14.8%).
The nuclear ITS-1 fragment showed a lower level of variability than the mitochondrial 16S rDNA. Of the 464
nucleotide positions included in the matrix, there were 54
variable sites and 30 parsimony informative sites. There
were 13 possible insertions or deletions. The distribution of
these indels clearly identiWes some major clades. For example, all E. sicanus from Tuscany, except the three individu-

als from Argentario (si14, si23, si34), are characterised by a
3 bp insertion, due to a repeated TCC, while the four specimens of E. tergestinus (te96, te243, te278 and te35) are characterised by a 2 bp deletion. Such taxonomically
informative patterns have already been described for the
ITS-1 gene (Goel et al., 2002). Nucleotide composition was
homogeneous.
3.2. Levels of sequence variation
Values of DNA variability among populations of diVerent evolutionary lineages, estimated from the mitochondrial 16S dataset, are reported in Table 2.
Sequence divergence (ML-corrected) between individuals determined as E. tergestinus and E. concinnus varies
from 12.4% to 17.7% for 16S and from 4.2% to 6.1% for
ITS-1. Comparatively lower nucleotide diversity is shown
when comparing E. concinnus with specimens determined
as E. sicanus (si23 excluded). In this case, sequence divergence ranges from 5.5% to 11.5% for mt16S and from 1.2%
to 4.2% for ITS-1. The sample from Bosnia-Herzegovina
shows rather contrasting results when compared to the Italian “carpathicus”. There is a relatively large divergence in
mitochondrial sequences (average 21.3 § 3.2%), while the
nuclear sequences show signiWcant lower values (average
1.3 § 0.5%). For comparison, the mean sequence divergence
between E. italicus and ingroup sequences is 7.8 § 1.7% for
16S and 5.3 § 0.7% for ITS-1, while E. Xavicaudis displays
considerable higher values (average D 28.6 § 1.8% and
8.6 § 1.0%, for 16S and ITS-1, respectively).
3.3. Phylogenetic relationships
3.3.1. Mitochondrial 16S sequence data
Maximum parsimony analysis from 16S rDNA sequence
data produced 9 equally parsimonious trees (tree
length D 146, CI D 0.685, RI D 0.904). The main diVerence
among these trees was in the position of the node connecting the three E. sicanus specimens from South eastern Italy
(si80, si110 and si113).
The most appropriate model selected by MODELTEST
(TrN + ) is a special case of the general time reversible
(GTR) model with unequal base frequencies and unequal distribution of rates at variable sites. Estimated base frequencies
were A D 0.365, C D 0.130, G D 0.107 and T D 0.398. Substitution rates parameters were [A M C] D 1.00, [A M G]D 23.39,
[A M T]D 1.00, [C M G] D 1.00, [C M T] D 6.45 and [G M T] D
1.00. The shape of the gamma parameter was estimated to be

N. Salomone et al. / Molecular Phylogenetics and Evolution 43 (2007) 502–514

0.139. A likelihood ratio test did not reject the molecular clock
null hypothesis (logL0 D ¡1267.36774, log L1 D ¡1241.99746,
¡2 log D 50.74, P > 0.01), indicating that the rates among
lineages are equal.
The Bayesian Markov chain reached stationary after
approximately 20,000 generations. Therefore, only trees
sampled after this burn-in period were used to determine
posterior probabilities of model parameters (bpp), branch
lengths and clades, by generating a 50% majority-rule consensus tree with PAUP¤. We repeated the analysis several
times with the same settings. Repetitive runs always generated similar results.
The three methods of phylogenetic reconstruction produced largely congruent topologies (Fig. 2). Interestingly,
individuals determined as E. concinnus and E. tergestinus
are clearly separated into two well distinct and strongly
supported clades. The E. concinnus clade shows several supported subgroups well correlated with geographic sampling. The E. tergestinus clade groups specimens collected
at three diVerent locations scattered throughout northerncentral Italy, plus the specimen si23, collected in southern
Tuscany and morphologically determined as E. sicanus.
