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Abstract

Geographically isolated populations of Barbus present remarkable variation with regard to morphometric and meristic

characters within Iranian drainage systems; while they are relatively similar in external morphology such as coloration.
Present study is the first report on geographical differentiation of Barbus populations in Iran from both morphological and
molecular point of views. The morphometric and meristic characters as well as phylogenetic relationships (using sequence
data of mtDNA cytochrome b gene) of twelve populations from three drainages (i.e. South Caspian Sea, Orumyieh and Tigris-
Karoun) were analyzed. The univariate analysis reveals significant morphological differentiation among the populations from
the three drainages. The phylogenetic analyses indicate relatively high genetic differentiation among the populations from the
mentioned drainages, which are consistent with the observed morphological variation, and correspond well with their
biogeographic distribution. However, the result of Automatic Barcode Gap Discovery (ABGD) analysis shows intra-specific
differentiation for the sequences from South Caspian Sea drainage, while support the distinction of the specimens from Tigris-
Karoun drainage as B. lacerta. Since the sequence data of Barbus cyri from Armenia is clustered with individuals from the
South Caspian Sea and the morphological comparison, the specimens from that basin are considered as B. cyri and the

Orumyieh basin as Barbus sp.
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Introduction

It is well known that genus Barbus Cuvier and
Cloquet (1816), shows very wide range of distribution
including the Europe and West Asia (Kottelat and
Freyhof, 2007). It also includes high numbers of
species in the Middle East (Berrebi et al., 1996).

The Middle East, particularly Iranian Plateau has
been considered as a principal zoogeographic
interchange area for the freshwater ichthyofauna
during the gradual closing of the Tethys Sea (Durand
et al., 2002; Coad, 1987, 1998). Therefore, the present
Iranian freshwater ichthyofauna is a combination of
the elements from Euromediterranean (Perea et al.,
2010) as well as African regions (Coad and Vilenkin,
2004). The particular examples are species of the
genus Barbus that considered being the most
diversified group among the Iranian cyprinids
(Esmaeili et al., 2010).

Among the species of Barbus in Iran, Barbus
cyri (Filippi, 1865) appears to show the widest
distribution. Its populations have been recorded from
South Caspian Sea (Berg, 1949; Bianco and

Banarescu, 1982; Kiabi et al., 1999; Abdoli, 2000),
(Figure 1). In addition, Barbus lacerta has been
recorded from Tigris basin and its type locality is
Kueik River, Aleppo. We compared the specimens
from Tigris-Karoun with Syntype-Aleppo of B.
lacerta and concluded that the specimens from Tigris-
Karoun belong to B. lacerta.

Based on several lines of evidence, these
populations represent remarkable differences with
regard to morphometric characters such as head
length, body depth and size of eye and mouth
(Almaga, 1983, 1986; Karaman, 1971; Bianco, 1995;
Saadati, 1977; Motamedi, 2010), while they are
relatively similar in external morphology (e.g.
coloration).

In addition to morphometric characters, the
previous studies have pointed out that distinct
differences exist among the isolated populations with
regard to the meristic characters such as the number
of pectoral and dorsal fin rays, the number of gill
rakers and lateral line series (e.g. Berg, 1948-1949;
Saadati, 1977; Motamedi, 2010). However, little is
known whether these wvariations are related to
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Figure 1. Map of Iran shows position of Zagros and Alburz mountains and also the drainage systems from which the

populations were sampled.

ecological factors (eco-plasticity) in different
environments, genetic divergence because of
geographic speciation or to combination of both
factors.

Based on the total evidence approach, a wide
range of distribution with high morphological
variation proves these species requiring revision.
Some of the synonyms may be distinct, while
populations in isolated basins in Iran and elsewhere
could be new taxa (Abdoli, 2000; Esmaeili et al.,
2010; Coad, 2013). Therefore, the previous authors
have strongly suggested investigation of the
populations based on both morphological and
molecular data (Coad, 2013).

The aim of this study is to contribute to
understand the phenotypic and genetic variations
between the populations of the above mentioned
species from three drainages in Iran i.e. Orumyeih,
South Caspian Sea and the Tigris-Karoun.

