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Abstract:

External morphology and cytochrome b structure of rheophilic barbels from headwaters of the P¢inja,

Vrla (Barbus balcanicus) and Dragovistica (B. strumicae) Rivers in Southern Serbia at the watershed be-
tween the drainage areas of the Vardar (Axios), Danube and Struma (Strymon) Rivers, respectively, were
examined. Barbel specimens from the P¢inja River were clearly different from both congeners from the
other two rivers in the shape of the head and the length of the caudal fin. They were closer in external mor-
phology to B. strumicae from the Dragovistica River as compared to B. balcanicus from the Vrla River.
On the contrary, their relationship inferred from the structure of cytohrome b revealed closer relationship
between B. balcanicus and the rheophilic barbel from the P¢inja River. Despite of the differentiation in
morphology found between specimens of the rheophilic barbel, the divergence between them was insuf-
ficient for sound taxonomic inferences. Their phylogenetic relationships shed some new light on their

evolutionary history in the study area.
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Introduction

BANARESCU (1964), KaArRAMAN (1971), ALMACA
(1981, 1984) and Economipis (1989) distinguished
two groups of Barbus spp. based on their morpho-
logical traits. One of them is the small-bodied rheo-
philic group of species with non-serrated, weak
(cyclolepis type) or very weak (meridionalis type)
fourth dorsal ray. The members of this group inhabit
montane streams and their monophyly has been a
subject of controversy (TSIGENOPOULOS et al. 1999).
TsiGeNoPOULOS & BERREBI (2000) stated, on the
basis of examination of the cytochrome b (cyt b),
that “riverine species from the Balkans and eastern
Europe constantly produced weakly supported as-
sociations”. However, they agreed with the state-
ment of BANARESCU (1990) on the Quaternary dis-
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persal of riverine species from the middle Danube
area of the former (late Myocene) Panonian basin
of the Paratethys to northern Greece via the river
catchments of the Juzna Morava and Vardar (Axios)
Rivers. Contrary to the expectations, that advance of
the phylogeography of barbel taxa in the area of the
Balkan Peninsula has not been followed by resolv-
ing their taxonomic status.

TsiIGENOPOULOS & BERREBI (2000) considered
rheophilic barbel from the Vardar River as B. pelo-
ponnesius petenyi Heckel, 1848. In addition, they as-
signed rheophilic barbel from the Struma River to B.
cyclolepis strumicae Karaman, 1955, and that from
the Danube River drainage area to B. petenyi Heckel,
1852. MacHORDOM & Doaprio (2001) revealed,
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based on results on the structure of three mtDNA
genes (cyt b, ATPases 8 and 6), that both B. petenyi
Heckel, 1852 and B. cyclolepis Heckel, 1837 con-
sisted of several different groups of populations, simi-
larly to B. peloponnesius Valenciennes, 1842, which
additionally questioned their taxonomic validity.

For the territory of Serbia, StiMoNovIC (2001)
anticipated the occurrence of B. cyclolepis in
the Bozica and Lisina Rivers, tributaries of the
Dragovistica River from the Struma (Strymon) River
drainage area in south-eastern Serbia and assigned
rheophilic barbel from the Danube River drainage
area to B. peloponnesius petenyi. MARIC et al. (2004)
reported for the first time the occurrence of B. cy-
clolepis in the Dragovistica River and esteemed its
national [UCN conservation status in Serbia as vul-
nerable (VU) due to an ultimately narrow occurrence
there (about 12 km of river section) and low abun-
dance. Recently, EconomiDIs et al. (2009) denoted
the species occurring in the Struma River drainage
area as B. strumicae Karaman, 1955, following the
phylogenetic species concept of CRACRAFT (1987,
1989) and the nomenclature given in KOTTELAT
(1997) and KOTTELAT & FREYHOF (2007).

There are no contemporary records about either
the occurrence or status of the rheophilic barbel in
southern Kosovo or in tributaries of the Lepenac River
that belongs to the Vardar River drainage. Nothing is
known also about rheophilic barbel in the Nerodimka
River that until recently has bifurcated between the
drainages of the Danube and Vardar Rivers.

