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Article history: The systematic is still unresolved for the genus Squalius (Cyprinidae, Leuciscinae), a rich
Received 4 March 2014 group of small to large fishes widely distributed throughout Europe. The distinction of one
Accepted 5 July 2014 of the Italian narrowly endemic species, Squalius albus (Bonaparte, 1838), described for the
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area surrounding lake Trasimeno, from the more common and widespread Squalius squalus

(Bonaparte, 1837) is doubtful. The application of integrative taxonomy, with DNA taxon-
omy and quantitative morphometric, using both living and preserved individuals collected
from lake Trasimeno before Squalius sp. restocking, allowed us to explicitly test for the
identity of the two species in the complex. COI barcoding data, used for phylogenetic re-
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Cytochrome oxidase I constructions, underlined that two clades may exist in the complex; nevertheless, DNA
Squalius albus taxonomy (ABGD and GMYC) and morphometrics show no statistical support for their
Museum specimens identity as separate species. Moreover, during our survey of the genetic diversity of the

Italian Squalius, we provided further support for the species status of Squalius lucumonis,
and found evidence of the occurrence in Southern Italy of another chub species, Squalius
vardarensis (Karaman, 1928), previously known only from the Southern part of the Balkan
Peninsula.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Chubs, small to large fishes of the genus Squalius (Family Cyprinidae), are widely distributed throughout Europe; about 40
species are currently recognized in this genus, showing a particularly high diversity in the Mediterranean area, where some
species are extremely localised and endemic to single basins (Kottelat and Freyhof, 2007; Bogutskaya and Zupancic, 2010). As
underlined by Kottelat and Freyhof (2007) “the systematics of Squalius is still not resolved. Several species of southern Europe
have quite similar appearances and earlier authors had very contradictory views on species definitions”.
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One of the taxa of unclear validity is the Trasimeno chub, Squalius albus (Bonaparte, 1838), living in lake Trasimeno and in
the surrounding waters of the river Tevere basin in Central Italy (Kottelat and Freyhof, 2007). This species has been the subject
of several taxonomic revisions: for Bonaparte (1838) and Pietravalle (1908) it had the status of a species, whereas Tortonese
(1970) and Bianco and Recchia (1983) suggested it as a subspecies of Squalius squalus (Bonaparte, 1837). Gandolfi et al. (1991)
questioned the validity of the separation of the two taxa, suggesting that the characteristics showed by S. albus were included
within the morphological variability of the more widespread S. squalus. Recently, Kottelat and Freyhof (2007) proposed this
taxon again on the basis of morphological traits such as body depth of 19—23% of standard length, a lower proportion than in
S. squalus, between 22 and 27%. Furthermore, faint black pigments along the free margin of flank scales above the lateral line
should be present in S. albus, whereas they are markedly black in S. squalus. However, none of these values are absolutely
divergent between the two species (Kottelat and Freyhof, 2007). Apparently, there is no evidence that morphometric features
could allow for an unambiguous distinction of the chubs sampled in lake Trasimeno nowadays, potentially belonging to S.
albus, from S. squalus (Lorenzoni et al., 1994). Nevertheless, chubs have been introduced for fishing activities in several lo-
calities of the river Tevere basin, including lake Trasimeno (Lorenzoni et al., 1994). Such activities, culminating in a highly
altered fish community in the area (Lorenzoni et al., 2006), could make it difficult to discriminate between the two entities on
morphology, basing their identity on geographic origin only. The situation could be complicated by the presence of a third
species of the genus in the area, Squalius lucumonis (Bianco, 1983). Its separation from S. squalus has been question by Gandolfi
et al. (1991) and Zerunian (2002), even if Tancioni et al. (2013) have shown that its genetic, morphological and ecological
characters are unambiguous for species identification (Kottelat and Freyhof, 2007; Giannetto et al., 2013).

Testing for the separation between the species of the S. albus/squalus complex using animals from lake Trasimeno and
attributing them to the putative taxon S. albus (whose type locality is lake Trasimeno) cannot be considered as a feasible or
supported choice. The ambiguous situation created by the translocation of fish in Central Italy prevents any conclusive
consideration about the taxonomic identity of S. albus based on geographic origin of the samples and morphological analyses.
Nevertheless, the presence in the Natural History Gallery of the University of Perugia (Casalina — Deruta, PG) of samples
belonging to lake Trasimeno and surrounding areas collected before the restocking practices became a habit in Italy
(Sommani, 1967; Lorenzoni et al., 1994) may represent the key to understand (i) whether a distinct taxon, S. albus, actually
exists, and (ii) whether the population currently present in lake Trasimeno is still the same or it has been effectively mixed
with allochthonous chubs.