We studied a large data set including both
morphological characters and mMtDNA sequences
(cytochrome b gene) of the populations from three
drainages to understand whether morphological and
molecular characters show consistent pattern of
variation among the populations from the three
drainages and also to discuss the possible causes of
phenotypic variations. We aimed additionally to
evaluate taxonomic status of the populations from the
mentioned drainages.

Materials and Methods
Localities, Examined Specimens

One hundred seventy nine specimens (158 for
morphological and 21 for molecular analyses) belong

to 12 localities were collected from their
representative drainage systems i.e.; South Caspian
Sea (seven localities), Tigris—Karoun (two localities)
and Orumyieh (Figure 1 and Table 1). Additional
materials consist of six syntypes from Aleppo (NMW
54158-1-6) and five specimens from the Tigris
drainage in Turkey (94738-1-5) from
Naturhistorisches Museum Wien (NMW) were also
included for the morphological analyses. These later
specimens were not in a good condition of
preservation, and we therefore use them only for
comparison of the meristic characters. All the
collected samples are deposited in the Zoological
Museum of the Biology Department at Shiraz
University (ZM-CBSU) and the Zoological Museum
of Shahid Bahonar University of Kerman (ZM-
SBUK) Iran.

Morphological Analysis

Thirty one morphometric characters were
measured using vernier caliper with an accuracy of
0.05 mm and six meristic characters were counted
using standard methods (Table 2 for characters and
the abbreviations). Measurements and abbreviations
follow Holcik (1989). Measurements of the
morphometric characters were standardized in order
to eliminate any size effect (Lahnsterner and Jagsch,
2005): Standardized measurement = (Mmp/SL*100);
Mmp: measured morphometric parameter, SL:
standard length. In addition to the measurements,
which are given as percentage of SL, other
measurements are presented as percentage of Prad
(preanal distance) and HL (head length). In total, 57
standardized morphometric characters were calculated
and applied for the statistical analyses.
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Table 1. Sampling sites and the collection details

Sampling site and Collection details N Drainage basin SL mm (Mean+ S.D.)
Chaisalman River 12 South Caspian Sea 110.25+2.68
Idaghamush River* (n=1, M72) 10 South Caspian Sea 78.05+1.12
Ghezel Ozan River 10 South Caspian Sea 107.10+2.55
Tajan River* (n=4, M62, M63, M74, M622) 14 South Caspian Sea 93.55+1.34
Talar River* (n=3, M70, M71, M75) 13 South Caspian Sea 68.10+2.12
Abhar River* (n=1, M76) 9 South Caspian Sea 143.00+3.78
Divandarreh River* (n=2, M66, M67) 9 South Caspian Sea 58.25+2.02
Babolrud River * (n=4, M68, M73, M107, M682) - South Caspian Sea 63.75+3.10
Kashkan River 15 Tigris-Karoun 107.95+1.36
Bashar River* (n=4, M108, M109, M110, M111) 26 Tigris-Karoun 99.65+4.25
Serudan River * (n=2, M64, M65) 12 Orumyieh 118.50+2.65
Nazluchai River 16 Orumyieh 65.35+2.79
Orumyieh River 12 Orumyieh 131.40+3.22

*: The populations that are used for molecular analysis.

S.D.= standard deviation, n=number of specimens for molecular analysis and is followed by the specimen’s code;
N=number of specimen for morphological analysis. Because of the low number of specimens from Babolrud River, we used them only in

molecular analysis.

The Kolmogorov-Smirnov test was applied to
infer possible sexual dimorphism between the
individuals. Univariate analysis of variance (ANOVA)
with Duncan’s multiple range test as a Post-hoc was
carried out to test the significance of morphometric
and meristic variations among the populations. The
Canonical Discriminant Analysis (CDA) was used for
multivariate analyses to show the classification
success. Furthermore, Principal Components Analysis
(PCA) was performed to reduce the dataset (\Veasey et
al., 2001), and to extract the most weighted characters
of the populations from three drainages. The
phenotypic relationships between the populations was
demonstrated by the Unweighted Pair Group Method
with Arithmetic Mean (UPGMA) dendrogram of
cluster analysis, which is based on the data of
Euclidean distances (Similarity measure) using the
between groups linkage method. All the statistical
analyses were carried out using PASW 20.00 (SPSS
Inc, 2012) and PAST (PAlaeontological STatistics,
ver. 1.81, Hammer et al., 2001).