Following Dimovski & GRUPCE (1987),
SiMoNovi¢ & NIKOLIC (1996) and SiMONOVIC
(2001) also stated that B. peloponnesius petenyi,
which they have considered occurring in the Danube
River drainage area of Serbia, most likely also oc-
curred in the Vardar River drainage of the FYR
Macedonia. Relying on the genetic subdivision in
the rheophilic barbels of the Danube River drain-
age area that KoTtLik & BERREBI (2002) have ac-
complished using morphological traits and mtDNA
alleles of the cyt b gene, KoTLIK et al. (2002) sug-
gested that the morphology of Barbus balcanicus, a
new species they described from the Krupaja River
(a tributary of the Mlava River in the middle Danube
River system, Eastern Serbia), was only slightly
distinguishable from B. petenyi and B. carpathi-
cus, two other rheophilic barbel species from the
Danube River drainage area. They also stated that
outside the Danube River Basin, populations appar-
ently conspecific with B. balcanicus are known from
the Gallikos, Vardar and Aliakmon Rivers of the
Aegean Sea drainage in northern Greece. VELKOVA-
JorDANOSKA et al. (2010) consider the rheophilic
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barbel recorded in the FYR Macedonia (Vardar
and Crna Rivers and Lake Ohrid) as belonging to
B. peloponnesius, thus following the nomenclature
proposed by TSIGENOPOULOS et al. (2002).

Karakousis et al. (1993) reported that B. pelo-
ponnesius and B. petenyi significantly differed from
B. meridionalis from southern France as well as that
B. petenyi from Central Europe and B. peloponne-
sius from northern Greece were morphologically
similar. In addition, morphological differences have
been recorded between populations of B. pelopon-
nesius from southern and northern parts of Greece
(KarAkoOUSIS et al. 1995).

The aim of this paper is to examine the mor-
phology and the cyt b sequences of rheophilic bar-
bels occurring in highland streams at the peninsular
divide between the drainage areas of the Danube,
Struma and Vardar Rivers in Serbia in order to ad-
vance in resolving their taxonomic status. The sam-
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Fig. 1. Sampling localities: 1 — Pcinja River; 2 —
Dragovistica River housing B. strumicae; 3 — Vrla River,
where B. balcanicus were sampled; 4 — Krupaja River, the
type locality of B. balcanicus Kotlik, Tsigenopoulos, Rab
& Berrebi, 2002; 5 — Gradac River, situated at easternmost
slopes of the Dinarid Mts., housing B. balcanicus, as well.
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ples from the Vrla River in the Danube River drain-
age area have been considered B. balcanicus Kotlik,
Tsigenopoulos, Rab & Berrebi, 2002, while those in
the same area but from the Struma River drainage
have been considered B. strumicae Karaman, 1955.
The status of the rheophilic barbel from the Vardar
River drainage area was difficult to infer. Therefore,
three barbel samples from the Vrla, Dragovistica and
Pcinja Rivers were assigned as distinct Operational
Taxonomic Units (OTUs) (after SokaL & ROHLF
1981) from Danube, Struma and Vardar Rivers, re-
spectively.

Materials and Methods

Samples of rheophilic barbels were collected in south-
eastern Serbia (Fig. 1) on 26-27 May 2006 through
single-pass point-sample electrofishing (PERSAT &
Copp 1989) in three streams that flow from the slopes
of the watershed situated at the Vlasina highland.
Barbel individuals were sampled: (1) at the upper
section of the P¢inja River, about 5 km downstream
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of the city of Trgoviste and about 7 km upstream of
the Prohor Pc¢injski Monastery (n = 7); (2) from the
Dragovistica River, about 3 km downstream of the
city of Bosilegrad (n = 7); and (3) at the Vrla River,
1 km upstream of the city of Surdulica (n = 8). Their
size in length is given in Table 1.

Character set modified from HorLCik (1989)
comprised 19 continuous morphological characters
(Fig. 2): 1 — posterior head height; 2 — predorsal
length; 3 — body height; 4 — postanal length; 5 — tail
height; 6 — dorsal fin base length; 7 — anterior barb
length; 8 — posterior barb length; 9 — anal fin height;
10 — caudal fin length; 11 — pectoral fin length; 12 —
ventral fin length; 13 — head length; 14 — posterior
head width; 15 — preorbital length; 16 — interorbital
distance; 17 — horizontal orbit length; 18 — postor-
bital length and 19 — upper jaw length. Both poste-
rior head height (1) and posterior head width (14)
were measured at the level of the posterior end of
the operculum. All characters were measured using
digital calliper up to the nearest 0.1 mm. Values were
transformed to indices using standard length and the

10

Fig. 2. Character set measured on rheophilic barbel (for explanation of characters, see ,,Materials and Methods®).

Table 1. Mean ( x ) = standard error (se) in % of standard length (SL) for characters that were most variable in the three
Barbus OTUs (associated numbers in parentheses denote size of samples), their SL ranges and ANOVA testing (df =

2,18; * - p<0.05; ** - p<0.01).