The aim of the present study is to apply an integrative taxonomy approach to the problem, first by DNA taxonomy to assess
the distinctiveness of S. albus taking advantage of historical and living samples, and then by testing for differences in
morphological characters between the clades identified by DNA taxonomy.

2. Materials and methods
2.1. Sampling

We sampled 203 adult individuals of the S. albus/squalus complex from several populations in Italy: 34 individuals from 2
populations in Northern Italy (rivers Boesio and San Giovanni, river Po basin); 138 individuals from 15 present-day pop-
ulations in Central Italy (rivers Aggia, Assino, Carpina, Chiani, Lama, Paglia, Soara, Tevere, Topino and lake Trasimeno, from
river Tevere basin; Chiassa and Corsalone from river Arno basin; Burano from river Metauro basin) and 9 individuals from the
Natural History Gallery of the University of Perugia (Casalina — Deruta, PG), sampled in lake Trasimeno and rivers Clitunno
and Rio di Bosco (river Tevere basin) in the period 1889—1900, before the restocking campaigns in the area) and 31 samples
from 4 populations in Southern Italy (rivers Basento, Bradano, Noce, and Ofanto, each with its own independent basin).
Additionally, we sampled 53 adult individuals of the other Italian species of the genus, S. lucumonis from 11 populations:
rivers Aggia, Assino,Fersinone, Lama, Niccone, Paglia, Passano, Soara and Ventia, (river Tevere basin) and rivers Chiassa and
Corsalone (river Arno basin). The full list of the analysed individuals is reported in Supplementary File S1.

All living specimens were sampled by electrofishing and immediately released in the environment of origin. A small piece
of caudal fin (about 10 mg) or few scales were collected to extract genetic material (Lucentini et al., 2006). In order to
minimize the damage of the sampling procedures on the historical samples and to allow their display in the Gallery, a small
portion of muscle was picked up with a pair of tweezers through the anus.

For a subsample of the specimens standard length and body-depth were also measured to calculate the BD/SL ratio (see
later under ‘2.5 Morphometrics’).

2.2. DNA extraction, amplification and sequencing

Genomic DNA was extracted as previously reported for conservative samples (Lucentini et al., 2006) and stored at —20 °C.
DNA concentration was estimated in a 1.0% agarose gel electrophoresis in presence of Mass Ruler DNA Ladder Mix (Fer-
mentas) and by spectrophotometric assay (GeneQuant, GE).

Initially, PCR amplifications of a cytochrome oxidase c subunit 1 (COI) fragment were performed by means of the primers
already tested in fishes (Ivanova et al., 2007). Obtained amplicons clearly showed, apart from the expected fragment, a short
fragment of 100 bp, probably due to NUMTs (nuclear copies of mtDNA). Thus, species-specific primers (Leu—COI-F 5'-
GGCCGAACTAAGCCAAC-3"; Leu—COI-R 5'-ATGACTAGACTTCTGGGTGG-3') were newly designed and used to perform PCR
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amplifications of the longer fragment. Amplifications were performed through Ready-to-go DNA PCR Beads (GE Healthcare)
in a total volume of 25 pl, using 25 ng of total DNA, 20 pl of dsH,0 and 1 pl of 10 mM of each primer (MWG — Biotech AG)
through the PCR program: 95 °C for 6 min; 30 cycles: 94 °C for 45 s, 60 °C for 1 min, 72 °C for 1 min followed by a final
extension of 20 min at 72 °C. Amplicons were run in 1% agarose gel and controlled for the expected fragment sizes (592 bp)
(Lucentini et al., 2011a).

PCR products were purified using ExoSAP-IT® For PCR Product Clean-Up (usb) following the manufacturer's instructions.
They were sequenced in forward and reverse directions following a modified protocol (Lucentini et al., 2011a). Sequence
identities were evaluated by GenBank BLAST procedure (http://www.ncbi.nlm.nih.gov/BLAST/). DNA sequences were aligned
and edited using MacClade 4.08 (http://macclade.org/). No sequences displayed frame-shifts, stop codons, unexpected in-
sertions/deletions, ambiguities or excessive differences from other Squalius. Haplotypes were identified from the aligned
sequences; haplotype identity of all the sequenced specimens is reported in Supplementary File S1.