All methods of reconstruction fail to recognise E. sicanus
as a monophyletic lineage. This is due to the position of the
aforementioned specimen si23, but also of the three specimens from South eastern Italy (si80, si110 and si113),
always resolved as a well supported and clearly distinct
lineage. The remaining sequences are grouped in a supported clade, where it is possible to recognise a “northern
subclade”, including most (but not all) of the samples from
Tuscany, and a “southern subclade”, grouping specimens
from Puglia (si79 and si84) and Sicily (si2), but not from
Basilicata (si451). Support for these geographic subclades is
always low.
Finally, the individual from Bosnia-Herzegovina shows
a mitochondrial haplotype distantly related to all the other
“carpathicus” sequences, and is placed in a basal position
close to the outgroup E. Xavicaudis.
3.3.2. Nuclear sequence data
Parsimony analysis based on ITS-1 sequences produced 7
most parsimonious trees (tree length D 97, CI D 0.814,
RI D 0.937). DiVerences in these topologies were mainly
determined by the position of E. sicanus specimens from
southern Italy. The best-Wt ML model selected by MODELTEST
was TrNef + , a special case of the general time reversible
(GTR) with an equal base frequencies and unequal distribution of rates at variable sites. Substitution rates parameters
were [A M C] D 1.00, [A M G] D 2.381, [A M T] D 1.00,
[C M G] D 1.00, [C M T] D 4.685 and [G M T] D 1.00 and the
shape of the gamma parameter was 0.107. For Bayesian analysis, a 50% majority rule consensus tree was constructed after
a burn-in-period of 20,000 generations.
Overall, reconstructions based on ITS-1 (Fig. 3) display a
lower nodal support and phylogenetic relationships among
local populations are less resolved than in the topologies
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based on the mt 16S rDNA. Despite the relatively small number of phylogenetically informative characters, also the reconstructions based on the nuclear ITS-1 region reveal a clear
separation of E. concinnus and E. tergestinus sequences into
two well distinct and supported clades. However, in this case,
the E. tergestinus clade does not include the E. sicanus
sequence si23. The main diVerence between nuclear and mitochondrial topologies concerns individuals of E. sicanus.
Nuclear data never resolve this taxon as a monophyletic lineage and diVerent methods produce alternative topologies.
Bayesian analyses group E. sicanus sequences in two well distinct assemblages, including, respectively, populations from
Tuscany and populations from southern Italy. These two
clades do not form a monophyletic assemblage, due to the
inclusion of the sample from Bosnia-Herzegovina. In the ML
tree E. sicanus populations from southern Italy are not
grouped together and are placed basal to the E. concinnus
clade + E. sicanus Tuscan clade + Bosnia–Herzegovina’s sample. Alternative trees resulting from MP analyses reproduce
both Bayesian and ML topologies. Other signiWcant outcomes of nuclear reconstructions are (a) the sample si23 has
the same sequence as the other E. sicanus from southern Tuscany; (b) the sample from Bosnia-Herzegovina appears
closely related to the other “carpathicus” analysed, although
its position diVers in the three reconstructions.
3.3.3. Combined datasets
Bayesian analysis of combined datasets deWnes three main
groups, corresponding to the E. tergestinus clade, E. sicanus
clade and E. concinnus clade. The two specimens showing
contrasting evidence in mitochondrial and nuclear data, si23
(Argentario) and ca231 (Bosnia–Herzegovina), are resolved
as paraphyletic and basal to the E. sicanus + E. concinnus
clade. We repeated the analysis after removal of these two
specimens. The resulting topology (Fig. 4) groups all E. tergestinus and E. concinnus specimens into two highly divergent
and well supported lineages. Specimens determined as E. sicanus are also resolved in a monophyletic group, but support
for this node is low. This assemblage groups the three specimens from South-eastern Italy (si80, si110 and si113) in a supported and quite distinct subclade, basal to the subclade
including all the remaining specimens. Parsimony analysis
resulted in 17 equally parsimonious trees (tree lengthD 222,
CID 0.725, RI D 0.916) diVering in minor branch arrangements and largely congruent with the results of the Bayesian
analysis. The only signiWcant diVerence is that, in this case, the
E. sicanus population from South-eastern Italy is basal to the
two clades grouping, respectively, the remaining E. sicanus
and E. concinnus specimens.