DNA Extraction, Sequencing and Molecular
Phylogenetic Analysis

The genomic DNA was extracted from fin clips
of the specimens preserved in 96% ethanol. The fin
clips were digested with Tris-HCI/EDTA and NaOH
/ SDS solution, followed by phenol chloroform
extraction (Sambrook et al., 1989). The quantity of
the extracted DNA was calculated with NanoDrop at
the absorption of 260 nm and its quality was checked
by 0.8% agarose-gel-electrophoresis.

The mitochondrial cytochrome b gene was
successfully amplified by polymerase chain reaction
(PCR) using the primers GluF (5’
AACCACCGTTGTATTCAACTACAA 3') and ThrR
(5 ACCTCCGATCTTCGGATTACAAGACCG 3/,
Machordom and Doadrio, 2001). The amplification
process was performed as follow; initial denaturation
94°C (2 min), 35 cycles with denaturation at 94°C for

45 s, annealing at 58°C for 1 min, extension at 72°C
for 90 s per cycle and a final extension phase at 72°C
for 5 minutes.

The PCR mixtures were prepared in a final
volume of 25 pl containing 10.8 pl ddH,0,
corresponding 5 mM buffer, 3 mM MgCl,, 2 mM
BSA, dNTPs, 1 ul primer, 0.2 mM Taq DNA
polymerase and 1-2 ug DNA. The negative and
positive controls were performed for all the reactions.

Sequencing was performed by Macrogen
Company, South Korea. Two additional sequences
were obtained from the NCBI GenBank
(http://www.ncbi.nlm.nih.gov) and included in the
analyses; i.e. Barbus lacerta cyri from the Kura basin,
Armenia (accession number AF145936) and B.
lacerta from the Tigris basin, Turkey (accession
number AF145935). Luciobarbus mursa (accession
number AF145943), L. albanicus (accession number
AF112126) and Carasobarbus luteus (accession
number AF145944) were used as outgroups.

Sequences were trimmed and assembled in
Geneious 5.6 (Biomatters) and subsequently aligned
using the Muscle 3.6 (Edgar, 2004), as incorporated in
Geneious.

Bayesian analyses of nucleotide sequences were
run with the parallel version of MrBayes 3.1.2
(Ronquist and Huelsenbeck, 2003) under the most
generalizing model (GTR+GHI) because
overparametrization apparently does not negatively
affect Bayesian analyses (Huelsenbeck and Ranala,
2004). Maximum likelihood reconstructions were
performed using RAXML 7.2.5 (Stamatakis, 2006)
under the GTR model of nucleotide substitution with
CAT approximation of rate heterogeneity and fast
bootstrap (1000 bootstrap replicates).

We also applied the recently described
bioinformatics tool, Automatic Barcode Gap
Discovery (ABGD, Puillandre et al., 2012) for species
delimitation analysis. ABGD automatically detects
the breaks in the distribution of genetic pairwise
distances, and uses them to partition the data. The
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Table 2. Morphometric and meristic characters with abbreviation used in the text

Character No. Abbreviation Characters

Morphometric characters

1 TL Total length

2 FL Fork length

3 SL Standard length

4 HL Head length

5 HD Head depth

6 HW Head width

7 Prod Preorbital distance

8 Psod Postorbital distance

9 Inod Interorbital distance

10 ED Eye diameter

11 Prdd Predorsal distance

12 Psdd Postdorsal distance

13 Ldf Length of dorsal fin

14 Ddf Depth of dorsal fin

15 Laf Length of anal fin

16 Daf Depth of anal fin

17 Prad Preanal distance

18 Lpcf Length of pectoral fin

19 Lplf Length of pelvic fin

20 PpIL Prepelvic length

21 Maxbd Maximum body depth

22 Minbd Minimum body depth

23 Dpcaf Distance between pectoral and anal fins
24 Dpcplf Distance between pectoral and pelvic fins
25 Dplaf Distance between pelvic and anal fins
26 Lcauf Length of caudal fin