2.3. Phylogenetic reconstructions

Phylogenetic relationships were estimated through Maximum Likelihood (ML) reconstructions. A ML tree was obtained
using PHYML 3.0 (Guindon and Gascuel, 2003), with the GTR + G model of evolution, selected by ModelGenerator v0.85
(Keane et al., 2006). Node support was assessed by 1000 bootstrap replicates. The dataset for the phylogenetic reconstruction
included all the samples sequenced for this study (S. albus/squalus and S. lucumonis), together with COI sequences of the genus
Squalius available in GenBank by September 2011. As a way to control for the quality of the sequences we downloaded from
GenBank, we used only those that did not contain any ambiguity (Supplementary File S1). The phylogenetic reconstruction
included 13 additional species of the genus, Squalius aphipsi, Squalius aradensis, Squalius castellanus, Squalius illyricus, Squalius
malacitanus, Squalius orientalis, Squalius orpheus, Squalius prespensis, S. sp., Squalius svallize, Squalius torgalensis, Squalius
valentinus, and Squalius vardarensis. As outgroup, we used two cyprinid species, Abramis brama and Leuciscus leuciscus
(Supplementary File S1).

2.4. DNA taxonomy

To assess whether there is genetic evidence of distinct species in the complex S. albus/squalus in Italy and to further
support the identity of S. lucumonis, we applied two different DNA taxonomy approaches: the Generalised Mixed Yule
Coalescent model (GMYC: Fujisawa and Barraclough, 2013), and the Automatic Barcode Gap Discovery (ABGD: Puillandre
et al., 2012). These methods use single locus genetic information and have been shown to perform well on a wide selec-
tion of animals (Tang et al., 2012).

The GMYC model is a maximum likelihood method based on the topology of phylogenetic trees (Pons et al., 2006; Fujisawa
and Barraclough, 2013): it identifies the most likely threshold dividing speciation events (Yule) by within-species diversifi-
cation (Coalescent), using a maximum likelihood approach to optimize the shift in the branching patterns of the gene tree.
The result is the identification of clusters of sequences corresponding to independently evolving entities, akin to species. We
first tested that the sample of sequences does not belong to a single population obeying a single coalescent process. Then, a
threshold age, T, was optimised, such that nodes before the threshold are considered to be diversification events with
branching rate and scaling parameter estimated from the tree. Branches crossing the threshold define clusters each obeying a
separate coalescent process. Models were fitted in R 2.15.1 (R Development Core Team, 2012) with the package splits 1.0—14
(http://splits.r-forge.r-project.org). An ultrametric tree, needed as input for the GMYC model, was obtained with the function
chronopl of the package ape 3.0—4 (Paradis et al., 2004), after pruning the ML tree and keeping only the haplotypes of the S.
albus/squalus complex.

The ABGD uses a maximum likely approach that identifies the barcoding gap between species by iteratively searching for
the most likely threshold in the dataset (Puillandre et al., 2012). We performed the ABGD using the online web tool: http://
wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html, with the default settings starting from the alignment of all the sequenced
individuals of the S. albus/squalus complex.

We calculated genetic distances between and within taxa as uncorrected pairwise distances using the package ape in R.
We calculated such distances for the species we sequenced and for all the other species in the genus Squalius for which we had
at least three individuals. In order to have a direct comparison with what is known about genetic diversity in fish (Ward et al.,
2009), we also calculated genetic distances as Kimura's 2-parameter model (K2P: Kimura, 1980).

2.5. Morphometrics

We performed morphometric analyses on the same individuals of the S. albus/squalus complex that have been used for the
DNA taxonomy. In this way we would be able to evaluate whether the proportions in body size used for the original
description of S. albus and S. squalus and then reported by Kottelat and Freyhof (2007) can be consistently used for the
identification of the two species or not. We measured body depth (BD) and standard length (SL) for each of the following 103
fish: 12 specimens of S. albus/squalus complex from lake Trasimeno and surrounding areas from the historical collection of
Casalina, 21 specimens from present-day lake Trasimeno, 36 specimens from other eight populations in Central Italy, and all
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the 23 sequenced specimens from Northern Italy. Moreover, other additional 11 specimens from the same populations of
Northern Italy (where only S. squalus s.s. was found) were measured in order to increase sample size.

We performed linear models (LM) to test whether the proportion BD/SL was significantly different between the clades
identified by DNA taxonomy, controlling for potential differences due to size (SL). We used arcsin — square root trans-
formation for the proportion BD/SL, as such data are bound to both extremes (Crawley, 2007). Analyses were performed on all
specimens (103 with genetic identification + other 11 from Northern Italy); we then repeated the analyses using only those
individuals with standard length of at least 100 mm, in order to avoid the confounding effect of immature organisms, and thus
disregarding the 19 smallest individuals. In order to control for the possibility of introducing a geographical bias by including
also animals from Northern Italy and animals that have not been sequenced, we repeated the analyses excluding the 23 + 11
animals from Northern Italy (Supplementary File S2).

