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Fish of the genus Squalius inhabit various freshwater habitats across Europe and Asia, with a particularly high
diversity in the Mediterranean area, but the taxonomic status of many populations is still a matter of debate. This
study aims to resolve the taxonomic uncertainties of chubs distributed in the Adriatic basin of Croatia and Bosnia and
Herzegovina. Phylogenetic reconstruction based on the mitochondrial gene for cytochrome b and two nuclear genes,
the recombination activating gene 1 and the rhodopsin gene, reveal high diversity of chubs in the investigated area.
Two evolutionary independent groups are revealed: the first comprising the species Squalius illyricus, S. microlepis,
S. svallize, S. tenellus and S. zrmanjae, and a second group corresponding with S. squalus. Genetic distinctiveness of
species belonging to different groups is high due to their divergence that began in the Middle Miocene. In addition
to allopatric speciation as the main force of divergence of Adriatic Squalius species, several instances of natural
hybridizations were detected, contributing to the observed diversity. A comparison of phylogenetic scenarios using
Bayesian factors corroborated the molecular basis for recognition of six Squalius species in the Adriatic basin, while
Squalius janae is confirmed to be a junior synonym of S. squalus.

KEYWORDS: diversification events — diversity — mtDNA — nuclear genes — phylogeny — Squalius species
— taxonomy.

INTRODUCTION

The genus Squalius comprises over 40 species
inhabiting various freshwater habitats of Europe and
Asia. It belongs to the family Leuciscidae in the order
Cypriniformes (Stout et al., 2016; Schonhuth et al.,
2018). Particularly high diversity of this genus has
been recorded in the Mediterranean area (Zardoya
& Doadrio, 1999; Durand et al., 2000), although
the taxonomic status and relationships of several
populations are not yet resolved (Kottelat & Freyhof,
2007). Systematics of chubs in the Mediterranean thus
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remain an intriguing taxonomic case among European
freshwater ichthyology.

Several species, including many synonyms and
misidentifications, have been reported from the Adriatic
basin of Croatia and Bosnia and Herzegovina (Table 1).
All Squalius species were previously included in the
genus Leuciscus (Kottelat & Freyhof, 2007). Heckel
(1843) described two species of Squalius from central
Dalmatia and Herzegovina: S. microlepis Heckel, 1843
from the Imotsko field (‘Imosky Staat’) and S. tenellus
Heckel, 1843 from the Livno field (‘Livno, Bosnien’).
Further, Heckel & Kner (1858) described S. illyricus
Heckel & Kner, 1858 from the type localities Soca,
Krka and Cetina Rivers (‘Isonzo, Knin und Sign in
Dalmatien’), S. svallize Heckel & Kner, 1858 from
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Table 1. Original descriptions, previous and recommended taxonomies and confirmed distribution rages of Squalius

species in the Adriatic basin

Original description After Bianco & After Bogutskaya (1994) Recommended Distribution
(type locality) Knezevic (1987) and Bogutskaya & taxonomy (this
Zupanci¢ (1999) paper)

Squalius microlepis S. microlepis Prolosko blato, Vrljika
Heckel, 1843 Heckel, 1843
(Imotsko field)

Squalius tenellus S. tenellus, karstic fields in Bosnia and
Heckel, 1843 Heckel, 1843 Herzegovina, introduced
(Livanjsko field) to Ruda

Squalius illyricus Leuciscus Leuciscus illyricus S. illyricus Cetina
Heckel & Kner, 1858 cephalus (Cetina, upper Krka) Heckel & Kner,

(Soca, Krka and illyricus 1858
Cetina Rivers) (Cetina)

S. svallize Heckel &
Kner, 1858 (lakes
near Vrgorac and
Neretva River)

S. albus Heckel &

Kner, 1858 (Krka) (Krka)

S. svallize zrmanjae
Karaman, 1928
(Zrmanja)

Leuciscus cephalus
cavedanus Karaman,
1928 (Neretva)

(Zrmanja)

Leuciscus svallize
(Neretva and
Trebisnjica)

Leuciscus sp.

Leuciscus sp.

Leuciscus svallize
(Matica Neretva catch-
ment, Hutovo Blato,
Trebisnjica, Bilecko
Lake, Popovo field)

Leuciscus cephalus
(Istrian rivers, Krka,
Neretva catch-
ment, Hutovo Blato,
Trebi$njica)

Leuciscus zrmanjae
(Zrmanja and Krka)

Leuciscus cephalus (Istrian
rivers, Krka, Neretva
River basin, Hutovo

S. svallize Heckel
& Kner, 1858

S. squalus Heckel
& Kner, 1858

S. zrmangjae
Karaman, 1928

S. squalus Heckel
& Kner, 1858

Neretva and its tributaries,
Hutovo Blato wetland,
Trebisnjica, Ravno
karstic field, Konavocica

Istrian rivers, Visovac,
Trebisnjica, Ravno
karstic field

Zrmanja, introduced to
Ricica

Istrian rivers, Visovac,
Trebisnjica, Ravno
karstic field

blato, Trebisnjica)

Squalius janae
Bogutskaya &
Zupancic, 2010

S. squalus Heckel
& Kner, 1858

lakes near Vrgorac and the Neretva River (‘Seen bei
Vergoraz und Narenta in Dalmatien’) and S. albus
Heckel & Kner, 1858 from the Krka River (‘Kerkafluss
bei Scardona in Dalmatien’). Karaman (1928) described
S. svallize zrmanjae Karaman, 1928 from the Zrmanja
River. The group was revisited by Bianco & Knezevic¢
(1987), who confirmed the validity of Leuciscus svallize
from Neretva and Trebinje River (although Trebinje
most likely represents the Trebisnjica Rivers in Bosnia
and Herzegovina) and identified another Leuciscus
species in the Krka River, whereas they considered
L. illyricus to be a subspecies or ecophenotype of
L. cephalus (Linnaeus, 1758). Bogutskaya & Zupancié¢
(1999) re-described L. zrmanjae (Karaman, 1928)
mentioning its distribution range to be limited to the
Zrmanja and Krka Rivers in Croatia. Distribution of
S. illyricus in the Soca River drainage was reported
by several authors (e.g. Taler, 1953; Sabioncello, 1967;

Vukovi¢ & Ivanovié, 1971), but also disputed by Sket
(1967). Although Bogutskaya & Zupanci¢ (1999)
re-evaluated type specimens from the Soca River as
S. illyricus, there are no recent findings of that species
from the northern Adriatic basin (Kottelat & Freyhof,
2007). The distribution range of S. svallize is also
doubtful, due to reports of its presence in the Istrian
Peninsula (Leiner et al., 1995). Nevertheless, the
distribution range of S. svallize is usually considered
to encompass the Neretva, Trebisnjica, Matica and
Konavocica River catchments (Kosié¢, 1903; Bogutskaya
& Zupancié, 1999; Caleta et al., 2015). The existence of
a third chub species in the Krka River was confirmed
by Seely (1886), who named it Leuciscus cephalus
var. albus and Kolombatovi¢ (1886) as S. albus.
Steindachner (1882) reported L. cephalus from the
Trebisnjica, Neretva and Krka Rivers, whereas
Karaman (1928) described L. c. cavedanus Karaman,
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1928 in the Neretva River. Leuciscus cephalus was also
reported from Istrian rivers (Povz & Sket, 1990; Leiner
etal.,1995). In 2010, Bogutskaya & Zupancic identified
chubs from the Dragonja River as S. janae Bogutskaya
& Zupancic, 2010. Taxonomic designation employed in
this investigation was based on Kottelat & Freyhof,
2007, with the addition of the newly described S. janae
(Bogutskaya & Zupancic, 2010). However, taxonomic
conclusions of previous authors were challenged in
light of the results and some taxonomic amendments
were made.