OTU ANOVA
Struma Vardar Danube
B. strumicae Barbus sp., B. balcanicus F p
Dragovistica R. Péinja R. Vrla R.
() ) ®)
SL (mm) 102.4 - 179.8 mm 105.2 — 148.4 mm 73.1 - 152.4 mm
Character X + se X + se X + se
2 49.67 £0.347 51.75 £ 0.496 51.14 £0.745 3.720 *
3 22.54 £0.348 21.71+0.581 23.21+0.438 2.589
4 18.15+0.389 19.73 £ 0.404 19.66 £ 0.561 3.767 *
10 18.02 £ 0.446 19.38 £ 0.599 15.83 £0.815 7.867 *x
13 20.08 £0.175 21.89£0.257 21.22£0.430 8.986 ok
14 12.75 £0.308 13.31£0.180 15.72 £0.339 30.906 ok
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arcus-sinus transformation was applied, in order to
make the data set closer to the normal distribution.
All analyses were made on the transformed charac-
ter set, except the final descriptive statistics, which
was accomplished in percent of standard length.

Principal Component Analysis (PCA) was ap-
plied in order to extract the most prominent continu-
ous morphological characters. The dissimilarity be-
tween OTUs was studied using Manhattan distances
between centroids of PC scores (SOKAL & ROHLF
1995) for each species and their phenetic relation-
ships were analysed using the UPGMA cluster-
ing method (SNEATH & SokaL 1973). The univari-
ate testing for the most prominent characters using
PCA by eigenvectors loadings was accomplished
on PC scores using ANOVA and post-hoc Scheffé
test. The analysis was performed using the package
STATISTICA v. 5.1. (StatSoft Inc.). Phylogenetic
analysis on continuous morphological characters,
which were set as unordered, was worked out after
the coding of states for characters that either revealed
the greatest variability or showed strong discrimi-
nating power between OTUs, following the range,
divergence and gap coding procedures of COLLES
(1980), THORPE (1984) and JOHNSON & MICKEVICH
(1977), respectively. The Maximum Parsimony
method in construction of the most parsimonious
trees was used, with the branch-and-bound search
and using tree-bisection-reconnection algorithm for
branch swapping. From the most parsimonious trees,
the 50% Majority Rule consensus tree was resolved
and tested for reliability by bootstrapping with
1000 replicates using the PAUP Version 4.0a158 for
Macintosh (SWOFFORD 2017).

Fin clips from eight barbels (two from the
Dragovistica River and three from the P¢inja and
Vrla Rivers each) were sequenced for the analysis
of the cyt b structure. Total DNA was extracted us-
ing the phenol—chloroform—isoamyl alcohol method
(SAMBROOK et al. 1989) and a partial fragment of the
cyt b (660 bp) was amplified using the primers Glu-F
(5’-GAAGAACCACCGTTGTTATTCAA-3’) and
Cytb-R (5’-TCTTTATATGAGAARTANGGGTG-3
") (ZARDOYA & DoADRIO 1998), under the conditions
given in Dupu et al. (2012).

For an alignment of cyt b sequences of analysed
rheophilic barbel OTUs, a sequence of the cyt b hap-
lotype from the holotype specimen of B. balcanicus
(KoTLIK et al. 2002) was used. Preliminary check-
ing of haplotypes in FASTA format was done using
the BLAST tool of the GenBank (https://blast.ncbi.
nlm.nih.gov/Blast.cgi?CMD=Web&PAGETYPE=
BLASTHome). Alignment was accomplished us-
ing the ClustalW2 (LARKIN et al. 2007). Nucleotide
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diversity in haplotypes was examined under the
Kimura 2-parameter model and the Tajima’s (1989)
Neutrality test (D) was calculated. Relationships
between cyt b haplotypes were reconstructed using
the Maximum Parsimony method and the tree-bisec-
tion-reconnection (TBR) algorithm (NE1 & Kumar
2000). The reliability of the inferred relationships
was examined using bootstrap tests with 1000 rep-
licates (FELSENSTEIN 1985) using the MEGA 6.06
software (TaAMURA et al. 2013). Relationships be-
tween the analysed rheophilic barbel OTUs’ hap-
lotypes and those already stored in the GenBank
(TsigeNnopouLos & BERREBI 2000, TSIGENOPOULOS
etal. 2002, MARKOVA et al. 2010, GEIGER et al. 2014,
BuonEgrBA et al. 2015; accession numbers given
in Fig. 5) were inferred by applying the Maximum
Parsimony method, with the branch-and-bound
search algorithm, TBR branch swapping with the
reconnection limit of eight, unrooted 50% Majority
Rule Consensus Tree and Bootstrapping with 1000
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Fig. 3. Relationships between the three species of rheo-
philic barbels (upper right corner) analysed on their posi-
tion in the space of 19 eigenvectors and their significantly
variable position in the space of first two eigenvectors
(Factors 1 and 2).