3. Results

The 592 base pair (bp) region of the COI gene was successfully sequenced for all the individuals and deposited in GenBank
(Accession Numbers JF317935, JF317936, GU985093 — GU985101, GU985104 — GU985108; KF836095-KF836105). The se-
quences could be aligned unambiguously with no insertions/deletions or missing data for the entire sample set, and 27
haplotypes were identified. The reading frame and translation of the nucleotide sequences were successfully carried out, with
no sequence identified as a potential nuclear copy; no stop codons, insertions/deletions and high amino acid substitutions
were found.

3.1. Phylogenetic reconstruction

Seven haplotypes were identified for S. [ucumonis, 19 for the complex S. albus/squalus, and 1 that clustered with S. var-
darensis (Fig. 1).

All the historical specimens, coming from lake Trasimeno and from two tributaries of the river Tevere (rivers Clitunno and
Rio del Bosco), had the same haplotype, sO1 (Supplementary File S1) and could potentially represent S. albus; individuals with
such haplotype are still present in lake Trasimeno (27 of the 32 individuals sampled in the present day population of the lake).
Moreover, the same haplotype was found in other individuals sampled in the river Chiassa (Arno basin), in rivers Aggia,
Assino, Carpina, Chiani, Lama, Paglia, Soara, Tevere and Topino (Tevere basin), and in river Burano (Metauro basin). Haplotype
s01 clustered with other three haplotypes, s02 from river Soara, s03 from lake Trasimeno, and s24 from lake Trasimeno and
rivers Bradano (Southern Italy) and Lama (Fig. 1, clade A). The other cluster, clade B, included 15 haplotypes of the S. albus/
squalus complex from individuals sampled in rivers Assino, Arno, Burano, Carpina, Chiani, Corsalone, Paglia, and Tevere and in
one individual from lake Trasimeno from Central Italy; in all the chubs from Northern Italy; in all but three individuals from
Southern Italy; in Slovenia (Fig. 1, Supplementary File S1).

Clade A and clade B are sister clades, closely related to S. prespensis. The other Italian chub, S. lucumonis, was sister to S.
illyricus, in another part of the tree. Thus, S. lucumonis will not be considered any further in the following analyses on the S.
albus/squalus complex, given that its genetic separation from S. albus/squalus is completely unambiguous. Two individuals
from Southern Italy, misidentified as belonging to the S. albus/squalus complex during the sampling activities, suggest the
potential presence of a new species for Italy, S. vardarensis. The two individuals from rivers Basento and Bradano had the same
COI haplotype and clustered with the sequence of S. vardarensis from GenBank (Fig. 1).

3.2. DNA taxonomy

Uncorrected genetic distances ranged up to 0.3% within clade A, and up to 1.2% within clade B; distances between the two
clades ranged from 0.8% to 1.6%. The same numbers were found by calculating genetic distances as K2P distances. Genetic
distances within the other species were 1.2% in S. aphipsi, 0.2%—0.9% in S. lucumonis, 0.2%—0.3% in S. orpheus, and 0.2% in S.
prespensis. Uncorrected genetic distances between all the other species in the phylogeny ranged from 1.1% to 10.1%.

Even if the two clades could be visually identified in the phylogenetic reconstruction, with bootstrap support above 0.91
(clades A and B in Fig. 1), the GMYC model, performed on the rooted ultrametric tree with the 19 haplotypes of the S. albus/
squalus complex, did not support the existence of two independently evolving entities (likelihood of null model = 34.9,
maximum likelihood of GMYC model = 37.0, likelihood ratio = 4.19, p = 0.24). The ABGD provided the same result, with only
one entity and no evidence of a clear barcoding gap between clade A and clade B.

3.3. Morphometrics

The proportion between body depth (BD) and standard length (SL) was not significantly different between clade A and
clade B (Table 1A). No significant difference could be found even when analysing only animals longer than 10 cm (Table 1B).
The same result is supported when including only animals from the geographical area where clade A and clade B co-occur,
Central and Southern Italy (Supplementary File S2).

There is a clear overlap in the BD/SL ratio between the two clades, even if we could not find very long animals for clade A
(Fig. 2).
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Table 1
Results of the linear model to assess the importance of the explanatory variables in explaining the differences in the proportion between Body
Length (BD) and Standard Length (SL) (Fig. 1). Estimates, t-values (t) and probabilities (p) are reported. A, whole dataset; B, only individuals longer

than 100 mm.
Estimate t p

A

(intercept) 0.46 + 0.007 59.79 <0.0001
Taxon (clade A vs clade B) —0.02 + 0.011 -1.91 0.0584
Body size (SL) 0.00 + 0.000 0.37 0.7072
Taxon * Body size 0.00 + 0.000 3.84 0.0002
B

(intercept) 0.46 + 0.013 34.63 <0.0001
Taxon (clade A vs clade B) —0.01 £ 0.0116 -0.71 0.4814
Body size (SL) 0.00 + 0.000 1.11 0.2695
Taxon * Body size 0.00 + 0.000 2.12 0.0375

Such differences in the presence of longer animals (and with higher BD/SL ratio) only for one clade may create the sig-
nificant interaction between the explanatory variables (Table 1). The interaction disappears when excluding the animals from
Northern Italy, mostly longer than the ones from Central and Southern Italy (Supplementary File S2).