27 Lcaup Length of caudal peduncle

28 Lbl Length of barbel 1

29 Lb2 Length of barbel2

30 BW Body width

31 MW Mouth width

Meristic characters

1 Dfr Numbers of dorsal fin branched rays
2 Afr Numbers of anal fin rays

3 Pcfr Numbers of pectoral fin rays

4 PIfr Numbers of pelvic fin rays

5 GR Numbers of gill rakers

6 LL Numbers of lateral line series scales

same species/or populations therefore should be
grouped in the same partition. More specifically,
ABGD act based on the similarity criterion that
genetic distances between specimens from close
species are supposed to be lower than genetic
distances between specimens from different species
(Hebert et al., 2003). Therefore, ABGD analysis can
be used as a primary glance for the species
identification that is, primary species hypotheses
(PSHs, Goldstein and DeSalle, 2011).

Results
Phenotypic Variation between Three Drainages

No significant differences were detected
between the males and females with regard to the
morphometric and meristic characters (Kolmogorov—
Smirnov test, P>0.05). Therefore, the univariate and
multivariate analyses applied for the whole data sets
(males and females together). Based on the univariate

analysis, the following characters show significant
differences among the three drainages: length of
dorsal fin/standard length, length of dorsal fin/preanal
distance, maximum body depth/standard length,
maximum body depth/preanal distance, the number of
pelvic fin rays and the number of gill rakers
(ANOVA, Duncan Post-hoc test, P<0.05).

The Canonical Discriminant Function Analysis
(CDA), which performed on 63 morphometric plus
meristic characters, shows high overall classification
success among three species from three drainages
(97.5%) (Figure 2 and Table 3).

The Principal Components Analysis (PCA) was
carried out for all the morphometric characters and
shows that the first seven PCs (out of 17) accounted
for 61.60% of overall variance of the dataset and
explained the most variability (Figure 3). The most
weighted morphometric characters (i.e., 22 characters
with eigenvalue of >0.640) were selected and
ANOVA with Post-hoc test (P<0.05) was carried out
(Table 4). The result reveals significant differences
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Figure 2. Discriminant function scores based on all the morphometric and meristic characters for the populations from the
three drainages.

Table 3. Jackknifed classification matrix of the canonical discriminant analysis based on morphometric plus meristic
characters for populations from three drainages

Predicted Group Membership

Drainage system

South Caspian Sea Orumyieh Tigris-Karoun Total
South Caspian Sea 87.0 (67) 10.4 (8) 2.6 (2) 77
Orumyieh 10.0 (4) 90.0 (36) 0.0 (0) 40
Tigris-Karoun 0.0 (0) 0.0 (0) 100.0 (41) 41

The percentage in rows represents the classification into the groups given in columns; the corresponding number of specimens is given in
brackets. The percentages of correctly classified individuals are in bold. Overall classification success is 97.5% (Wilks’A = 0.169).

Variance as % of total variance

theoretical random data

n T T T T T = T S
0 8 16 2 0 40 4 56 64
Eigenvector
Figure 3. Eigenvector versus variance as percentage of total variance plot showing the position of the eigenvalues of the
eigenvectors with respect to theoretical eigenvalues expected by chance alone.
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between the mean values of 12 morphometric
characters among the three drainages (Table 5).

The UPGMA dendrogram of cluster analysis
was performed for two data sets separately (i) all the
morphometric characters plus meristic characters and
(ii) the most weighted morphometric and meristic
characters, which are selected by the PCA analysis
(Figure 4). Both dendrograms illustrate consistent
pattern of phenotypic relationships and categorized
populations into three groups, in which the
individuals from Tigris-Karoun drainage are separated
from the two others. It also shows that the Orumyieh
specimens are morphologically close to those from
the South Caspian Sea basin (Figure 4).