4. Discussion
4.1. Mitochondrial vs. nuclear sequence data
Both mitochondrial and nuclear data produce largely congruent phylogenies for E. tergestinus and E. concinnus, while
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Fig. 2. Consensus tree (50% majority rules) from Bayesian analysis based on mitochondrial 16S sequence data. The phylogram is topologically equivalent
to results present in MP and ML analyses. Numbers at nodes represent bootstrap values >70% (ML and MP) and posterior clades probability of each
clade. Specimens of E. concinnus and E. sicanus sampled at the same collecting site (Montalbuccio) are indicated (¤).

for E. sicanus some conXicting results are evident. These are
mainly due to populations from southern Italy, which appear
poorly resolved in nuclear reconstructions. Similar non-coincident patterns between mitochondrial and nuclear markers
have already been reported for studies involving populations
and closely related species (Shaw, 2002; see Lin and Danforth,

2004, for a review). With respect to scorpions, genetic discordance between mitochondrial and nuclear data has been
reported for Buthus occitanus (Gantenbein and Largiadèr,
2002).
Since mitochondrial DNA is inheredited uniparentally, it
would be expected to reach reciprocal monophyly faster than
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Fig. 3. Consensus tree (50% majority rules) from Bayesian analysis based on nuclear ITS-1 sequence data. Bootstrap values >70% (MP and ML) and posterior clades probability of each clade are reported at nodes. Specimens of E. concinnus and E. sicanus sampled at the same collecting site (Montalbuccio)
are indicated (¤).

nuclear DNA, but given enough time after separation of two
populations, both markers should produce the same signal
(“the three-times rule,” Palumbi et al., 2001). However, popu-

lations or species that diverged in Pleistocene should occupy,
in many cases, a “mixed monophyly” zone of divergence
where mtDNA will have a high probability of monophyly
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Fig. 4. Consensus tree (50% majority rules, burnin D 200) from Bayesian analysis based on 866 bp of the combined mitochondrial and nuclear sequence
data. Values at nodes represent, respectively, MP bootstrap values and the marginal posterior probability of each clade. Specimens of E. concinnus and
E. sicanus sampled at the same collecting site (Montalbuccio) are indicated (¤).

but the nuclear will not (Hare, 2001). Accordingly, if E. sicanus populations diverged relatively recently, there would be
a lack of time for lineage sorting in the nuclear DNA.
Due to reduction in eVective population size, mitochondrial DNA is also more sensitive to the eVects of bottlenecks in population size. Thus, another possible
explanation is that more severe bottlenecks in populations
of E. concinnus, relative to the E. sicanus populations, may

have resulted in signiWcant structuring in the E. concinnus
clade for both mitochondrial and nuclear markers, yet only
mtDNA structuring in E. sicanus.
4.2. Phylogenetic relationships
According to molecular phylogenies, at least three diVerent evolutionary lineages belonging to the “carpathicus
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complex” actually occur in the Italian peninsula. Two of
these correspond to E. tergestinus and E. concinnus.
Sequences from individuals morphologically identiWed as
E. tergestinus and E. concinnus fall, in fact, into two distinct
and strongly supported clades (with the former including
one individual of E. sicanus in all mtDNA topologies). The
depth of divergences between these two lineages is striking,
being in the same range or even greater than those observed
in comparison with the two outgroups.
It is diYcult to explain this result as an artefact. Congruence between mitochondrial and nuclear results warrants
from the risk that we sequenced nuclear copies (pseudogenes) rather than functional mtDNA sequences. The presence in our dataset of E. Xavicaudis and E. italicus, the only
congeneric species overlapping their ranges with species
belonging to the “carpathicus group” in Italy, leads to
exclude possible genetic introgressions from other taxa.