Vardar OTU
33

Danube OTU

Struma OTU

Fig. 4. Phylogenetic relationships inferred from the mor-
phometric characters which either were most variable, or
had a strong power of delimiting the three OTUs of rheo-
philic barbels with the bootstrap value associated to the
Struma OTU’s clade.
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Fig. 5. Phylogenetic relationships inferred from the cyt b
sequences (i.e., haplotypes) between the three reophilic
barbel OTUs with the associated bootstrap values (above)
and between the new haplotypes found in the P¢inja (Var-
dar OTU) and Dragovistoca (Struma OTU) Rivers and
other ¢yt b haplotypes found in other rheophilic barbel
OTUs and stored in the GenBank (below). Labels associ-
ated to clades denote nominal barbel species (Bb — Barbus
balcanicus; Bs — Barbus strumicae), haplotypes’ acces-
sion numbers and rivers where they were sampled. Num-
bers associated with clades are bootstrap values.
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replicates for testing of the reliability of results,
using the PAUP Version 4.0al158 for Macintosh
(SwoFFroORD 2017).

Results

The first three eigenvalues explained 75.27% of the
variability, but only for scores on Factors 1 (F =
10.489; df =2, 18; p <0.01) and 2 (F = 8.125; df =
2, 18; p < 0.01) particular barbel samples appeared
as distinct groups. According to the posz-hoc testing,
barbels from the Danube OTU were significantly
different for Factor 1 from two other samples that
appeared similar to each other, whereas for Factor 2
barbels from the Vardar OTU appeared significant-
ly different from the other samples. Characters 10
(caudal fin length) and 14 (head width) had greatest
loadings on the first eigenvector (I, = 8.11, 37.37%
of variance), characters 2 (predorsal length) and 13

(head length) on the second eigenvector (I, = 5.85,
29.93% of variance), whereas characters 4 (postanal
length) and 3 (maximal height of body) had greatest
loadings on the third one (1, = 2.38, 10.97% of vari-
ance). Clustering of Manhattan distances between
centroids of factor scores on all 19 eigenvectors
(Fig. 3) revealed that barbels from the Vardar OTU
and those from the Struma OTU are much more sim-
ilar in external morphology than each of them is to
barbels from the Danube OTU.

The univariate analysis of the six most variable
characters using ANOVA revealed that for all char-
acters, except for Character 3 (body height), three
barbel OTUs were significantly different (Table 1).
The post-hoc Scheffe test (at the level of p < 0.05)
revealed that (a) the Struma OTU barbel have sig-
nificantly shorter predorsal length (Character 2) than
those from the Vardar OTU; (b) the Struma OTU
barbel have significantly shorter postanal length
(Character 4); (c) the Danube OTU barbel have
significantly shorter caudal fin (Character 10) than
those from both Vardar and Struma OTUs; (d), the
Struma OTU barbel had the shortest head (character
13), significantly different from those of the Vardar
and Danube OTUs and (e) for posterior head width
(Character 14), barbel from the Danube OTU had
significantly wider head than those from the other
two OTUS (Table 1). Caudal fin length (character
10) and posterior head width (Character 14) had the
strong power for delimiting barbel of the Danube
OTU and those of the Vardar and Struma OTUs;
head length (character 13) delimited barbel of the
Struma OTU and those of the Danube and Vardar
OTUs and length of upper jaw (Character 19) de-
limited completely barbel of the Struma OTU and
those of the Vardar OTU, whereas delimitation of
the Danube OTU was also good (Appendix 1).

Phylogenetic analysis on six continuous mor-
phological characters reconstructed the three most
parsimonious trees with none of the characters be-
ing parsimony-informative. The bootstrapping of
the constructed consensus tree (Fig. 4) revealed very
low support (33%) for the inferred relationships be-
tween the clades of rheophilic barbels. Two distinct
clades were inferred: one for barbels of the Danube
and Vardar OTUs who differed by three characters
and the other where were those from the Struma
OTU, who differed from barbels of the Vardar and
Danube OTUs by four and five characters, respec-
tively. The tree topology suggests the ancestral
character of the Struma OTU barbel and determines
character states in them as plesiomorphic, whereas
the most advanced barbels with the autapomorphies
in four characters were those of the Vardar OTU,
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with the plesiomorphy in characters 4 (postanal
length) and 14 (posterior head width) with the barbel
of the Struma OTU. In addition to synapomorphies
shared with barbels of the Vardar OTU, those from
the Danube OTU were autapomorphic in characters
10 (caudal fin length) and 14 (posterior head width).