The taxonomy of chubs in the Adriatic basin is
complicated, unresolved and subject to frequent
changes. One important reason for this problem is the
scarce use of molecular markers in taxonomic studies of
Adriatic Squalius species. Despite many morphological
and taxonomic studies on chubs in the area, there
is a lack of data on their phylogenetic relationships,
structure and evolutionary history. A comprehensive
phylogeographic analysis of Leuciscidae (Perea et al.,
2010) included only a few specimens per species. That
study groups the chubs of the Adriatic basin into
two phylogenetic groups within the genus Squalius,
i.e. the Mediterranean group including S. illyricus,
S. microlepis, S. svallize, S. tenellus and S. zrmanjae,
and the group named ‘S. cephalus’ [concordant with
Squalius cephalus auctorum of Bogutskaya & Zupancic
(2010)] containing S. squalus (Bonaparte, 1837) and
other non-Adriatic species. All the remaining studies
of Squalius species in the Adriatic basin were based
only on morphological traits. However, there is ample
evidence that exclusive reliance on morphological
characters often fails to detect cryptic taxa or results in
describing species that do not represent evolutionary
independent and/or reproductively isolated units (Buj
et al.,2014; Chen et al., 2014). Furthermore, molecular
data have proven useful in taxonomic research (e.g.
Highton, 1981; Woese, 1987; Paquin & Hedin, 2004;
Lefeburé et al., 2006; Buj et al., 2014).

The present study aims to obtain insight into the
phylogeographic structure of the genus Squalius in the
Adriatic basin of Croatia and Bosnia and Herzegovina,
and into the genetic composition of populations, using
a multilocus dataset to test whether the current
taxonomy is concordant with molecular data. In addition
to phylogenetic reconstruction and examination of the
evolutionary history of chubs in the Adriatic watersheds,
and in order to contribute to resolving their taxonomy, we
have analysed species limits using a recently described
coalescent model-based approach.

MATERIAL AND METHODS

To investigate the phylogeographic and population
genetic structure of the genus Squalius in the

Adriatic basin, we examined samples from 19 localities
in the Adriatic watersheds of Croatia and Bosnia and
Herzegovina, which were morphologically identified as
belonging to seven species (Table 2; Fig. 1) following
the descriptions and identification keys of Kottelat &
Freyhof (2007) and Bogutskaya & Zupanci¢ (2010).
Diagnostic characters for species determination were:
number of lateral line scales, mouth position, snout
morphology,number of branched rays in anal and dorsal
fins and pigmentation of the scales. For the purpose
of comparison and better resolution of phylogenetic
relationships, we obtained samples of S. cephalus from
the Drava River in the Croatian part of the Black Sea
basin. The analyses in this study were based on three
genes: cytochrome b (Cytb), which forms part of the
mitochondrial DNA and is, therefore, inherited only
maternally, and two nuclear genes: rhodopsin (rhod)
gene and the recombination activating gene 1 (RAG1).
Intotal, 3393 base pairs (bp) were analysed. Cytochrome
b was chosen as it proved to have the best performance
and yielded the most reliable results in previous
studies on phylogenetic structure, relationships and
taxonomic research (e.g. Perea et al., 2010; Buyj et al.,
2014), particularly when recovering phylogenetic
relationships among closely related taxa (Castresana,
2001; Patwardhan et al., 2014). The two nuclear
markers were included as they are inherit biparentally
and, therefore, enable revelations of hybridization
events (Verspoor & Hammart, 1991). Furthermore,
due to their lower mutation rate, they are adequate
for investigating the phylogenetic relationships
among more distantly related taxa. All newly obtained
sequences were deposited in GenBank with accession
numbers MN166097-MN166132 for Cytb, MN166133—
MN166154 for RAG1 and MN166155-MN166173 for
rhod (Supporting Information, Table S1).

Total genomic DNA was extracted from fin tissues
using the standard extraction product (DNeasy tissue
kit, Qiagen). Amplifications of the chosen genes were
performed in a 25-uL reaction volume containing
12.5 pL. HotStarTaq Master Mix (Qiagen), 1 pL
adequate primers and 4 pL template DNA. Information
on the primers used and PCR protocols are summarized
in Supporting information, Table S2. Sequencing was
carried out by Macrogen Service Centre. Obtained
sequences were aligned against previously published
sequences. Chromatograms and alignments were
checked visually and were found to contain no gaps
or stop codons. Selective neutrality of mutations was
tested by statistical tests D* and F* [proposed by
Fu & Li (1993)] and by Tajima’s test (Tajima, 1989),
using DnaSP v.5 software (Librado & Rozas, 2009).
The same software was employed for estimation of
recombination rates. Haplotype variants of nuclear
genes in heterozygous individuals were resolved using
a Bayesian statistical method implemented in PHASE
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Table 2. Sampling localities, sample codes and haplotype codes of newly obtained specimens in this study. Numbers in
brackets denote each locality from Figure 1. Sample codes of individuals of hybrid origin are marked with an asterisk

Species Locality (n): coordinates Sample code  Cytb RAGT1 alleles rhod alleles
haplotype
S. cephalus Drava (20): SQDV1 DRA1 Hrag21/ Hrag22  Hrhod14/
N 46.37° Hrhod15
E 16.23° SQDV2 DRA2 - Hrhod15/
Hrhod16
SQDV3 DRA3 Hraglh/ Hrag23  Hrhod17/
Hrhod18
SQDV4 DRA3 - Hrhod14/
Hrhod19
SQDV5 DRA4 - Hrhod15/
Hrhod18
SQDV6 DRA2 - Hrhod15/
Hrhod19
S. illyricus Cetina (10): SQVI1 ILI2 - -
N 43.93° SQVIe6 ILI5 - -
E 16.42 SQVI7 ILI1 - -
SQVI8 ILI1 - -
SQVI9 ILI6 - -
SQVI12 ILI6 - -
SQVI13 ILI5 - -
SQVI15 ILI1 - -
Krka, Arhandelovac (8): SQKR1 ILI3 Hragl/Hragl Hrhod1/Hrhod3
N 43.95° SQKR2* ZRM2 Hragl/Hragl Hrhod1/Hrhod11
E 15.99° SQKR3 ILI4 Hragl/Hragl Hrhod1/Hrhod1
SQKR4 ILI3 - -
SQKR5 ILI3 Hragl/Hragl Hrhod1/Hrhod1
SQKR6 ILI3 Hragl/Hragl Hrhod1/Hrhod1
SQKR7 ILI3 Hragl/Hragl Hrhod1/Hrhod1
SQKRS8 ILI3 Hragl/Hragl Hrhod1/Hrhod12
Visovac (lake-like expansion SQVS1 ILI4 - -
of the Krka R.) (9): SQVS3 ILI1 - -
N 43.86° SQVST7 ILI3 - -
E 15.96° SQVS12 ILI1 - -
S. janae Dragonja (1): SQDR4 IST1 Hrag15/ Hrhod1/Hrhod2
N 45.45° Hragl18
E 13.65° SQDR5 IST2 Hragl18/ Hragl8  Hrhod3/Hrhod4
SQDR6 IST2 Hragl19/ Hrag20  Hrhod5/Hrhod6
SQDR7 IST1 Hraglh/ Hragl5  Hrhod3/Hrhod7
SQDR9 IST1 - -
Pazincica (3): SQPA1 IST1 - Hrhod5/Hrhod5
N 45.28°
E 14.02°
SQPA2 IST1 - -
SQPA3 IST1 Hraglh/ Hragl5  Hrhod5/Hrhod5
SQPA4 IST1 Hraglh/ Hragl5  Hrhod3/Hrhod3
SQPA5 IST1 Hrag16/ Hragl7  Hrhod3/Hrhod5
SQPA7 IST1 - Hrhod3/Hrhod3
SQPAS8 IST1 - -
SQPA10 IST1 - -
SQBP1 IST1 - Hrhod5/Hrhod3
SQBP3 IST1 - -
SQBP4 IST1 - -
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Table 2. Continued