4. Discussion

We found unambiguous evidence that all the historical individuals and most of the present-day individuals from lake
Trasimeno and the surrounding areas in the river Tevere basin belong to one clade (clade A), whereas all the individuals from
Northern Italy, some from Central Italy and all but one of those from Southern Italy belong to a different clade (clade B). The
geographic origin of clade A would suggest that it can be considered as S. albus with clade B being S. squalus sensu stricto, but
none of the approaches from DNA taxonomy (ABGD and GMYC) supports the idea that the two clades could be considered
separate species. Moreover, individuals of clade A are morphologically undistinguishable from those of clade B in the
morphometric ratio Body Depth/Standard Length (BD/SL); such morphological difference corresponds to the one proposed by
Bonaparte in the original description of S. albus (Kottelat and Freyhof, 2007) with BD/SL smaller than 23%, and ranging from 22
to 27% in S. squalus. Our analyses of the two clades did not support such difference (Fig. 2).

Not even a DNA barcoding approach supports the distinctiveness of clade A and clade B. Genetic distances between clade A
and clade B, on average around 1.4%, are lower than those found in other organisms, usually around 3% (e.g. Hebert et al.,
2003; Tang et al., 2012). Fish are already known to have a low barcoding threshold (Ward et al., 2009; Lucentini et al.,
2011b; Mat Jaafar et al., 2012), but none of the tests we performed on DNA taxonomy (ABGD and GMYC) supported their
existence as separate entities. Overall, notwithstanding the potential original geographical subdivision between clade A and
clade B, we cannot support the distinction of two species in the S. albus/squalus species complex. The tests to look for evidence
of independent evolution of the clades (Pons et al., 2006; Puillandre et al., 2012) suggest only one and not two entities. The
fact that there is indeed genetic and morphological variability is not surprising, because the existence of genetic and
phenotypic variability, even more structured in space than in the analysed case, is a common feature in animals (e.g. Bentz
etal,, 2011; Lind et al., 2011; Kieneke et al., 2012). Thus, we support the conclusion by Gandolfi et al. (1991) that the variability
within the S. albus/squalus complex is not enough to identify independently evolving entities. We cannot exclude that the
system we analysed represents a case of potential incipient speciation (Bilton et al., 1998). Incipient speciation with ongoing
gene flow could produce an unclear scenario, similar to the one we observed for the S. albus/squalus species complex.

If the two clades are indeed geographical variants, the presence in lake Trasimeno of one individual of clade B, haplotype
s09, could be an indication of the persistence in the lake of haplotypes introduced during restocking campaigns (Lorenzoni
et al., 1994). Still, only one individual out of the 32 we analysed from the present day population of lake Trasimeno resulted in
the clade B of the S. albus/squalus complex. Thus, the system seems to be resilient to invasion of allochthonous haplotypes.

The Italian Peninsula is known to have two distinct biogeographical districts for its fish fauna, one in Northern Italy,
centred around the river Po, and one along the rest of the peninsula (Bianco, 1995), where often pairs of vicariant species exist,
one in each district, e.g. Barbus plebejus (Bonaparte, 1839)/B. tyberinus (Bonaparte, 1839), Rutilus aula (Bonaparte, 1841)/R.
rubilio (Bonaparte, 1837), Padogobius bonelli (Bonaparte, 1846)/P. nigricans (Canestrini, 1867), Alburnus arborella (De Filippi,
1844)/A. albidus (Costa, 1838) in the Northern and peninsula district respectively. Apparently, this is not the case for the S.
albus/squalus complex, where clade B is present across all the districts, whereas clade A is present in the central part of the
peninsular district. Such distribution in the analysed chubs could easily be due to restocking. In Italy, the restocking programs
are considered one of the main sources of the introduction of exotic species since most often specimens from North Italy are
translocated in Central Italy (Lorenzoni et al., 2006), leading to an alteration of the original distribution and compromising the
genetic integrity of the native populations.