Moreover, congruence between molecular and morphological data provides convincing evidence of the recent distinction between the two taxa (Vignoli et al., 2005).
In contrast to the two well-supported clades of E. tergestinus and E. concinnus, sequences belonging to E. sicanus are never resolved as a monophyletic supported
group. According to a recent revision based on both morphological and mitochondrial data (16S), the taxon E. sicanus actually groups seven previously described
subspecies of E. carpathicus, widespread in southern Italy
(including Sardinia and Sicily), in southern Greece, northern Africa and some Mediterranean islands, as Malta and
Pantelleria (Fet et al., 2003). This study also showed that,
although all these populations are characterised by the
same diagnostic character (eb D 5/5), morphological variation in other trichobothrial series is sometimes remarkable (Fet et al., 2003).
With respect to our data, a remarkable outcome is
represented by the specimen si23, Wrmly nested within the
E. tergestinus clade in all mitochondrial reconstructions.
We believe that this unusual sequence is the result of
introgressive hybridisation between the two lineages and
will be discussed separately. Even excluding this specimen, the high divergence observed among individuals
from southern Italy call for further investigations. In particular, the well distinct population from South-eastern
Italy seems to represent an interesting topic for future
studies.
Similarly, for the specimen from Bosnia-Herzegovina
(carpathicus sp.), lack of congruence between mitochondrial and nuclear reconstructions makes it diYcult to
deWnitively infer its phylogenetic relationships with the
Italian populations. Male-biased dispersal could explain
observed diVerences in the shape of the nuclear and mitochondrial gene trees, as in Euscorpius species female dispersal is limited, and males account for the majority of
gene Xow. However, the geographic distance involved in
this case appears considerable. Alternative explanation
could involve genetic introgression from a diVerent
unsampled evolutionary lineage.
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4.3. Contact zone and genetic introgression
An objective of this study was to investigate if sympatric
populations of diVerent evolutionary lineages are reproductively isolated. To this aim, several specimens, mainly representing E. concinnus and E. sicanus, were sampled in central
Tuscany. This area of overlapping ranges is most probably
the result of a recent secondary contact. Interestingly,
E. concinnus and E. sicanus have been found in the same
habitat patches, so that inter-speciWc contact probably
occurs regularly in the Weld. This is particularly true for
specimens from Montalbuccio, where territories occupied
by populations of the two species were found in close proximity (about 20–40 m apart).
Our results clearly indicate that there is no mixing
between diVerent genotypes in the area of range contact.
All analysed specimens belong to well diVerentiated and
well supported evolutionary lineages, suggesting the
absence of recent or ongoing inter-speciWc gene Xow. Mechanisms preventing gene pools from merging remain
unknown. However, since it is not a geographic or ecological isolation that makes these populations distinct, it is reasonable to assume that barriers to cross-species fertilisation
exist. Natural selection can strengthen the eVectiveness of
isolating mechanisms if they improve the Wtness of a parent
by preventing hybridisation—a process called reinforcement. Although reinforcement has been a controversial
issue in the past (Butlin, 1995; Noor, 1999), recent studies
have provided potential examples of its occurrence in
nature (Rundle and Schluter, 1998; Kimková et al., 2002;
Pfennig, 2003; Ortiz-Barrientos et al., 2004). Reinforcement
could also be the case of sympatric populations of E. concinnus and E. sicanus. On the other hand, behavioural reasons, which arose before secondary contact, as for example
territory defence or pheromone composition, may also be
involved in maintaining mating discrimination. In either
case, reproductive isolation is expected, implying that speciation is complete (or nearly complete).
An interesting case emerging from this study is represented by the specimen si23, collected in southern Tuscany
(Argentario) and morphologically identiWed as E. sicanus.