As a result, the present morphological data
demonstrate a clear separation of the studied
populations from Tigris-Karoun drainage, while
Orumyieh and South Caspian Sea drainages are
morphologically slightly closer each other.

Comparison of Meristic Characters

The univariate analysis of variance based on the
mean of meristic characters shows that the number of
gill rakers and of the lateral line series scales are
slightly different among the studied populations from
the three drainages (Table 6).

Phylogenetic Relationships

The resulting trees from Maximum Likelihood
and Bayesian Inference methods are largely congruent
and show relatively the same pattern of clustering for
the studied populations (Figure 5). Moreover, ABGD
analysis using JC69 Jukes—Cantor measure of
distance was performed on sequences of the studied
populations from the three drainages as follow; initial
partition and the final recursive partition with prior
maximal distance P=5.99e-02 and P=1.00e-03
respectively, and distance JC69 Jukes-Cantor

Table 4. PCA analysis of the morphometric characters for the populations from three drainages. The values for the most
weighted characters in each component (the values with eigenvalue of >0.640) are given in bold

Characters PC1 PC2 PC3 PC4 Characters PC1 PC2 PC3 PC4
TL.SL 0.33 0.16 -0.34 0.05 HL.Prad 0.72 -0.13 0.26 0.10
FL.SL 0.35 0.05 -0.10 0.10 HD.Prad 0.18 0.27 0.25 0.01
HD.SL 0.14 -0.15 -0.09 0.11 Prod.Prad 0.77 -0.06 0.18 0.26
HL.SL 0.22 0.26 -0.13 0.02 Psod.Prad 0.51 0.07 0.17 0.04
ED.SL 0.68 -0.04 -0.03 0.09 ED.Prad 0.67 -0.03 0.06 0.09
Prod.SL 0.40 -0.07 -0.10 0.27 Inod.Prad 0.02 0.77 0.23 -0.07
Psod.SL 0.53 0.04 -0.20 0.04 Prdd.Prad 0.58 0.24 0.41 0.04
Inod.SL 0.05 0.77 -0.07 -0.07 Psdd.Prad 0.30 0.03 0.39 -0.01
Ldf.SL 0.03 0.12 -0.08 -0.03 Ddf.Prad 0.70 -0.24 0.28 0.06
Laf.SL -0.02 0.15 -0.10 -0.12 Ldf.Prad 0.00 0.12 0.17 -0.03
Ddf.SL 0.74 -0.26 -0.02 0.07 Laf.Prad -0.03 0.16 0.09 -0.12
Daf.SL 0.18 -0.03 -0.08 0.74 Daf.Prad 0.16 -0.01 0.15 0.73
Prad.SL 0.08 -0.04 -0.96 0.01 Lpcf.Prad 0.73 0.18 0.11 0.19
Prdd.SL 0.61 0.20 -0.25 0.05 Lplf.Prad 0.74 0.01 0.17 0.15
Psdd.SL 0.36 0.01 -0.14 -0.00 Maxbd.prad 0.11 0.65 0.12 -0.06
Lpcf.SL 0.75 0.16 -0.24 0.19 Minbd.prad -0.05 0.71 0.25 -0.09
Minbd.SL -0.02 0.72 -0.06 -0.09 Dpcplf.Prad -0.21 0.21 0.16 -0.04
Maxbd.SL 0.13 0.65 -0.14 -0.06 Dplaf.Prad -0.10 0.12 0.20 -0.11
Dpcplf.SL -0.17 0.19 -0.26 -0.04 Lcf.prad 0.60 0.01 0.13 0.01
Dplaf.SL -0.06 0.10 -0.23 -0.11 Lcauf.Prad -0.07 0.05 0.74 -0.03
Lplf.SL 0.75 -0.00 -0.21 0.15 MW.Prad 0.15 0.08 0.08 0.17
Lcaup.SL -0.05 0.04 -0.04 -0.04 Lb1.Prad 0.14 -0.21 0.14 0.27
Lcauf.SL 0.66 -0.00 -0.13 0.01 Lb2.Prad 0.11 0.02 0.02 0.37
MW.SL 0.17 0.07 -0.12 0.16 HD.HL -0.49 0.34 -0.02 -0.07
Lb1.SL 0.15 -0.21 -0.00 0.18 Prod.HL -0.25 0.06 -0.00 0.23
Lb2.SL 0.13 0.02 -0.13 0.26 Pood.HL -0.36 0.27 -0.09 -0.03
FL.Prad 0.21 0.08 0.17 0.07 ED.HL 0.33 0.01 -0.01 0.07
TL.Prad 0.26 0.20 0.46 0.04 Inod.HL -0.51 0.13 0.01 -0.12