The partial mtDNA cyt b sequencing on two
barbels from the Struma OTU and three barbels from
the Danube and Vardar OTUs each revealed in total
five haplotypes: two from the Dragovistica and P¢inja
Rivers, each denoted for both of them “a” and “b”, and
one from the Vrla River, which was the same as the
haplotype (GenBank accession number AF248717)
of the holotype specimen of B. balcanicus (Appendix
2). A total of 57 polymorphic sites out of 620 in total
were detected. Two haplotypes from the Struma OTU
barbels, of which the Struma OTU “a” haplotype was
a new one (GenBank accession number MF355256)
and that of the Struma OTU “b” was already a known
haplotype (GenBank accession number AF112417),
differed for only one (285) base place, i.e., 0.17%.
Whereas, those from the Vardar OTU barbels, of
which the Vardar OTU “b” haplotype was also a new
one (GenBank accession number MF355255) and
the Vardar OTU’s “a” haplotype was already known
(GenBank accession number AF112438), differed for
two base places (28 and 51) or 0.34%. The haplotype
from the Danube OTU barbel is more similar to hap-
lotypes from the Vardar OTU barbel (1.6 — 2.0% of
difference) than to those from the Struma OTU (8.9
—9.1% of difference). The nucleotide diversity in five
cyt b haplotypes was = = 0.0506 and Tajima’s D =
1.3126. The evolutionary history between haplotypes
inferred using the Maximum Parsimony method re-
vealed that the most parsimonious tree consisted of 58
evolutionary steps and had the Consistency Index CI
= 0.982143, the Retention Index RI = 0.982143 and
the Homoplasy Index HI = 0.018.

Phylogenetic analysis of 31 rheophilic barbel
OTUs for cyt b haplotypes accessed and stored in the
GenBank (with five haplotypes from the P¢inja, Vrla
and Dragovistica Rivers) was reconstructed using 648
parsimony-informative characters (base positions) out
of 1141 of them in total, while 465 characters were
constant and 28 were parsimony-uninformative. The
nucleotide diversity in these 31 cyt b haplotypes was
7 =10.3562 and Tajima’s D = 1.7044. Bootstrap 50%
Majority Rule Consensus Tree (Fig. 5) was of the
length of 1032 evolutionary steps, of the Consistency
Index CI = 0.923, Retention Index RI = 0.974 and
Homoplasy Index HI = 0.077. The main clades that
comprised B. balcanicus and B. strumicae were
strongly supported by the bootstrap values. In contrast
to them, the bootstrap support for particular clades,
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e.g., those of B. balcanicus from Greek lakes, the
Soca River (western Slovenia) and Aliakmon (central
Greece), Hudinja River (northern Slovenia) and B.
strumicae from the Nestos, Vardar (Axios) and P¢inja
Rivers, as well as that of B. strumicae from all other
streams was much stronger. However, certain rheo-
philic barbel populations in the Danube River drain-
age area (e.g. those from Krupaja, Svrljiski Timok
and DZepska Rivers) were very different for their cyt
b haplotype. The politomy occurring between OTUs
within each of clades indicated that the relationships
between them remain still unresolved.

The comparison of haplotypes “a” and “b”
in barbels from the Vardar OTU to AF112122 and
AF112438 haplotypes that TSIGENOPOULOS &
BerreBI (2000) found in rheophilic barbels from
the tributaries of the Lower Vardar River in Greece
revealed that the new Vardar OTU’s haplotype “b”
(MF355256) differs in two bases out of 594 or 0.3%
from the AF112122 haplotype and only in one base or
0.1% from the AF112438 haplotype. The Vardar OTU
haplotype “a” appeared identical to the AF112438
haplotype from the Lower Vardar River. The differ-
ences found between sequences of the known and new
haplotypes “a” and “b” in rheophilic barbels from the
Vardar OTU correspond to those found in the Struma
OTU, i.e., the B. strumicae clade. The cyt b haplotype
of the Danube OTU, i.e., the B. balcanicus from the
Vrla River compared to those that KOTLIK & BERREBI
(2002) found in rheophilic barbels from the Upper
Sava and Soca Rivers, which they considered conspe-
cifics, differed in 7 out of 594 bases or 1.2%, which
was similar to a difference found between haplotypes
in rheophilic barbels from Vrla Rivers (the Danube
OTU) and Pc¢inja (the Vardar OTU).

Discussion

KotLIK et al. (2002) stated that all rheophilic barbel
species considered in this article are very similar by
their blunt snout. However, there were obvious dif-
ferences between rheophilic barbels from the rivers
Dragovistica, P¢inja and Vrla relative to their head
shape (both length and width) as well as to certain
other morphometric characters (Table 1, Appendix
1). The shortest head length in the Struma OTU
barbel corresponds to the shortest predorsal length
which, combined with their narrowest posterior head
width, makes their difference in head shape discern-
able by bare eye (Fig. 6).