This individual has a nuclear sequence identical to the two
sympatric E. sicanus samples, si14 and si34, and the same
mitochondrial haplotype as the specimens grouped in the
E. tergestinus clade. A possible contamination for this
unusual mitochondrial sequence is extremely improbable,
since this individual has been sampled and analysed at least
one year before the other E. tergestinus specimens. Retention of ancestral polymorphism also appears unlikely, due
the high genetic divergence separating the two evolutionary
lineages (average D 10.6% for 16S sequences). Consequently, we believe that this anomalous mtDNA haplotype
is the result of genetic introgression between the two taxa.
Worth noting, this specimen is morphologically undistinguishable from the other E. sicanus.
Sperm transfer in scorpions is a very complex process
involving several aspects of behaviour. In short, a form of
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dance takes place, during which the male lays his sperm
droplet (spermatophore) and the female picks it up in her
genital opening. Although mating dances between diVerent
Euscorpius species have already been described (Auber,
1963), this hybrid genotype demonstrate that such interspeciWc cross-mating can generate viable oVspring, even in
the presence of relatively high genetic divergence. Genetic
introgression between diVerent Euscorpius species also indicates that, even if barriers to cross-species fertilisation are
likely to exist, these may be permeable. However, it must be
noted that this specimen has been found inside a human
habitation, where the eVect of isolating barriers is obviously
reduced by the local relative abundance of each taxon.
4.4. Geographic structure
Our results allow describing in more detail the distribution of the diVerent evolutionary lineages throughout Italy.
Within the E. concinnus clade, phylogenetic reconstructions
identify several supported subgroups well correlated with
geographic sampling, as for example populations from
Elba Island, central Tuscany and Lepini Mountains.
Elba is the largest island in the Tuscan Archipelago and
the closest to the mainland (about 10 km), to which it has
been repeatedly connected during past sea regressions (Hsü
et al., 1977). Despite geographic closeness, the three individuals from the Island are well diVerentiated from the other
Tuscan specimens (1.5% average sequence divergence on
the basis of 16S rDNA and 0.6% on the basis of ITS-1
rDNA), pointing to long-term isolation of this population.
The Lepini Mountains approximately represent, to date,
the southern edge of E. concinnus species range. Since the
taxon has never been found either in southern Tuscany or
in northern Lazio, it is likely that this population is geographically isolated from the main species range. However,
morphotypes referable to E. concinnus have been found in
alcohol preserved material from Campania (southern Italy)
and central Lazio (Vignoli et al., 2005). Thus, it is possible
that distribution of the taxon in central-southern Italy is
much wider than previously thought, although these populations remain to be characterised genetically.
A phylogeographic pattern is also evident within E. sicanus samples. Most specimens from south Italy are grouped
in a separate subclade, despite the relatively high geographic distances separating some of these collecting sites.
Remarkably, the population from South-eastern Italy (Salento) is not included within this assemblage, but is resolved
as a well distinct subgroup. It is interesting to note that this
geographic area has long been an island separated from the
mainland (Rouchy and Caruso, 2006; Jolivet et al., 2006)
and is known for its specialised endemic species (Pesce
et al., 1978; Wilke, 2003). The diversiWcation pattern within
Tuscan specimens is also remarkable. An assemblage
including most of individuals collected in Tuscany is present in all phylogenetic reconstructions. Worthnoting, this
group never includes specimens from the Argentario promontory (si14, si23 and si34), which are somewhat diVerent.