A task of major concern in biological conservation is the maintenance of intraspecific genetic diversity in target species
(Nelson and Soulé, 1987; Ryman et al., 1995). Also, the IUCN has recognized genetic resources as one level of diversity
requiring protection (McNeely et al., 1990). Up to now S. squalus does not represent an issue of concern for conservation
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Fig. 2. Scatterplot of the morphometric parameters. Scatterplot proportion between Body Depth (BD) and Standard Length (SL), as a function of the Standard
Length (SL, in millimeters) for the 103 specimens measured in the two clades evidenced in Fig. 1.

purpose and is listed as ‘Least Concern’ both by IUCN Red List of Threatened Species (IUCN, 2013) and Red List of Italian
Vertebrates (Rondinini et al., 2013). However, the findings of this research raise some questions about the adequacy of
management practices of most of the Italian populations of S. squalus. If clade B represents native animals from the Northern
district and clade A animals from the peninsular district (or at least endemic to lake Trasimeno), the two groups of pop-
ulations should be managed independently. Even if they do not represent different species, they belong to different genetic
clades. As a general suggestion for fishery management, the translocations of specimens between watershed should be
avoided when there are genetic differences as the ones between clade A and clade B, in order to prevent any possible mixture
between different clades, even within the same species.

An interesting additional result of our analysis is that a new species for the Italian peninsula may be present, S.
vardarensis. Specimens of this species were found at the same latitudes of the known distribution of the species in Greece
and Macedonia (Kottelat and Freyhof, 2007). An interesting hypothesis is that this species may persist in the Southern
parts of the Italian and Balkan Peninsulas as a disjunct remnant of past larger distribution. More plausibly it represents
another case of translocation; nevertheless, there are previous finding of Balkan species found in Italy without any in-
formation or support for their translocation, as in the case of Pachychilon pictum Heckel and Kner, 1858 in fish (Delmastro
and Balma 1990) and Carabus cavernosus in beetles (Casale et al., 1982). With the currently available information, in
particular without any data about S. vardarensis acclimation, presence, consistence and distribution we cannot state
which of the two hypotheses (autochthonous or allochthonous origin) is more reliable. In conclusion, even if no support
has been found for the existence of two distinct species in the S. albus/squalus species complex in Italy, two clades were
found (A and B) and, from the conservation point of view, they should be managed as separate units as a cautionary
approach.

Acknowledgments

The authors are grateful to Romano Dolciami for its help in collecting specimens. This work was supported by the research
project GenoNatUmbria (Fondazione Cassa di Risparmio di Perugia) and funding of the Province of Perugia to L. Lucentini, and
by the research project LIFE+ INHABIT to P. Volta and P. Sala.

Appendix A. Supplementary data
Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.bse.2014.07.005.

References

Bentz, B., Bracewell, R.R., Mock, K.E., Pfender, M., 2011. Genetic architecture and phenotypic plasticity of thermally-regulated traits in an eruptive species,
Dendroctonus ponderosae. Evol. Ecol. 25, 1269—1288.
Bianco, P.G., 1995. Mediterranean endemic freshwater fishes of Italy. Biol. Conserv. 72, 159—170.


http://dx.doi.org/10.1016/j.bse.2014.07.005
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref1
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref1
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref1
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref2
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref2

288 L. Lucentini et al. / Biochemical Systematics and Ecology 56 (2014) 281288

Bianco, P.G., Recchia, F, 1983. The leuciscinae of the squalius species complex in Italy (Pisces, Ciprinidae). Boll. Zool. 50, 15—19.

Bilton, D.T., Mirol, P.M., Mascheretti, S., Fredga, M., Zima, ]., Searle, ]., 1998. Mediterranean Europe as an area of endemism for small mammals rather than a
source for northwards postglacial colonization. Proc. Royal Soc. Lond. Ser. B Biol. Sci. 265, 1219—1226.

Bogutskaya, N.G., Zupancic, P., 2010. Squalius janae, a new species of fish from the Adriatic Sea basin in Slovenia (Actinopterygii, Cyprinidae). Zootaxa 2536,
53—-68.

Bonaparte, C.L., 1838. Iconographia della fauna italica per le quattro classi degli animali vertebrati 3. Pesci. Tipografia Salviucci, Rome.

Casale, A., Sturani, M., Vigna Taglianti, A., 1982. Coleoptera. Carabidae. I. Introduzione, Paussinae, Carabinae (Fauna d'ltalia, 18). Calderini, Bologna.

Crawley, MJ., 2007. The R Book. John Wiley, Chichester.

Delmastro, G.B., Balma, G.A.C., 1990. Primo reperto per I'ltalia e acclimatazione del ciprinide endemico balcanico Pachychilon pictus (Heckel & Kner, 1858)
nel fiume Serchio in Toscana (Osteichthyes: Cyprinidae). Boll. Mus. Reg. Sci. Nat. Torino 8, 411—416.

Fujisawa, T., Barraclough, T.G., 2013. Delimiting species using single-locus data and the Generalized Mixed Yule Coalescent (GMYC) approach: a revised
method and evaluation on simulated datasets. Syst. Biol. 62, 707—724.