SL.Prad -0.08 0.04 0.96 -0.00
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Table 5. Mean and standard deviation (Mean + S.D.) for the morphometric characters among the three drainages, which are

selected by PCA

South Caspian Sea Orumyieh Tigris-Karoun
(n=77) (n=41) (n=40)
Characters Min-Max Mean+ S.D. Min-Max Mean+ S.D. Min-Max Mean+ S.D.
Ed.SL 2.90-6.10  4.13+0.70 259-6.29  4.77+1.84 2.80-8.44  4.24+1.02
Inod.SL™ ™ 7.61-10.70  8.37+0.68 7.08-9.88  7.66+0.54 6.32-8.88  8.21+0.58
Ddf.SL 14.22-25.14  19.34+1.73 15.68-23.38  19.61+1.32 16.53-22.08 19.14+1.92
Daf.SL™" 14.25-23.45 17.88+1.85 14.64-23.10  18.09+2.07 13.49-22.62 19.20+2.19
Prad.SL 67.22-79.45 72.50+1.75 69.23-77.80  72.02+2.69 65.86-81.02 72.68+1.78
Lpcf.SL 15.04-20.55 18.35+1.21 15.27-22.00  18.23+1.39 16.28-21.08 18.77+1.67
Minbd.SL™ ™ 8.47-12.24  10.31+0.80 7.71-11.47  9.51+0.71 8.89-11.79  10.03+0.75
Maxbd.SL™ ™ 14.93-24.64 20.85+1.71 17.66-22.96 18.12+1.73 14.67-23.72 20.09+1.35
Lplf.SL 13.84-18.67 16.13+1.09 13.68-18.77  16.04+0.92 14.48-18.00 16.14+1.38
Lcauf.SL™™ 19.65-29.02  24.04+2.11 16.75-30.32  23.06+2.05 18.46-28.76  23.58+3.26
SL.Prad™" 125.8-146.6  138.00+3.29 128.3-144.3  139.02+5.08 123.4-151.8 137.65+3.34
HL.Prad™ ™ 30.26-40.90  34.63+2.22 27.62-40.89 36.28+2.44 31.66-42.76 34.98+3.42
Prod.Prad™ 11.71-17.51  14.48+1.25 11.08-16.61 15.53+1.34 12.50-19.05 14.16+1.35
ED.Prad™ ™ 3.92-8.28  5.69+0.95 3.49-840  6.62+2.54 4.00-11.72 5.84+1.39
Inod.Prad™ ™ 0.74-14.97  11.55+0.94 9.66-13.27  10.65+0.80 8.72-12.08  10.30+0.88
Ddf.Prad 19.71-33.90  26.69+2.38 21.28-32.27 27.24+1.86 23.08-32.24 26.35+2.76
Daf.Prad™™ 19.51-32.34  24.67+2.47 19.88-32.84 25.13+2.90 18.61-32.18 26.45+3.24
Lpcf.Prad 21.16-28.93  25.32+1.63 21.40-31.40 25.31+1.73 22.15-28.89 25.84+2.42
Lplf.Prad 18.91-25.77 22.24+1.40 18.25-26.16  22.28+1.25 19.88-25.74 22.21+1.90
Maxbd.Prad™" 21.24-33.08 28.76+2.29 23.80-31.08 25.19+2.57 18.11-33.25 27.66+2.07
Minbd.Prad 11.40-17.21 14.23+1.13 10.23-16.22  13.22+1.10 11.13-16.52 13.81+1.13
Lcauf.Prad 27.49-39.11 33.16+2.81 23.33-4356  32.02+2.72 26.01-41.26 32.45+4.57

(*) shows significance between South Caspian Sea vs. Tigris-Karoun;
(**) shows significance between South Caspian Sea vs. Orumyieh;
(***) indicates significance between Tigris-Karoun vs. Orumyieh;

(****) refers to significance among the three drainages (ANOVA, Duncan test, P<0.05).
S.D. refers to standard deviation and N refers to number of specimens. See Table Il for abbreviation.