The morphological similarity between barbels
from the Struma and Vardar OTUs (Fig. 3) con-
formed neither to phylogenetic relationships inferred
from the same type of characters (Fig. 4) nor to those
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inferred from cyt b haplotypes. However, that simi-
larity is in line with the report of TSIGENOPOULOS &
BERREBI (2000) on the occurrence of the dominant
cyt b haplotype (denoted as B. cyclolepis strumicae —
1) of barbels from the Struma River in those from the
Vardar River. KoTLIK & BERREBI (2002) found us-
ing cyt b that rheophilic barbel from the lower Vardar
drainage form sister group of populations to rheo-
philic barbel in headwaters of Soca River (Isonzo)
and upper Sava River from the southern slopes of
Alps (Fig. 5); they designated them also as B. bal-
canicus, each of them forming a separate group from
B. balcanicus of the eastern Dinaric Alps, western
Balkan and Rhodopes Mts., which we used here as
Danube OTU for comparison. Distances derived
from differences in both cyt b haplotypes and external
morphological characters support the closer phyloge-
netic relationship between barbel of the Danube and
Vardar OTUs than that between barbel of the Struma
OTU and two others, which is in contrast to the re-
port of TsiGENoPOULOS & BERREBI (2000) but con-
gruent to the findings of KOTLIK & BERREBI (2002).
The close relationship between barbels from the Soc¢a
River and Sava River catchments (based on their cyt
b sequences) is in agreement with the close relation-
ship between west-Danubian (Sava River system)
brown trout (identified as Salmo taleri Karaman,
1933) and the endemic marble trout S. marmora-
tus Cuv., 1829 from the Soca River drainage dem-
onstrated on the basis of their external morphology
(StmoNovIC et al. 2007). Additionally, a similarity
in ancient character of their CR mtDNA was ascer-
tained for brown trout of the Da-Vr haplotype from
the Vrla River and Ad-Boz haplotype from the head-
water of the Dragovistica River originating from the
opposite side of the watershed in the Vlasina high-
land (MARIC et al. 2006, StMONOVIC et al. 2017). All
these similarities detected on the opposite slopes of
watersheds support the hypothesis about the disper-
sal routes via interconnections between the captures
of adjacent headwaters along the watersheds, as long
trout fish (FUMAGALLI et al. 2002) and rheophilic bar-
bel (MAacHORDOM & DoaDRIO 2001) are considered.
However, a true character, either convergence or
hybridization, of similarity in morphology between
Vardar and Struma barbel OTUs (Fig. 3) that might
appear as a consequence of dispersal opportunities
via these captures cannot be inferred without further
studies of their nuclear DNA characters.
Economipis (1989) considered that river sys-
tems of Balkans home rheophilic barbel which intro-
gressed there after the setting of the recent Danube
River, about 700,000 years ago, a long time after
the Pannonian remnants of the Parathethys Sea van-

Fig. 6. The shape of head of the three rheophilic barbel
species: 1 — Struma OTU — B. strumicae; 2 — Vardar OTU
— B. balcanicus; 3 — Danube OUT — B. balcanicus.

ished (Hsu 1978). The distinctness of the clade of
the Struma OTU (i.e., B. strumicae) in both exter-
nal morphology and cyt b revealed here (Appendix
1) might suggest the more ancient character of that
clade in relation to Vardar and Danube (i.e., B. bal-
canicus) OTUs; this is concordant to the much great-
er estimation of the time-scale (13.4 million years
ago), in which rheophilic barbels shared their com-
mon ancestry (BUONERBA et al. 2015). That impli-
cates to the multiple dispersals of rheophilic barbels
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Table 2. Coding of the continuous morphological char-
acters for character states in the three rheophilic barbel
OTUs with the applied coding procedure indicated at each
character.

OTU

Char- Struma Vardar Danube Coding
acter | B. strumicae, | Barbus sp., | B. balcanicus, | Proce-

Dragovistica R. | P¢inja R. Vrla R. dure

Character states

) ) | 1 Signifi-
cance

4 2 1 1 Gap
10 1 1 2 Range
13 2 1 1 Range
14 1 1 2 Range
19 2 1 2 Range

Table 3. Means ( x ) and standard deviations (s) of 19
morphometric characters in Barbus balcanicus of size

range in SL from the Vrla and Krupaja Rivers (Kotlik et al.
2002), as well as means in juvenile ( juv.) and adult ( ad.) B.
balcanicus from the Gradac River (Mirazi¢ et al. 1996).