Species Locality (n): coordinates Sample code  Cytb RAG1 alleles rhod alleles
haplotype
SQBP5 IST1 - -
SQBP6 IST1 Hrag15/Hraglh Hrhod3/Hrhod3
SQBP7 IST1 - -
SQBPS IST1 - -
SQBP9 IST1 Hragl5/Hraglh -
SQBP10 IST1 Hrag15/Hraglh Hrhod5/Hrhod5
Boljunséica (5): SQBO1* ILI1 - -
N 45.21° SQBO2 IST3 - -
E 14.17° SQBO4 IST4 - -
SQBO5 IST4 - -
SQBO6* ILI1 - -
SQBO7 IST4 - -
SQBOS8 IST4 - -
SQBO9* ILI1 - -
S. microlepis  Prolosko Blato (12): SQPB1 MIC1 - -
N 43.47° SQPB2 MIC2 Hrag1/Hrag2 Hrhod1/Hrhod11
E 17.12°
Vrljika (13): SQVR1 MIC1 Hragl/Hragl Hrhod11/
N 43.45° Hrhod11
E17.17° SQVR3 MIC3 - -
S. squalus Rasa (2): SQRS1 IST4 - -
N 45.18° SQRS3 IST1 - -
E 14.07° SQRS5 VIS1 - -
Mirna (4): SQMI1 IST5 - -
N 45.35° SQMI2 IST1 Hragl5/Hragl5  Hrhod5/Hrhod5
E 13.85° SQMI3 IST1 - -
SQMI5 IST5 - -
SQMI6 IST1 - -
SQMI9 IST1 - -
Visovac (9): SQVS2 VIS1 - -
N 43.86° SQVS4 VIS2 - -
E 15.96° SQVS5 VIS1 - -
SQVS6 VIS1 - -
SQVS15 VIS3 - -
Trebisnjica (17): SQTR1 TRE1 Hrag7/Hrag7 Hrhod3/Hrhod3
N 42.92° SQTR2* LJUT1 Hrag7/Hrag8 Hrhod3/Hrhod3
E 17.93° SQTR4 LJUT1 Hrag9 /Hragl0 Hrhod3/Hrhod3
SQTR5 TRE1 Hrag7/Hrag7 Hrhod3/Hrhod3
SQTR6 TRE3 - Hrhod3/Hrhod3
SQTR8* LJUT1 Hrag4/ Hragll Hrhod3/Hrhod3
SQTR9 TRE1 Hrag7/Hrag7 Hrhod3/Hrhod3
SQTR10* TRE2 Hrag4/ Hragl2 Hrhod3/Hrhod3
Ravno field (18): SQRA1 TRE2 Hrag7/Hrag7 Hrhod3/Hrhod3
N 42.88° SQRA3 LJUT1 - Hrhod3/Hrhod3
E 17.98° SQRA5 LJUT1 Hrag7/ Hragl3 Hrhod3/Hrhod3
SQRA7 LJUT1 Hrag7/Hrag7 -
SQRA10 LJUT1 - Hrhod3/Hrhod3
S. svallize Hutovo Blato (16): SQHB2 SVA3 - -
N 43.04° SQHB3 SVA1 - -
E 17.74° SQHB4 SVA4 - -
SQHB5 SVA5 - -
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Table 2. Continued

Species Locality (n): coordinates Sample code  Cytb RAG1 alleles rhod alleles
haplotype
Krupa (confluence with SQNE1 SVA1 - -
Neretva) (14): N 43.05° SQNE2 SVA1 Hrag4/Hrag4 Hrod9/Hrhod9
E 17.69° SQNE3 SVA2 Hrag4/Hrag4 Hrhod1/Hrhod8
SQNE4 SVA1 - Hrhod8/Hrhod9
SQNE5 SVA1 Hrag4/Hrag4 Hrhod9/Hrhod9
SQNE6 SVA1 Hrag4/Hrag4 Hrhod9/Hrhod9
SQNE7 SVA1 - Hrhod9/Hrhod9
SQNES8 SVA1 - -
SQNE9 SVA6 - -
Neretva (at Metkovié) (15): SQME1 SVA1 Hrag4/Hrag4 Hrhod8/Hrhod8
N 43.05° SQME2 SVA1 Hrag4/Hrag4 Hrhod8/Hrhod9
E 17.65° SQME3 SVA1 Hrag4/Hragh Hrhod8/Hrhod8
SQME4 SVA1 Hrag4/Hrag4 Hrhod8/Hrhod9
Ravno field (18): SQRA2 SVA1 Hrag4/Hrag4 Hrhod8/Hrhod9
N 42.88° SQRA4 SVA1 Hrag4/Hrag4 Hrhod8/Hrhod9
E 17.98° SQRAS8 SVA1 Hrag4/Hrag4 Hrhod8/Hrhod8
Trebisnjica (17): SQTR3* SVA1 - Hrhod3/Hrhod3
N 42.92° SQTRT7* SVA1 Hrag4/Hrag4 Hrhod3/Hrhod8
E 17.93°
Konavocdica (Ljuta catchment) (19): SQLJU1* LJUT1 - Hrhod8/Hrhod9
N 42.53° SQLJU2* LJUT2 Hrag4/Hrag4 Hrhod8/Hrhod8
E 18.36° SQLJU3* LJUT1 Hrag4/Hrag4 Hrhod8/Hrhod9
SQLJU4* LJUT3 Hrag4/Hrag4 Hrhod8/Hrhod9
SQLJU6* LJUT1 Hrag4/Hrag4 Hrhod8/
Hrhod10
SQLJUT* LJUT1 - -
SQLJUS8* LJUT1 - -
SQLJU9* LJUT1 - -
SQLJU11* LJUT1 Hrag4/Hrag4 Hrhod8/Hrhod9
SQLJU12* LJUT1 Hrag4/Hrag4 Hrhod8/Hrhod8
SQLJU14* LJUT1 Hrag4/Hrag4 Hrhod8/Hrhod8
SQLJU15* LJUT1 Hrag4/Hrag4 Hrhod8/Hrhod9
SQLJU16* LJUT1 Hrag4/Hrag4 Hrhod8/Hrhod8
SQLJU18* LJUT1 Hrag4/Hrag4 Hrhod8/Hrhod8
SQLJU19* LJUT1 Hrag4/Hrag4 Hrhod8/Hrhod9
SQLJU21* LJUT1 Hrag4/Hrag4 Hrhod8/Hrhod9
SQLJU22* LJUT1 Hrag4/Hrag4 Hrhod8/Hrhod8
S. tenellus Ruda (11): SQRU4 TEN1 Hrag3/Hrag3 Hrhod11/
N 43.67° Hrhod11
E 16.77°
S. zrmanjae  Zrmanja (7): SQZR3 ZRM1 - -
N 44.19° SQZR8 ZRM1 Hragl/Hragl4 Hrhod13/
E 15.79° Hrhod13
SQZR9* ILI1 - Hrhod13/
Hrhod13
SQZR13 ZRM1 - -
Ricica (6): SQRI1 ZRM1 - -
N 44.36° SQRI2 ZRM1 - -
E 15.68°
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%

S.janae S. squalus

S. tenellus S. microlepis

S. zrmanjae S.illyricus

Figure 1. Map of the study area indicating the sampling localities and distribution of Squalius species based on literature
data (1, Dragonja; 2, Rasa; 3, Pazinclica; 4, Mirna; 5, Boljuns§éica; 6, Rifica; 7, Zrmanja; 8, Krka; 9, Visovac; 10, Cetina; 11,
Ruda; 12, Prolosko Blato; 13, Vrljika; 14, Krupa; 15, Neretva at Metkovi¢; 16, Hutovo Blato; 17, Trebisnjica; 18, Ravno field;

19, Konavocica; 20, Drava).

2.1 software (Stephens et al., 2001; Stephens & Scheet,
2005). The analyses were run five times for both
nuclear genes with different values of the seed of the
pseudorandom number generator. Each run consisted
of a burn-in period of 100, followed by 1000 iterations.