Eudlidean di 0 5 10 15 20 25
South Caspian Sea
Orumyieh J
Tigris-Karoun
Euclidean distances 5 10 15 20 25
South Caspian Sea
Orumyieh J
Tigris-Karoun

Figure 4. UPGMA dendrogram of hierarchical cluster analysis based on Euclidean distances using average linkage
represents phenotypic relationships among the populations from three drainages. The dendrogram is created based on all
the morphometric and meristic characters (above) and the most weighted morphometric and meristic characters, which are

selected by the PCA factors (below).

MinSlope=1.500000.

Maximum Likelihood and Bayesian Inference
analyses show that the Tigris-Karoun individuals
form a monophyletic group (Barbus lacerta). It is
sister to another clade that contains the individuals
from Orumyieh plus South Caspian Sea drainages.
Moreover, the individuals from Orumyieh plus
Turkey (Barbus sp.) together represent distinct clade

sister to the South Caspian Sea (Barbus cyri) (Figure
5).

Based on the ABGD analysis, the sequences
from Orumyieh drainage (M65 + M64, partition VI)
are grouped in the same partition, and followed by the
sequences from Tigris-Karoun drainage (M108 +
M109 + M110 + M111, partition VII). Most of the
Barbus cyri sequences from the Southern Caspian Sea
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Table 6. Descriptive comparison of the number of gill rakers (GR) and the number of lateral line series scales (LL) of the
materials from Iran, Turkey as well as the syntype specimens from Aleppo

Drainage system Character N Min. Max. Mean S.D.
South Caspian Sea LL 77 51 74 60.43 5.23
GR 7 10 8.25 0.86
Orumyieh LL 40 59 84 70.03 6.01
GR 6 10 7.27 0.87
Tigris—Karoun LL 41 61 78 68.02 4.02
GR 8 11 9.07 0.75
Turkey LL 6 68 78 74.2 3.76
GR 9 10 9.63 0.02
Syntype-Aleppo LL 10 57 71 63.10 3.64
GR 10 12 11.21 0.03

S.D. refers to standard deviation and N refers to number of specimens.
Min. and Max. indicate respectively minimum and maximum range for the meristic characters.

Barbus cyri _Babolrud River_M68

Barbus Cyri _Tajan River_M62
Barbus cyri _Talar River_M70

Barbus cyri _Talar River_M71
Barbus cyri_Babolrud River_M107

_|: Barbus cyri_Babolrud River_M682
Barbus cyri _TajanRiver_M622

Barbus cyri_TajanRiver_M74

Barbus cyri _TajanRiver_M63

eag ueldse) Yinog o uoiod uaISeayUoN

69 Barbus cyri_Babolrud River_M73
Barbus cyri _TalarRiver_M75

Barbus cyri_DivandarrehRiver_M66
Barbus cyri _DivandarrehRiver_M67

9g ueidse) yinog Jo uood Wwa)sapn

052 Barbus cyri _AbharRiver_M76
Barbus cyri _ldaghamush River_M72
Barbus cyri_Armenia
. 70| Barbus sp. _Turkey | Orﬁmyieh
075 1.0 -L Barbus sp. _Serudan River_M64 +
Barbus sp. _Serudan River_M65 Turkey
Barbus lacerta_Bashar River_M108
Og?) " Barbus lacerta_BasharRiver_M109
1.0| Barbus lacerta _BasharRiver_M110 Tigris-Karoun
Barbus lacerta _Bashar River_M111
Luciobarbus albinicus
Carasobarbus luteus

_|— Lucioarbus mursa

0.02
Figure 5. Maximum likelihood and Bayesian likelihood estimation of the phylogenetic relationships of the populations
from three drainages in Iran. Numbers above nodes refer to the bootstrap support values followed by the posterior
probabilities based on 2000 replicates. The term after species name in each branch refer respectively to the sampling site
and specimen code in this study.