B. balcanicus B. balcanicus B. balcanicus
Vrla R. Krupaja R. Gradac R.

X+s X+s _juv X

SL| 85-12.5cm 11.4-17.4 cm juv. adult
1 16.3+1.09 15.4+£0.7 15.83 21.37
2 51.1+1.97 49.6+2.2 51.02 50.17
3 23.2+1.16 215+1.6 15.47 22.43
4 19.7+1.48 183+1.4 18.32 20.37
5 10.8 £ 0.85 10.5+£0.7 10.99 10.27
6 13.6 + 0.69 11.8+0.7 8.14 11.72
7 4.0+0.44 4.0+0.7 3.66 4.28
8 55+0.62 59+1.1 5.86 5.99
9 7.9+0.57 7.6+0.9 4.98 7.44
10 15.8+2.16 188+ 1.5 19.79 17.38
11 17.8+1.82 169+1.4 17.88 16.69
12 152+ 1.12 13.9+0.8 14.80 14.04
13 21.2+1.14 242+ 1.1 21.55 21.23
14 15.7 £ 0.90 144+1.7 10.85 13.88
15 10.3+0.82 10.5+0.9 9.09 10.27
16 82+0.45 72+0.5 6.74 7.53
17 4.6+0.53 39+04 4.69 4.62
18 8.6+1.11 10.5+£0.6 9.82 7.96
19 59+0.43 n.a. 6.74 5.65

belonging to these clades. The first dispersal episode
might have occurred from the inland freshwater ba-
sins being remnants of the ancient Parathetys Sea
during the lower Tertiary. It was followed by subse-
quent isolation that caused by the uprising of moun-
tain chains across and around the Balkans, far before
the setting of the recent flow route of the Danube
as TSIGENOPOULOS & BERREBI (2000) hypothesized.
The recent B. strumicae might be the most direct de-
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scendant of that lineage. The second dispersal epi-
sode might occur after the establishment of the re-
cent Danube River flow route southern of Carpathian
Mts. (Hsu 1978), with the ancestor of the B. balcani-
cus that dispersed westwards and southwards from
the middle Danube to cross over the watershed to
the Vardar drainage over the river capture during
the Pleistocene interglacials. Based on the avail-
able data (KArRakousis et al. 1995, MACHORDOM
& Doabprio 2001, KoTLik & BERREBI 2002), it is
not clear whether there was already an ancient pool
of recipient rheophilic barbells, into which more
evolved ones have introgressed or they invaded the
barbel-free area south-east of the Dinaric Alps and
west from the Rhodopes and Balkan Mts. The sup-
port for this hypothesis for the secondary introgres-
sion and colonization of B. balcanicus, which seems
to occur throughout the dispersal area of this species,
lays in difference of the cyt b structure in haplotypes
from the same or closely situated populations (e.g.,
Dzepska River; Soca River in Italia and Slovenia;
Hudinja River and Rijeka River in the Sava catch-
ment in Slovenia), sufficiently great to separate them
to distinct clades (Fig. 5).

The amount of sequence divergence found be-
tween two haplotypes in barbels from the Vardar and
Struma OTUs is similar to that found by KoTLiK &
BERREBI (2002) between rheophilic barbels of the
lineage B in the middle Danube that KoTLIK et al.
(2002) subsequently considered as the distinct spe-
cies B. carpathicus. The amount of sequence diver-
gence of 8.5-8.7% recorded between two haplotypes
of rheophilic barbels of the Struma OTU and Danube
OTU and that of 8.9-9.1% recorded between barbels
of the Struma and Vardar OTUs are concordant to
those found between the haplotypes of barbel line-
ages A (B. balcanicus) and C (B. petenyi) as well as
of lineages B (B. carpathicus) and C (B. petenyi) in
the middle Danube drainage area (KOTLIK & BERREBI
2002). The smaller amount of sequence divergence
between B. balcanicus, i.e., barbels of the Danube
OTU and that from the Vardar OTU in relation to
divergence between B. balcanicus and barbels from
the Struma OTU B. strumicae suggests that the for-
mer two OTUs belong to the same lineage assigned
to clade A by KotLik & BErRRrEBI (2002). However,
the low bootstrap probabilities (57-62%) given for
basal clade that comprise both B. strumicae and B.
peloponnesius petenyi — B. caninus — B. petenyi line-
ages of TSIGENOPOULOS & BERREBI (2000) as well
as the geographic distribution and recent taxonomic
heterogeneity of the samples of the latter clade ques-
tion the reliability of the relationship inferred from
the cyt b sequence structure.
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The diversity recorded for the taxa of rheo-
philic barbels in the area of south-eastern Serbia that
comprises the slopes of the Vlasina highland is con-
cordant with that recorded for both nominal taxa and
haplotypes of brown trout (Sa/mo spp.) in the same
area (MARIC et al. 2007, SiMoNoOVIC et al. 2007,
2017). Moreover, an ancient character inferred on
unique mtDNA haplotypes about the recent diversity
of Salmo of Danubian and Adriatic mtDNA lineages
(sensu BERNATCHEZ 2001) in those headwaters of
Vardar, Dragovistica and Juzna Morava, respective-
ly, also calls for the special attention to this area as a
regional biodiversity hotspot as far as rheophilic fish
are considered. It seems that the watershed between
the three large river systems (Danube, Struma and
Vardar) strongly influences the isolation and local
diversification of rheophilic fish species, regardless
those events are old or more recent.