Phylogenetic reconstruction was performed to
ascertain the phylogenetic position of chubs from
the Adriatic basin within the phylogenetic tree of
the genus Squalius, to reveal relationships among
them and to test whether the phylogenetic position of
each population conforms to current taxonomy. Two
different methods of phylogenetic reconstruction were
employed: maximum parsimony (MP) and maximum

likelihood (ML), implemented in PAUP v.4.0a (Swofford,
2002). For MP analysis, a heuristic search mode with
100 replicates was used, with randomized input
orders of taxa and tree bisection-reconnection (TBR)
branch swapping with all codon sites and nucleotide
substitutions types weighted equally. ML analysis was
performed under the heuristic search option using
the TBR branch-swapping algorithm. Branch support
(BS) was assessed by nonparametric bootstrapping
(1000 pseudoreplicates, ten additional sequence
replicates). Each gene was analysed separately, due
to differences in their phylogenetic performance
(Table 3). Phylogenetic reconstruction was performed
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using the newly obtained sequences, and GenBank
sequences of various Squalius species (Supporting
Information, Table S3; Almodovar et al., 2012, Doadrio
et al., 2007, Ketmaier et al., 2004), because our aim
was to confirm the position of the Adriatic populations
among other Squalius species. Datasets comprising
the same species were analysed based on both nuclear
genes, for comparison. Sequences of Telestes [Telestes is
in the same lineage as Squalius, within the subfamily
Leuciscinae (Schonhuth et al., 2018)] were used as
outgroups. Phylogenetic relationships of populations
from Istria, Dalmatia and Herzegovina were further
investigated by the statistical parsimony method
(Templeton et al., 1992) under a 95% connection limit,
using the program TCS (v.1.21; Clement et al., 2000).
The median-joining approach (MdJ) was applied to
the two nuclear datasets using the Network 4.5.1.6.
software (Fluxus Technology Ltd). In the resulting
phylogenetic network, horizontal gene transfers are
observed. This approach is especially adequate for the
reconstruction of nuclear genes phylogeographies.
Bayesian factors (BF's) for comparison of phylogenetic
hypotheses or models were used to test whether the
current taxonomy, and different taxonomic scenarios,
are concordant with the molecular genetic data. This
approach is a recently described coalescent-based
method for statistical species delimitation using
multilocus DNA sequence data (Grummer et al., 2014).
BF is calculated as the ratio of the marginal likelihoods
of two models, which has the advantage of accounting
for priors used in Bayesian analyses (Xie et al.,
2011). Their usefulness in model averaging has been
demonstrated in several studies (e.g. Buj et al., 2014;
Chen et al., 2014; Grummer et al., 2014). In the present
study, we used BF to test six phylogenetic models
(scenarios) based on the current taxonomy and the
results are presented in (Supporting Information (Table
S4). Model A is concordant with the current taxonomy
and recognizes seven Squalius species in the Adriatic
basin (S. illyricus, S. janae, S. microlepis, S. squalus
S. svallize, S. tenellus and S. zrmanjae). Model B also
recognizes seven species, but it includes presumably
cryptic species from the Trebi$njica River and Ravno
karstic field, whereas S. janae is not recognized as a
separate species under this model. Model C is similar
to model B, though S. squalus is divided into two
species (sequences from Istrian rivers and Visovac
Lake are distinct). Under model D, sister-species
(S. svallize/S. zrmanjae and S. microlepis/S. tenellus)
are considered a single species and neither S. janae nor
S. sp.Trebisnjica are considered separate species. Model
E is similar, although not fully concordant with the
current taxonomy, and presents the results of the Cytb
phylogeny, identifying six Adriatic species (S. illyricus,
S. microlepis, S. squalus, S. svallize, S. tenellus and
S. zrmanjae). Model F corresponds to RAG1 phylogeny

and comprises only three taxa —a single unit comprising
S. illyricus, S. microlepis, S. tenellus and S. zrmanjae,
S. svallize is a second taxon and S. squalus (together
with S. cephalus) forms the third. We prepared a
multilocus dataset (with sequences of three genes,
with three partitions) and analysed it using BEAST
v.1.7.0. software (Drummond et al., 2012). Analyses
were performed under an uncorrelated lognormal
relaxed molecular clock, with a Yule process used for
the species tree prior. Analyses were run for one million
generations with 10% of trees discarded as burn-in.
Marginal likelihood scores, as well as Bayesian factors
(smoothed estimate) were calculated in TRACER v.1.5.
(Rambaut & Drummond, 2007).

Furthermore, as a contribution to determination of
Squalius species on a molecular basis, we identified
nucleotide sites that represent fixed differences
between the species, and their shared polymorphisms,
using SITES software (Hey & Wakeley, 1997). Among
the fixed differences, we pinpointed diagnostic
sites for each species, as nucleotide positions that
differentiate all samples of that species from the
remaining species. Those nucleotide positions were
found only within the Cytb gene, since it enabled
adequate resolution of species phylogeny, which was
blurred by incomplete lineage sorting, ancestral
polymorphism retention and hybridization events
within the nuclear datasets.

Finally, in order to obtain insight into the
evolutionary history of the Adriatic chubs and the
origin of the high diversity observed, divergence
time estimations were conducted using the
Bayesian MCMC coalescent method implemented
in BEAST v.1.7.0. Divergence time estimations
were based on a Cytb dataset, due to the presence
of hybridization and incomplete lineage sorting
phenomena in the phylogenies of the nuclear genes.
The rate homogeneity across phylogenetic lineages
was assessed by the log-likelihood ratio test (LRT),
comparing the likelihood of phylogenetic trees with
and without molecular clock enforcement. Trees were
constructed using the maximum likelihood approach
and the LRT test was conducted in PAUP*. Since
the likelihood scores were the same in both cases,
we applied a strict molecular clock. Molecular clock
calibration was based on the divergence rate of Cytb
gene in Leuciscidae of 0.4% per lineage per million
years, as concluded by Perea et al. (2010). Branch
rates were drawn from an uncorrelated lognormal
distribution and Yule speciation prior with random
starting tree. The applied substitution model was
HKY with gamma site heterogeneity model. We used
default prior distributions for kappa, frequencies
and alpha, whereas substitution rate parameters
were unlinked across codon positions. The number of
MCMC steps (the length of chain) was three million.
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RESULTS

From 20 localities inhabited by Squalius species (19 in
the Adriatic basin and the outliner in the Drava River)
we obtained 133 Cytb sequences of 1140 base pairs (bp).
The obtained sequences include 36 unique haplotypes.
As stated above, haplotypes from GenBank (a total of
26 Cytb haplotypes, five RAG1 haplotypes and eight
rhod haplotypes retrieved from GenBank) are analysed
alongside newly obtained ones. The RAG1 gene is
amplified in the length of 1443 bp from 59 samples,
providing 118 phased sequences for phylogenetic
reconstruction. The rhod gene is successfully amplified
from 72 samples, giving a dataset of 144 phased
sequences of 810 bp. Altogether, 22 new haplotypes are
found in the RAG1 dataset and 19 for the rhod gene.
The proportion of heterozygous individuals is 22% in
the RAG1 dataset and 44% for rhod. Neutrality tests
suggest no deviation from mutation-drift equilibrium
for the investigated genetic markers, because the
calculated statistics (D*, F* and Tajima’s D) are not
statistically significant for any of the investigated
genes of any species. Furthermore, neither insertions
nor deletions are recorded. The estimated minimum
number of recombination events is much smaller than
the number of mutations in nuclear genes (14 vs. 89 in
RAG1,4 vs. 21 inrhod). Therefore, we can conclude that
the phylogenetic pattern was not violated by selective
forces in any of the investigated genetic markers.

As expected, the Cytb gene exhibits significantly
better phylogenetic performance compared to the two
nuclear genetic markers (Table 3), with more than
nine-fold greater percentage of parsimony informative
characters and a much lower consistency index.
Thereafter, the phylogenetic tree based on the Cytb
gene enables better resolution of the phylogenetic
relationships than the two nuclear genes. However,
the geographic distribution of haplotypes is surprising
(Supporting Information, Tables S5, S6), with Cytb
haplotypes of S. illyricus and S. squalus found more
widely than expected. On the other hand, no genetically
unique entity is found in the Istrian rivers (Dragonja,
Pazincica and Boljunséica) that would provide a
molecular basis for separation of the recently described
S. janae (Zupanci¢, 2010; Bogutskaya & Zupandic et al.,
2010). At localities presumably inhabited by S. janae
(the Dragonja River as the type locality, but also the

Pazincica and Boljunscica Rivers; Zupandcic et al.,
2010), we found haplotypes widely distributed in the
Istrian rivers that are genetically close to haplotypes
of S. squalus from other localities.