Gandolfi, G., Zerunian, S., Torricelli, P., Marconato, A., 1991. I pesci delle acque interne italiane. Ministero dell'’Ambiente e Unione Zoologica Italiana. Istituto
Poligrafico e Zecca dello Stato, Rome.

Giannetto, D., Carosi, A., Ghetti, L., Pedicillo, G., Pompei, L., Lorenzoni, M., 2013. Ecological traits of Squalius lucumonis (Actinopterygii, Cyprinidae) and main
differences with those of Squalius squalus in the Tiber River Basin (Italy). Knowl. Manag. Aqu. Ecosyst. 409, 1-9.

Guindon, S., Gascuel, O., 2003. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood. Syst. Biol. 52, 696—704.

Hebert, P.D.N., Cywinska, A., Ball, S.L., de Waard, J.R., 2003. Biological identifications through DNA barcodes. Proc. Royal Soc. Lond. Ser. B Biol. Sci. 270,
313-321.

Ivanova, N.V.,, Zemlak, T.S., Hanner, R.H., Hebert, P.D.N., 2007. Universal primer cocktails for fish DNA barcoding. Mol. Ecol. Notes 7, 544—548.

IUCN, 2013. IUCN Red List of Threatened Species. Internet resource available from: www.iucnredlist.org.

Keane, T.M., Creevey, CJ., Pentony, M.M., Naughton, TJ., Mclnerney, ].0., 2006. Assessment of methods for amino acid matrix and their use on empirical data
shows that ad hoc assumptions for choice of matrix are not justified. BMC Evol. Biol. 6, 29.

Kieneke, A., Martinez Arbizu, P., Fontaneto, D., 2012. Spatially structured populations with a low level of cryptic diversity in European marine Gastrotricha.
Mol. Ecol. 21, 1239—1254.

Kimura, M., 1980. A simple method of estimating evolutionary rate of base substitutions through comparative studies of nucleotide sequences. ]. Mol. Evol.
16, 111-120.

Kottelat, M., Freyhof, ]., 2007. Handbook of European Freshwater Fishes. Cornol, Switzerland.

Lind, M.L, Ingvarsson, PK., Johansson, H., Hall, D., Johansson, F., 2011. Gene flow and selection on phenotypic plasticity in an island system of Rana tem-
poraria. Evolution 65, 684—697.

Lorenzoni, M., Carosi, A., Giovinazzo, G., Mearelli, M., Petesse, M.L., 1994. Variabilita morfologica in Leuciscus cephalus del bacino del F.Tevere. In: Fifth AIIAD
Conference Proceedings, Montecchio Maggiore (Italy), pp. 357—366.

Lorenzoni, M., Ghetti, L., Mearelli, M., 2006. Native and exotic fish species in the Tiber River watershed (Umbria — Italy) and their relationship to the
longitudinal gradient. Bull. Francais la Peche la Piscic. 382, 19—44.

Lucentini, L., Caporali, S., Palomba, A., Lancioni, H., Panara, F.,, 2006. A comparison of conservative DNA extraction methods from fins and scales of freshwater
fish, a useful tool for conservation genetics. Conserv. Genet. 7, 1009—1012.

Lucentini, L., Rebora, M., Puletti, M.E., Gigliarelli, L., Fontaneto, D., Gaino, E., Panara, F,, 2011a. Geographical and seasonal evidence of cryptic diversity in the
Baetis rhodani complex (Ephemeroptera, Baetidae) revealed by means of DNA taxonomy. Hydrobiologia 673, 215—228.

Lucentini, L., Puletti, M.E., Ricciolini, C., Gigliarelli, L., Fontaneto, D., Lanfaloni, L., Bilo, F,, Natali, M., Panara, F.,, 2011b. Molecular and phenotypic evidence of a
new species of genus Esox (Esocidae, Esociformes, Actinopterygii), the southern pike, Esox flaviae. PLoS One 6, e25218. http://dx.doi.org/10.1371/journal.
pone.0025218.

Mat Jaafar, T.N.A,, Taylor, M.L, Mohd Nor, S.A., de Bruyn, M., Carvalho, G.R., 2012. DNA barcoding reveals cryptic diversity within commercially exploited
indo-malay Carangidae (Teleosteii: Perciformes). PLoS One 7, e49623. http://dx.doi.org/10.1371/journal.pone.0049623.

McNeely, J.A., Miller, K.R., Reid, W.V., Mittermeier, R.A., Werner, T.B., 1990. Conserving the World’s Biological Diversity. [IUCN, World Resources Institute,
Washington, DC.

Nelson, K., Soulé, M., 1987. Genetical conservation of exploited fishes. In: Ryman, N., Utter, F. (Eds.), Population Genetics and Fishery Management. Uni-
versity of Washington Press, Washington, DC, pp. 345—368.