B. balcanicus from the type locality, the
Krupaja River in eastern Serbia (Fig. 1) (KoTLIK et
al. 2002), overlaps for great majority of continuous
morphological characters with reophilic barbels from
the Vrla River (Danube OTU) and for some of them
(5,7, 8,9 and 15) they are almost identical (Table
3). Moreover, the similarity seems even greater when
B. balcanicus from Vrla and Krupaja are compared
to those from the Gradac River (Table 3), a tribu-
tary of the Kolubara River in the lower Sava system
(MrazIC et al. 1996) (Fig. 1). The morphological
similarity, together with the cyt b haplotype, confirms
the identification of the barbels from Vrla River. This
also supports the postulated distribution of B. balcan-
icus throughout the eastern Dinaric Alps and west of
the Balkan Mts. (KoTLIK & BERREBI 2002, KOTLIK et
al. 2002). However, the differentiation of the external
morphology incongruent to relationships inferred us-
ing both external morphology and molecular marker
as well as the degree of differentiation between cyt
b haplotypes in rheophilic barbels from the recently
isolated rivers Vrla and P¢inja do not justify their
recognition as distinct taxa, although differentiation
in certain morphological characters might indicate a
progress in their divergence.
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Appendix 1. Mean (x ), standard deviation (s), minimum (min) and maximum (max) of Barbus strumicae from the
Dragovistica River (Struma OTU), B. balcanicus from the P¢inja River (Vardar OTU) and B. balcanicus from the Vrla
River (Danube OTU). Size of each sample 7 is given below in parentheses, total length 7L and standard length SL are
in mm and numerated characters in % of SL.

Barbus strumicae Barbus sp. Barbus balcanicus
Dragovistica R. Péinja R. Vrla R.
(n=17) (n=17) (n=38)
X s min max X s min max X s min max

TL | 143.17 | 29.66 | 102.43 | 179.80 | 118.17 | 14.02 | 105.16 | 148.39 | 116.03 | 25.83 | 73.13 | 152.37

SL | 121.59 | 25.61 87.01 153.24 | 99.00 | 12.48 | 85.09 | 124.54 | 100.72 | 23.23 | 62.47 | 135.53

1 15.30 0.77 14.04 16.23 16.22 0.53 15.67 17.11 16.27 1.09 14.67 | 17.82

2 49.67 0.92 48.13 51.05 51.75 1.31 50.02 53.66 51.14 197 | 47.89 | 53.83
3 22.54 0.92 21.32 23.76 21.71 1.54 18.98 24.08 23.21 1.16 | 21.02 | 24.63
4 18.15 1.03 16.76 19.22 19.73 1.07 18.06 21.06 19.66 1.48 17.06 | 21.32
5 9.86 0.42 9.15 10.53 10.08 0.47 9.54 10.78 10.78 0.85 9.69 11.94
6 13.02 1.09 11.23 14.63 12.96 0.73 12.15 14.41 13.58 0.69 1226 | 1443
7 4.29 0.44 3.93 5.09 4.16 0.20 3.78 4.43 4.05 0.44 3.42 4.55
8 5.59 0.44 5.14 6.43 5.78 0.36 5.36 6.31 5.52 0.62 4.47 6.37
z 9 8.85 0.34 8.50 9.45 8.04 0.77 7.03 9.24 7.85 0.57 7.37 8.78
é 10 18.02 1.18 16.50 20.31 19.38 1.59 17.98 21.79 15.83 2.16 11.69 | 17.70
$ 11 17.94 0.65 17.18 19.26 18.86 0.67 18.13 19.84 17.80 1.82 14.93 19.77

12 15.25 0.59 14.57 16.31 15.93 0.53 15.23 16.90 15.21 1.12 13.68 16.69

13 | 20.08 0.46 19.52 20.82 21.89 0.68 20.67 22.81 21.22 1.14 19.73 | 23.23

14 12.75 0.81 11.67 13.98 13.31 0.48 12.69 14.01 15.72 0.90 1436 | 16.67

15 9.38 0.48 8.61 10.19 10.38 0.60 9.36 11.14 10.34 0.82 8.95 11.29

16 7.42 0.38 6.85 9.88 7.44 0.54 6.96 8.54 8.22 0.45 7.52 8.84

17 4.16 0.34 3.54 4.59 4.58 0.21 4.35 4.88 4.59 0.53 3.84 5.52

18 9.05 0.63 8.27 9.90 9.36 0.38 8.65 9.89 8.62 1.11 7.22 10.71

19 5.25 0.35 4.70 5.66 6.10 0.14 5.88 6.29 5.94 0.43 5.47 6.64
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