Both employed methods of phylogenetic inference
resulted in trees with similar topologies for a certain
genetic marker. However, the phylogenetic trees of
different genes are not the same, with pronounced
differences among their topologies, particularly
between the Cytb tree and trees yielded based on
nuclear datasets. In the Cytb phylogenetic tree of the
genus Squalius (Fig. 2), samples from the Adriatic
basin in Croatia and Bosnia and Herzegovina cluster
into two distinct phylogenetic groups. The first
consists of haplotypes of S. illyricus, S. zrmanjae,
S. microlepis, S. tenellus and S. svallize, and also
haplotypes of S. lucumonis from Italy, S. keadicus
from Greece and S. pyrenaicus from Spain. This group
is similar to the Mediterranean group described by
Perea et al. (2010). Each of the investigated Adriatic
species form a monophyletic lineage, with S. zrmanjae
as a sister-lineage to S. svallize, and S. microlepis a
sister-lineage of S. tenellus. The second phylogenetic
group incorporates sequences identified as S. albus,
S. cephalus, S. laietanus, S. lepidus, S. peloponnensis,
S. prespensis and S. vardarensis, together with the
newly obtained S. squalus sequences from Visovac
Lake (a lake-like expansion within the Krka River),
Trebisnjica River, Ravno field and Konavocica River.
All Istrian samples (including those presumably
belonging to S. janae) also cluster within this group.
Samples from the Konavocica River, and several
samples from the Trebisnjica River, whose Cytd
sequences cluster within the S. squalus lineage, have
been morphologically identified as S. svallize. This
second group is concordant with the ‘S. cephalus
group’ of previous authors (Bogutskaya & Zupancic,
2010; Perea et al., 2010), although it is clear that some
relationships within this group are not concordant
with the current taxonomy. There is a notable
independent position of two haplotypes from the
Trebisnjica River and Ravno field, forming a sister-
lineage to S. prespensis.

The phylogenetic network constructed by
statistical parsimony analysis of the Cytb sequences
from the Adriatic basin revealed five groups of

Table 3. Length and phylogenetic performance of genetic markers
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Gene Total Parsimony informative Length of the Consist- Homoplasy Retention
characters characters (in %) parsimony tree ency index index index
Cytb 1140 320 (28) 915 0.4962 0.5038 0.8558
RAG1 1443 44 (3) 121 0.7934 0.2066 0.8821
rhod 833 23 (3) 38 0.8947 0.1053 0.9452
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Figure 2. MP phylogram showing the position of Adriatic Squalius populations and other Squalius species retrieved from
GenBank, based on the Cytb gene. Numbers at nodes represent MP and ML BS values. The pertinence of haplotypes to
locality, morphologically determined species, and species as an evolutionary unit, are denoted next to the phylogenetic

lineages.

haplotypes connected under the 95% parsimony
connection limit (Fig. 3). The first group includes the
sequences of S. microlepis from the Prolosko Blato
wetland and Vrljika River, and the only S. tenellus
haplotype obtained (Ruda River). The second
group comprises sequences of S. illyricus from
Cetina, Krka (including Visovac Lake), Zrmanja
and Boljunsgéica Rivers. The third group comprises
sequences belonging to S. svallize (from Hutovo

Blato wetland, Krupa, Neretva and TrebiSnjica
Rivers) and S. zrmanjae (from Zrmanja and Krka
Rivers). The fourth group corresponds to S. squalus
sequences (including S. janae) from Visovac Lake,
Ravno field and the Trebi$njica, Pazin¢ica, Dragonja,
Mirna, Rasa, Boljunséica and Konavocica Rivers. As
in the phylograms, sequences from four samples from
the Trebisnjica River and the one from the Ravno field
form an independent group.
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Figure 3. 95% parsimony network of Squalius Cytb haplotypes from the investigated region. The size of ovals corresponds to
haplotype frequency. Small circles represent missing (unobserved) haplotypes. Roman numerals indicate species/phylogenetic
lineages to which certain haplotypes correspond: I, S. microlepis/S. tenellus; 11, S. illyricus; 111, S. svallize/S. zrmanjae; IV,

S. squalus; V, S. sp. Trebisnjica.

Of the two nuclear markers, the RAG1 gene yielded
better resolution of the phylogenetic relationships
of the Adriatic Squalius species, as it includes a
greater number of parsimony informative characters
and has a lower consistency index than rhod (Table
3). Separation of the two main phylogenetic groups
(Mediterranean and ‘S. cephalus group’) is also visible
on the RAG1 phylogenetic tree (Fig. 4). However,
the internal relationships are not well resolved and
there is incomplete lineage sorting. Notably, there
is no separation of alleles from samples presumably
belonging to S. janae, as was also the case in the Cytb
phylogenetic tree — haplotypes Hrag15-18, found in
samples from rivers presumably inhabited by S. janae,
do not form a separate lineage, but clustered together
with samples from the Mirna, Drava and Trebi$njica
Rivers. The remaining haplotypes from the Dragonja
River (Hragl9, Hrag20) clustered together with one
Zrmanja haplotype in the most basal lineage in the
phylogram based on the RAG1 gene.

Application of the MJ algorithm on the RAG1
dataset enabled resolution of two haplotype groups

(Mediterranean and ‘S. cephalus group’; Fig. 5),
that are at least seven mutational steps apart, as
in the phylogenetic trees. Unexpectedly, the RAG1
phylogenetic tree and the MJ network (Figs 4, 5), point
out the great distinctiveness of the four newly obtained
haplotypes. The haplotype Hragl7 is found in a single
specimen from the Pazincica River in Istria (sample
code: SQPA5), which has a typical second RAG1 allele
and Cytb (both of S. squalus type). BLAST analysis
corroborated the pertinence of that haplotype to the
S. squalus/S. cephalus lineage, although it is distinct
(by 18 mutations) from the remaining haplotypes
found in the study area. On the other hand, haplotypes
Hragl4 (one allele from the Zrmanja specimen), Hrag19
and Hrag20 (both found in the Istrian specimen
SQDR6, whose Cytb and both rhod alleles correspond to
S. squalus DNA type) are not identical to any sequence
deposited in GenBank or in the authors’ collections, but
are most similar to the RAG1 gene of Delminichthys
species, with a p-distance 0.4-0.6%.

The gene for rhodopsin did not enable adequate
resolution of intrageneric relationships; several
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Figure 4. MP phylogram showing the position of the Adriatic Squalius populations, among other Squalius species retrieved
from GenBank, based on the RAG1 gene. Numbers at nodes represent MP and ML BS values. The pertinence of haplotypes
to locality, morphologically determined species, and species as an evolutionary unit are denoted next to the phylogenetic

lineages.

haplotypes represent a polytomy on the phylogenetic
tree, others are clustered but with low bootstrap values
(Fig. 6). Low-level structuring is visible on the MdJ
network based on the rhod dataset (Fig. 7), due to low
number of parsimony informative sites in this genetic
marker (Table 3). Haploytpes representing S. squalus
(including the distinct group from the Trebi$njica
River), and several haplotypes characteristic for
S. illyricus, S. svallize and S. zrmanjae can be
distinguished.