The reason for this genetic split is unclear, since apparently
there are no geographic barriers separating the Argentario
from the other collecting sites on the mainland. However,
the Argentario promontory may have experienced periods
of isolation as an island during pleistocenic periods of sealevel increase. Another interesting result within Tuscan
samples is that there is no phylogeographic diVerentiation
between individuals from the mainland and those collected
on the Tuscan islands of Giglio and Giannutri. This evidence, together with the presence of well distinct sequences
(si50 and si59) on Giglio Island, suggests recent and
repeated colonisations of these islands. Although scorpions
have extremely low dispersal rates (Polis et al., 1985),
Euscorpius species are easily transported by human activities (GoyVon, 1992; Kritscher, 1992; Toscano-Gadea, 1998;
Huber et al., 2001). Remarkably, two of these insular specimens (si50 and si68) have been found in private gardens
close to habitations. Such anthropogenic environments are
ideal for scorpions, given the presence of relatively high values of humidity even during the long dry summers that
often characterise these islands. The third specimen (si59)
has been found in a recent artiWcial pinewood. In either
cases, man-mediated transport is likely to be involved in the
observed distribution.
4.5. Colonisation scenario
The evolutionary history of many European taxa has
been extensively inXuenced by the quaternary climatic
oscillations that have led to repeated glaciations. Most species probably went through range contractions when the
temperatures decreased and range expansion from diVerent
refugia in the following warm periods (Hewitt, 1996, 1999).
Such cycles may indeed leave a detectable imprint on the
genetic structure of populations (Hewitt, 2000). In central
Italy, the prevailing climatic conditions during the last glacial maximum (about 18,000 BP) were 15 °C lower than
today and levels of moisture availability was reduced by
60% in comparison to current levels (Peyron et al., 1998;
Elenga et al., 2000). Since species belonging to the “carpathicus complex” are basically warmth-adapted taxa, it is
likely that cold climatic conditions severely limited their
range distribution to restricted areas where favourable
microclimates existed. This scenario is in agreement with
our Wndings. Within the E. concinnus clade, the low levels of
genetic variation observed in populations from Apennines
and Tuscan mainland suggest a recent expansion in these
regions. If the E. concinnus was present in these areas before
climatic oscillations, it has either gone through an extreme
bottleneck resulting in the loss of older haplotypes, or has
gone extinct, before present haplotypes recolonised these
regions. On the other hand, remnants of a previous radiation survived in isolation on Elba Island, as indicated by
the basal position of its unique sequences.
The numerous endemisms described for Elba Island
(Vigna, 1971; Magrini, 2002), support the hypothesis that the
Island acted as a refugium during past climatic oscillations.
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However, the presence of ancestral haplotypes in northern
Italy is an unexpected result, because this region was presumably not climatically suitable during the last glacial periods.
This leads to the speculation that other refugia, outside the
peninsula, may have existed for this taxon. These could be in
northern Balkans, to which northern Italy was connected by
the Adriatic bridge during the quaternary cold periods (Taberlet et al., 1998), or somewhere else.
With respect to the E. sicanus lineage, it is reasonable to
assume that, even if the taxon presumably lost large parts
of its former range in the peninsula during the last glacial
maximum, populations from southern Italy could have survived in relatively stable and favourable environments.
Even excluding population from South-eastern Italy, our
results are well correlated with this expectation, indicating
higher genetic polymorphism within this lineage and a
south to north expansion pattern. Further analysis involving more extensive sample collection, particularly to examine genetic distinctiveness among southern and northern
populations, are required to verify such hypotheses.
4.6. E. tergestinus: an enigmatic lineage
The genetic divergence separating E. tergestinus from E.
concinnus and E. sicanus is surprisingly high, suggesting a
long-lasting history of independent evolution for this
taxon. Another interesting outcome is that sequences from
this lineage display an extremely low intra-clade genetic
diversity and no correlation with geographic sampling. For
example, the same haplotype occurs in Sistiana (te96) and
Rome (te278), two localities separated by about 600 km.
Remarkably, all specimens grouped in the E. tergestinus
clade, with the only exception of te96, have been found
inside human habitations. Our sampling included only
another specimen from a human habitation: the putative
hybrid si23, nested with this lineage in mitochondrial reconstructions. Thus, a possible explanation for the observed
low levels of variability could involve artiWcial colonisation.
Our sampling, although limited, would also suggest a habitat discrimination between E. tergestinus and E. concinnus,
with the former mainly related to anthropogenic habitats
and the latter exclusive of natural environments.
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