Paradis, E., Claude, J., Strimmer, K., 2004. APE, analyses of phylogenetics and evolution in R language. Bioinformatics 20, 289—290.

Pietravalle, N., 1908. Contribuzione allo studio delle specie europee del genere Squalius Bonaparte. Boll. Soc. Zool. Ital. 2, 225—243.

Pons, ]., Barraclough, T.G., Gomez-Zurita, ]., Cardoso, A., Duran, D.P., Hazell, S., Kamoun, S., Sumlin, W.D., Vogler, A.P.,, 2006. Sequence-based species de-
limitation for the DNA taxonomy of undescribed Insects. Syst. Biol. 55, 595—609.

Puillandre, N., Lambert, A., Brouillet, S., Achaz, G., 2012. ABGD, automatic barcode gap discovery for primary species delimitation. Mol. Ecol. 21, 1864—1877.

R Development Core Team, 2012. R, a Language and Environment for Statistical Computing. Vienna.

Rondinini, C., Battistoni, A., Peronace, V., Teofili, C. (Eds.), 2013. Lista Rossa IUCN dei Vertebrati Italiani. Comitato Italiano IUCN e Ministero dell’Ambiente e
della Tutela del Territorio e del Mare, Roma.

Ryman, N., Utter, F.,, Laikre, L., 1995. Protection of intraspecific biodiversity of exploited fishes. Rev. Fish. Biol. Fish. 5, 417—446.

Sommani, E., 1967. Variazioni apportate all'ittiofauna italiana dall’attivita dell'uomo. Boll. Pesca Piscic. Idrobiol. 23, 149—166.

Tancioni, L., Russo, T., Cataudella, S., Milana, V., Hett, A.K., Corsi, E., Rossi, R., 2013. Testing species delimitations in four Italian sympatric leuciscine fishes in
the Tiber River: a combined morphological and molecular approach. PLoS One 8, e60392. http://dx.doi.org/10.1371/journal.pone.0060392.

Tang, C.Q., Leasi, F., Obertegger, U., Kieneke, A., Barraclough, T.G., Fontaneto, D., 2012. The widely used small subunit 18S rDNA molecule greatly un-
derestimates true diversity in biodiversity surveys of the meiofauna. Proc. Natl. Acad. Sci. U. S. A. 109, 16208—16212.

Tortonese, E., 1970. Fauna d'Italia. Osteichthyes. In: Pesci ossei, vol. X. Officine Grafiche Calderini, Bologna.

Ward, R.D., Hanner, R., Hebert, P.D.N., 2009. The campaign to DNA barcode all fishes, FISH-BOL. ]. Fish Biol. 74, 329—356.


http://refhub.elsevier.com/S0305-1978(14)00197-5/sref3
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref3
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref5
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref5
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref5
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref6
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref6
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref6
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref7
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref8
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref9
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref46
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref46
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref46
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref46
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref11
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref11
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref11
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref12
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref12
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref13
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref13
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref13
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref14
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref14
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref15
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref15
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref15
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref16
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref16
http://www.iucnredlist.org
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref18
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref18
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref19
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref19
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref19
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref20
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref20
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref20
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref21
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref22
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref22
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref22
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref23
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref23
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref23
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref23
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref24
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref24
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref24
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref24
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref25
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref25
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref25
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref26
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref26
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref26
http://dx.doi.org/10.1371/journal.pone.0025218
http://dx.doi.org/10.1371/journal.pone.0025218
http://dx.doi.org/10.1371/journal.pone.0049623
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref29
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref29
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref30
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref30
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref30
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref30
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref31
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref31
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref33
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref33
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref34
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref34
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref34
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref35
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref35
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref36
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref37
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref37
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref38
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref38
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref39
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref39
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref39
http://dx.doi.org/10.1371/journal.pone.0060392
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref41
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref41
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref41
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref43
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref44
http://refhub.elsevier.com/S0305-1978(14)00197-5/sref44

	Integrative taxonomy does not support the occurrence of two species of the Squalius squalus complex (Actinopterygii, Cyprin ...
	1 Introduction
	2 Materials and methods
	2.1 Sampling
	2.2 DNA extraction, amplification and sequencing
	2.3 Phylogenetic reconstructions
	2.4 DNA taxonomy
	2.5 Morphometrics

	3 Results
	3.1 Phylogenetic reconstruction
	3.2 DNA taxonomy
	3.3 Morphometrics

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