Multilocus phylogenetic analyses performed in this
investigation enableidentification ofhybridindividuals,
namely those containing haplotypes representing at
least two different species (Table 2). It is obvious that
hybridization is a widespread phenomenon among

Adriatic Squalius species, playing an important role in
their recent genetic composition. Specimens of hybrid
origin were found in the Konavocica, Trebisnjica, Krka,
Zrmanja and Boljunséica Rivers, and in the Ravno
karstic field. All samples from the Konavocica River
(morphologically determined as S. svallize), contain
Cytb haplotypes corresponding to S. squalus (LJUT1-
LJUTS haplotypes), although both RAG1 alleles in all
samples belong to S. svallize (Hrag4 haplotype) and
both rhod alleles correspond to S. svallize (haplotypes
Hrhod8, Hrhod9 and Hrhod10), implying a case of
mitochondrial introgression of S. squalus DNA into
the S. svallize population in the Konavodica stream.
Several samples of hybrid origin are recognized in the
Trebisnjica River. Samples SQTR3 and SQTR7 are
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Figure 5. Median-joining network of RAG1 haplotypes. Black circles represent median vectors. The number of mutations
is displayed by branches, when there are two or more mutations.

morphologically determined as S. svallize and contain
Cytb genes correspondingto S. svallize (SVA1). However,
sample SQTR7, in addition to both S. svallize RAG1
alleles and one rhod allele, has a second rhod allele
pertaining to S. squalus. For the SQTR3 sample, we
were not able to amplify the RAG1 gene, although both
its rhod alleles correspond to S. squalus. Three samples
from the Trebi$njica River that are morphologically
determined as S. squalus (samples SQTR2, SQTRS8
and SQTR10) possess mtDNA corresponding to
S. squalus, while S. sp. Trebisnjica (haploytpes LJUT1
and TRE2) have both rhod alleles and a RAG1 allele
of the S. squalus type, while the second RAG1 allele
corresponds to S. svallize (haplotypes Hrag4 and
Hrag8), implying hybridization. Three samples from
the Boljunséica River in Istria (SQBO1, SQBO6
and SQBOY) have Cytb haplotypes corresponding
to S. illyricus (haplotype ILI1). Finally, one sample
from the Zrmanja River (SQZR9) has S. illyricus
mtDNA (haplotype ILI1), whereas one sample from
the Krka River (SQKR2) contains S. zrmanjae mtDNA
(haplotype ZRM2), implying mtDNA introgressions.
Based on several instances of incomplete lineage
sorting and ancestral polymorphism retentions in
both investigated nuclear genes, the Cytb dataset was
employed for the evolutionary history reconstruction,
and identification of fixed differences and shared
polymorphisms. Timing of diversification events within
the genus Squalius is shown in Fig. 8. Separation of the
two main phylogenetic groups occurred in the Early
Miocene, explaining the high level of differentiation
between species belonging to separate groups. The
last common ancestor of S. lucumonis, S. microlepis,
S. tenellus and three Dalmatian species (S. illyricus,

S. svallize and S. zrmanjae) dates back to the Upper/
Middle Miocene. The ancestor of S. microlepis and
S. tenellus separated from S. lucumonis in the Late
Miocene, while the origination of the Dalmatian
species seems to have occurred later, in the Pliocene
and Pleistocene. Diversification within the ‘S. cephalus
group’ also started in the Middle Miocene. The lineage
comprising the two distinct Trebisnjica haplotypes
and S. prespensis separated from the main ‘S. squalus
group’ in the Pliocene, whereas the majority of
diversification events within S. squalus likely occurred
during the Pleistocene.

Fixed differences were found between each of
the investigated taxon pairs, even between the
genetically distinct unit of the Trebi$njica River and
the remaining species (Table 4). Moreover, within
the Cytb gene, there are diagnostic sites for each
Adriatic Squalius species (Table 5) that differentiate
certain species from the remaining ones and enable its
reliable molecular identification. On the other hand,
only several population pairs share polymorphisms
(one shared polymorphism in each taxon pair; Table
4): S. illyricus/S. svallize, S. illyricus/S. microlepis,
S. illyricus/S. squalus and S. illyricus/S. sp.
Trebisnjica.

Of the six phylogenetic models compared using
BF's, model E (identifying six Squalius species in the
Adriatic basin and not recognizing S. janae nor the
Trebisnjica lineage as separate species) is preferable
over the remaining models (Table 6). The second-best
model, based on BF's, is model B, which recognizes
haplotypes from the Trebisnjica as a distinct taxonomic
unit, but in which S. janae is not a valid species.
Model A corresponds with the current taxonomy and
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RHOD

— Hrhod1 (1,8, 12, 14)

Hrhod2 (1)

Hrhod8 (14, 15, 17, 18, 19)
Hrhod9 (14, 15, 18, 19)
Hrhod10 (19)

Hrhod12 (8)

Hrhod13 (7)

Hrhod3 (1, 3, 8, 17, 18)

Hrhod4 (1)

Hrhod7 (1)

Hrhod5 (1, 3, 4)

Hrhod6 (1)

61/62

Hrhod11 8, 11, 12, 13)
Hrhod14 (20)
Hrhod15 (20)
Hrhod16 (20)

—— Hrhod17 (20)

Hrhod18 (20)

—— Hrhod19 (20)

99/98

91/97 S. pyrenaicusi
S. pyrenaicus2
S. cephalus

—— S. laietanus1

— S. laietanus2

—— S. orientalis

Telestes sp.

1 change

96/98 S. torgalensis1
S. torgalensis2

MORPHOLOGICAL PERTINENCE
LOCALITY DETERMINATION OF HAPLOTYPES
OF SPECIES PER SPECIES
Dragonja R. S. janae Unresolved; possibly
E:‘;S; R S. illyricus retention of ancestral
: S. svallize

0 Prolosko blato > ) polymorphism
S. microlepis

Dragonja R. i
N S. janae S. svallize/S.illyricus/
Ravno S. squalus S. zrmanjae
Konavogica R. S. svallize incomplete lineage
Krka R. S. illyricus sorting
Zrmanja R. S. zrmanjae
Dragonja R.
Pazingica R. S. janae
Mirna R. S. squalus
Krka R. qual S. squalus
o S. svallize
Trebisnjica R. S. illyri
Ravho . illyricus
S. microlepis
< S. tenellus
\'j:;,’illi’:lg’_ blato S. microlepis S. illyricus
Ruda R. S. tenellus S. cephalus
Krka R. S. illyricus (with distinct
Drava R. S. cephalus haplotypes
but in unresolved
polytomy)

Figure 6. MP phylogram showing the position of the Adriatic Squalius populations and other Squalius species retrieved
from GenBank, based on the rhod gene. Numbers at nodes represent MP and ML BS values. The pertinence of haplotypes
to locality, morphologically determined species, and species as an evolutionary unit are denoted next to the phylogenetic

lineages.

recognizes S. janae as a separate species, but was
found to be the least likely in describing phylogenetic
patterns and was overpowered by all the remaining
models.

DISCUSSION

Although taxonomic investigations of chubs in the
area of the Adriatic basin have been ongoing for more
than 150 years, our results imply the existence of yet
undescribed biodiversity units and still unresolved

taxonomy. The findings presented here disrupt the
generally accepted knowledge on the distribution
ranges of several Adriatic Squalius species, but also
present novelties in understanding their evolutionary
history.

PHYLOGENETIC RELATIONSHIPS WITHIN THE
GENUS SQUALIUS AND THE MAIN EVENTS OF ITS
EVOLUTIONARY HISTORY

The Cytb gene exhibits by far the best phylogenetic
performance and outperforms the two nuclear genes in
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RHOD

S. torgalensis

S. pyrenaicus

Legend

@ KonavodicaR.
Ravno
Trebisnjica R.
Neretva R.
Krka R.
Zrmanja R.
Ruda R.
Vrljika R.
Prolosko blato
Istra P.
DravaR.

oXox JoX oI I X' I )

S. laietanus & S. orientalis

outgroup
Telestes

Figure 7. Median-joining network of rhod haplotypes. Black circles represent median vectors. The number of mutations is
displayed by the branches, when there are two or more mutations.

yieldingthebestresolutionofphylogeneticrelationships
of the Adriatic Squalius species. Thereafter, discussion
of the phylogenetic relationships and evolutionary
history is mainly based on the Cytb gene, whereas
evolution of nuclear DNA is discussed later.
Phylogenetic reconstruction reveals that Squalius
populations from the Adriatic basin in Croatia and
Bosnia and Herzegovina belong to two independent,
genetically distinct groups (Mediterranean and
‘S. cephalus group’), supporting the findings of Perea
et al. (2010) and implying a paraphyletic origin of the
Adriatic chubs. It seems likely that the rivers and lakes
of the Adriatic basin were colonized more than once by
representatives of distinct Squalius lineages, which
is similar to the situation observed in the Iberian
Peninsula (Sanjur et al., 2003) for Squalius species,
and also for the evolution of Telestes genus in the study

region (Buj et al., 2017). High genetic distinctiveness
of species belonging to different groups is concordant
with the early age of their divergence, estimated at
13.3-16.5 Mya.

Within the Mediterranean phylogenetic group,
species form monophyletic lineages, indicating that
the current taxonomy, appear to reflect genetically
distinct units. The only exception is S. janae, which will
be discussed later. Nevertheless, distribution of the
investigated species differs from the literature, which
has great implication for extinction risk estimations
and effective conservation of endemic species. Inclusion
of species from Bosnia and Herzegovina, Croatia,
Greece, Italy and Spain into a single group implies
the possibility of a peri-Mediterranean spread of their
ancestor long before the Messinian Salinity Crisis
(MSC), likely starting in the Middle Miocene. Geological
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Table 4. Number of fixed differences (above diagonal, in bold) and shared polymorphisms (below diagonal) in the Cytb
gene among Squalius species. The genetically distinct unit from the Trebi$njica River is also included in comparisons,

although its taxonomic status requires confirmation

S. svallize S. microlepis S. tenellus S. illyricus S.zrmanjae S. sp.TrebiSnjica S. squalus S. cephalus

S. svalliae 49 50 21
S. microlepis 0 6 41
S. tenellus 0 0 42
S. illyricus 1 1 0

S. zrmanjae 0 0 0 0
S. sp. Trebisnjica 0 0 0 1
S. squalus 0 0 0 1

12 94 87 83
54 7 65 76
53 80 66 75
23 91 83 81
93 89 86

0 17 53
0 0 42

Table 5. Diagnostic sites in the Cytb gene for each
Adriatic Squalius species. Diagnostic sites were also
determined for the genetically distinct unit from the
Trebignjica River, although its taxonomic status requires
confirmation

Species Diagnostic site Base

S. svallize 63 C(vs.T)

405 G (vs.A)
S. microlepis 72 C (vs. A/G)
S. tenellus 72 G (vs. A/C)

324 T (vs. A)

957 T (vs. C)

S. illyricus 351 G (vs. A)

495 G (vs. A)

732 G (vs.A)

1066 G (vs.A)

S. zrmanjae 759 G (vs. A)

1020 T (vs. C)

S. squalus 501 A(vs.T)

888 T (vs. C)

S. sp. 156 G (vs. A)
Trebisnjica 195 A (vs. T/G)

360 C(vs. T

372 G (vs. A)

408 G (vs. A)

441 G (vs. A)

846 G (vs. A)

data suggest that MSC was not the first Mediterranean
shrinking event; a similar event was recorded to have
happened 10-11 Mya when Parathetys broke up
into several basins (Rogl, 1998). Whether spreading
occurred during phases of a smaller Mediterranean
Sea, or via land-river connections, remains unclear.
Separation of the S. microlepis/S. tenellus lineage
from S. lucumonis is concordant with the Lago Mare
phase of the Mediterranean and presents an example
where MSC might indeed explain divergence and
distribution of closely related species on different sides

of the Adriatic Sea. The younger diversification events
within the Mediterranean group occurred in the
Middle Pliocene and Pleistocene epochs. Divergence
of S. illyricus, S. svallize and S. zrmanjae cannot be
connected with any specific geological event reported
so far, but it is known that geological activity was
intense in this region at the Pliocene/Pleistocene
boundary. In the same period, the origin of several
Dalmatian Cobitis species occurred (Buj et al., 2015),
indicating the importance of geological events for
freshwater biodiversity in this period.

The ‘Squalius cephalus group’ is taxonomically
more complex and systematic revision of this
group is necessary. Several species (S. cephalus,
S. peloponnensis and S. squalus) appear paraphyletic
in phylogenetic trees. However, we believe that these
species are of monophyletic origin, while unresolved
taxonomy and misidentification of specimens are
actually responsible for the problem, together with
interspecific hybridizations that occurred during
genus evolution. Clustering of Cytb sequences of
samples from the Konavocica and TrebiSnjica Rivers
within the S. squalus lineage is a consequence of past
hybridization between S. squalus and S. svallize. On
the other hand, inclusion of S. janae specimens in the
S. squalus lineage is a case of erroneous taxonomic
conclusion, confirming that S. janae is not a valid
species and is instead a junior synonym of S. squalus.
For the sequences S. albusl and S. cephalus] retrieved
from GenBank, we cannot distinguish between
incorrect determination of specimens and interspecific
hybridization, but these specimens possess S. squalus
mtDNA. The lineage comprising sequences of
S. cephalus from the Drava River and sequences
deposited in GenBank identified as S. vardarensis and
S. laietanus are a further argument for the need for
systematic revision of the ‘S. cephalus phylogenetic
group’, but also S. cephalus as a species. Samples
from the Drava River that clustered together with the
S. vardarensis sequence were determined as S. cephalus
based on morphological traits and distribution range.
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Table 6. Smoothed estimates of Bayesian factors (BF, log10) for different taxonomic groupings (models) investigated in
BEAST. Bold numbers mark the highest BF values and the most probable model

A B C D E F
A -262.76 -24.6 -90.05 -312 -234.6
B 262.76 238.16 172.71 -49.2 28.14
C 24.598 -238.16 -65.45 -287.36 -210.02
D 90.047 -172.71 65.45 -221.91 -144.57
E 312 49.2 287.36 221.91 77.339
F 234.6 -28.14 210.02 144.57 -77.34

However, further investigations should resolve
the issue of S. cephalus as paraphyletic based on
molecular genetic markers. Based on our results,
S. squalus diverged from the remaining species in the
Lower Miocene or at the Miocene/Pliocene boundary
(around 6.21 Mya), whereas the lineage comprising
distinct haplotypes from the Trebi$njica River and
Ravno field and S. prespensis, originated during the
Middle Pliocene, in the same period when S. illyricus
diverged from S. svallize/S. zrmanjae lineage within
the Mediterranean phylogenetic group.

Based on the proposed evolutionary history scenario,
it seems that allopatric speciation, as a consequence of
long-term isolation of aquatic systems, was the main
diversification force for the Adriatic Squalius species.
Such findings are in accordance with previous reports
for freshwater fishes in the Adriatic basin and southern
Europe (e.g. Dubut et al., 2012; Buyj et al., 2015, 2017).
Nevertheless, occasional hybridization events also
played an important role in the evolutionary history
of this genus.

MITO-NUCLEAR AND NUCLEAR-NUCLEAR
DISCORDANCE AND HYBRID RICHNESS

The main reasons for differences in the topology
and resolution of phylogenetic trees obtained using
sequences of three different genes are the different
phylogenetic performance of genes, incomplete lineage
sorting caused by lower mutation rates of nuclear
genes, past occurrences of interspecific hybridizations
and retention of ancestral polymorphisms in nuclear
genes. Two nuclear genes, although both coding DNA,
did not express the same phylogenetic performance
(RAG1 has almost twice as much parsimony
informative characters than rhod, three times the
length of the parsimony tree and lower consistency
index, consequently yielding phylogenetic tree with
better resolution and higher bootstrap values).
Although not all species are distinguished in the
RAG1 phylogeny, most likely due to incomplete
lineage sorting, two major phylogenetic groups were
clearly separated. In the RAG1 phylogeny, S. squalus

and S. cephalus formed a single lineage, identified as a
case of incomplete lineage sorting, with S. microlepis,
S. tenellus, S. illyricus and S. zrmanjae. Three
haplotypes found in individuals morphologically
determined as S. zrmanjae and S. janae/S. squalus
belong to the Mediterranean group, but are distinct
from all the remaining RAG1 haplotypes found in
Squalius species. They turned out to be the most
similar, but not the same as the RAG1 haplotypes
from Delminichthys species. Delminichthys is an
endemic genus of freshwater fishes consisting of four
species and distributed only in the Dinaric karst
region (Freyhof et al., 2006; Mustafi¢ et al., 2017). In
previous studies, it was recognized as one of the oldest
lineages in Leuciscidae (Perea et al., 2010). Currently,
none of the Delminichthys species has distribution
ranges in the Zrmanja River nor in the Istrian rivers
(Mustafic et al., 2017). Thereafter, the most probable
explanation of the observed phenomenon is the
retention of ancestral polymorphism, although in this
case not the ancestral polymorphism of the species
in question. Yet, it seems possible that ancient genes
characteristic for Leuciscidae (and thereafter similar
to genes still contained within lineages that were
among the first to diverge), remained in some Squalius
populations in low frequencies. The second hypothesis
to explain the observed situation includes past
hybridization events that might have occurred during
the contact between populations of different species
during the geological past. However, we consider this
hypothesis less likely, as based on the available data,
the distribution ranges of Delminichthys species were
distinct from those of S. zrmanjae and S. squalus, even
over the geological history (although the colonization
routes of all populations are not fully known).
Furthermore, Delminichthys-like haplotypes found
in Squalius individuals are not 100% identical with
the sequences of any Delminichthys species (0.4-0.6%
p-distance), which is concordant with the scenario of
an independent evolutionary history of Delminichthys
species after its separation from the main Leuciscidae
evolutionary course, and retention of some ancient
genes in more diverged species.
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Traces of hybridization events are present in the
genetic composition of several Adriatic Squalius
species; all hybrid individuals contain DNA of two
different species, contributing to a growing amount
of evidence that hybridization in fact contributed
significantly to the recent diversity of freshwater
fishes, even in the Adriatic basin and southern Europe
(previous evidence provided by: Freyhof et al., 2005;
Perea et al., 2016). The Konavocica River is inhabited
by a population of S. svallize in which all individuals
contain S. squalus mtDNA. Thereafter, it is likely that
hybridization occurred prior to the colonization of this
river by the ancestor of today’s population. Hybrid
individuals were also observed in the Trebisnjica River,
where three distinct units (S. svallize, S. squalus, S. sp.
Trebi$njica) came in contact. Since all three taxa are
still present at the study sites, both in genetically ‘pure’
individuals and in hybrids, ongoing hybridization
is also possible. Finally, introgression of S. zrmanjae
mtDNA in the S. illyricus individual from the Krka
River, and S. illyricus mtDNA in a S. zrmanjae
individual from the Zrmanja River was also observed.

Three individuals from the Boljunséica River contain
S. illyricus mtDNA. Unfortunately, the nuclear genes
were not successfully amplified from those individuals,
disabling conclusions on their genomic composition.
Nevertheless, this indicates the possibility of ancient
hybridization between S. squalus and S. illyricus in the
northern Adriatic basin. Although there are no recent
reports on the presence of S. illyricus on the Istrian
Peninsula or in neighbouring Slovenia, older reports
list the Soca River as part of its distribution range
(Heckel & Kner, 1858). Thereafter, it is possible that
S. illyricus disappeared from the northern Adriatic
drainage, but left a trace in the genomic composition
of distinct Squalius species.

All the above-mentioned hybrids are natural
hybrids, originated as a result of natural historical
circumstances and can by no means be considered
genetic contamination common in modern times due to
human introductions, but rather should be viewed as
a unique and important component of the biodiversity
in the Adriatic basin. Nevertheless, the possibility of
recent hybridization due to human translocation (e.g.
introduction of S. cephalus from the Black Sea Basin
into the Adriatic basin, or introduction of S. zrmanjae
to the Lika region) presents a threat to the native
biodiversity. This threat should be prevented as soon
as possible by prohibiting new introductions and
removing already introduced individuals.

TAXONOMICAL IMPLICATIONS

Ourresultsfurthercorroboratetheopinionthattaxonomic
investigation should rely on both morphological and
molecular genetic markers. Investigating morphological

characters alone can lead to a puzzling taxonomy that
does not represent all units within a genus, or may result
in splitting too much, both of which were evident in the
taxonomic history of this group. Although the present
study indicated the possibility that S. squalus contains
more than one species, there is no molecular support for
the separation of S. janae, as proposed by Bogutskaya &
Zupanci¢ (2010). The scenario identifying S. janae as a
separate species turned out to be the least likely one in
the BF's comparison, with better scores obtained for all
the remaining scenarios.

Comparison of BFs factors revealed that model E,
which fits the current taxonomy without recognition of
S. janae, overpowers all remaining ones, so we conclude
that there is noneed for systematic revision of the genus
Squalius in the Adriatic basin and S. janae should be
considered a junior synonym of S. squalus. However,
the second-best scenario considers S. sp. Trebisnjica to
be a distinct species (it is overpowered only by scenario
E). That result is another argument accentuating the
need for taxonomic investigation to clarify the status
of the Trebisnjica lineage. The apparent relatedness
of Trebis$njica haplotypes to S. prespensis, but also
recognition of a separate taxonomic unit in the
Neretva River catchment (L. c. cavedanus) by Karaman
(1928), indicates the need for taxonomic revision of
the Trebisnjica population, which should include a
detailed inspection of morphological traits. Such an
investigation is necessary not only to establish if S. sp.
Trebisnjica indeed represents a distinct unit (at the
species or subspecific level), but also to determine if it
was perhaps introduced into the Trebisnjica River and
Ravno field and is, therefore, non-native and possibly
invasive for the remaining Squalius species.

DISTRIBUTION RANGES OF ADRIATIC SQUALIUS

Our results corroborate the presence of S. illyricus
in the Cetina and Krka Rivers (Kottelat & Freyhof,
2007; Caleta et al., 2015), though we have detected
Cytb S. illyricus haplotypes in the samples from
the Zrmanja River (due to past hybridization) and,
surprisingly, in the Boljunséica River in Istria. In the
Cetina River, S. illyricus is the only chub species, which
is in accordance with the conclusions of Bogutskaya &
Zupanci¢ (1999). Haplotypes belonging to S. illyricus
found in the Boljunséica River are possible remnants
of a northern clade of this species that was recorded
in the Soca River catchment more than 150 years ago
(Heckel & Kner, 1858).

Besides in the Zrmanja River, specimens belonging to
S. zrmanjae were also found in the Ricica River in the
Lika karstic field. However, it is not likely that the Ric¢ica
River is a part of the native range of this species, as it
was not previously recorded there. It is more probable
that it was introduced there through the waters of the
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Obrovac hydropower plant that pumps water from the
Zrmanja River to the reservoir on the Ricice River.

The distribution of S. svallize is corroborated for the
Neretva River catchment, where it was found in the
Neretva River and its tributaries, in the Hutovo Blato
wetland, Ravno field, the Trebisnjica River and also
in the Konavocdica River (hybrid population). In the
Neretva River and Hutovo Blato, S. svallize is the only
chub species, whereas in the Trebi$njica River and
Ravno field it coexists with S. squalus and other taxa,
requiring confirmation of its status. Reports from the
Cetina and Krka Rivers in Croatia, and from Greece
and Albania have been rejected (see: Bogutskaya &
Zupanci¢, 1999), which also agrees with our results.

We have found S. microlepis in the Prolosko Blato
wetland and Vrljika River. Despite previous reports
of this species in the Neretva catchment (Kottelat &
Freyhof, 2007), it was not found at any of the localities
sampled. Squalius tenellus was found only in the Ruda
River, though the karst fields and lakes in Bosnia
and Herzegovina likely inhabited by this species
(Livno field, Busko and Mandecko wetlands) were not
included in this study. In the Ruda River, this species
is likely non-native, resulting from introduction via
the waters of the hydropower plant.

The distribution range and taxonomic status
of S. squalus is a matter of an ongoing debate.
Our results confirm that its distribution range
encompasses the Istrian rivers, Visovac Lake on
the Krka River, Trebisnjica River and the Ravno
field. Though its distribution range in Croatia and
Bosnia and Herzegovina overlaps with the literature
data (Kottelat & Freyhof, 2007), its distribution is
fragmented. It is interesting that it was not found in
the main course of the Krka or Neretva Rivers, but
only in Visovac Lake, the Trebi$njica River and Ravno
field, indicating possible interspecific competition and
requiring further ecological investigation.
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