M. Motamedi et al. / Turk. J. Fish. Aquat. Sci. 14: 339-351 (2014)

347

drainage are grouped in the same partition. However,
they show intra-drainage differentiation (i.e. M70
(partition 1X), M68 (partition 1V), M62 (partition V),
M67 + M682 + B. cyri from Armenia + M63 + M66 +
M71 + M72 + M73 + M74 + M75 + M76 + M107 +
M622 (partition X)). This finding is consistent with
the results of phylogenetic analyses (Figure 5 and
Figure 6).

As results, populations from three drainages
show broadly consistent pattern of variation with
regard to morphometric and meristic characters as
well as the molecular characters. This pattern of
variations in addition is supported by the ABGD
analysis.

Discussion

Geographic Differentiation of Morphological
Characters

The causes of observed phenotypic differences
between populations are often difficult to explain. In
general, changes in morphology are under the control
of environmental conditions or of genetic background,
or a combination of both (Scheiner, 1993; Svanbick
and Ekl6v, 2006).

However, analysis of geographic variation of the
morphometric and meristic characters provides more
insights into the specific patterns of differentiation
among the isolated populations. Based on the results
obtained from the present study, the morphometric
characters are considered to be suitable for
discrimination of the populations of this complex

Hypothetical number of OTUs

group within the Iranian drainage systems. This
finding is also consistent with the previous studies on
the other teleosts (Sharp et al., 1978).

The following characters were achieved to show
high  geographical differentiation among the
populations from the three drainages; preanal
distance, maximum body depth, depth of anal fin,
head length, preorbital distance, inter orbital distance
and eye diameter. These characters are often related to
the head parts. It can therefore be assumed that the
dimensions of the head probably represent a
significant taxonomic character to differentiate the
populations from the three drainages. Considering the
meristic characters, the numbers of gill rakers, dorsal
fin rays and of the lateral line series scales contributed
slightly in differentiation of the populations from the
three drainages. More likely, the observed inter-
drainage morphological differentiation is resulted by
geographical isolation (as vicariance). Because the
current populations in Iran, have mainly been
distributed in the Zagros and Alburz mountains
regions. In addition, it is well known that these
regions have played important role in speciation of
freshwater fishes and reptiles (see below).

We assumed that the observed differentiation are
not related to the environmental conditions in
different habitats because all the collected populations
occurred in the habitats with relatively similar
environmental conditions i.e., cool river system with
rapid currents and well-oxygenated water and
elevation >1400 m asl (field works data of the
authors). This assumption can be also supported by
the fact that the morphological and molecular
differentiations show consistent pattern of variation.

M Recursive partition

Initial partition

0.0010

0.0017
0.0028+
0.0046+

0.0077+

0129+

0215+

0359+
0.0599- mm

S S =
Prior intra-specific divergence

Figure 6. Automatic partition of the studied sequence data set as resulted from Automatic Barcode Gap Discovery (ABGD)
analysis. The number of groups inside the partitions (primary and recursive) is reported as a function of the prior limit

between intra- and interspecies divergence.
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Implication of the Population Status

As mentioned above, the phenotypic and genetic
differentiations that achieved for the studied
populations support the hypothesis that the observed
morphological differentiation among the three
drainages has probably resulted by the genetic
divergence because of the geographic speciation.

The studied specimens from the Southern
Caspian Sea drainage formed two clusters. Cluster |
comprises the specimens from Talar (M70, M71,
M75), Tajan (M62, M63, M74, M628), and Babolrud
(M68, M73, M682, M107) Rivers. All these rivers are
located at the northeastern part of the Southern
Caspian Sea drainage (Figure 1 and Figure 5). Cluster
Il contains individuals from Abhar (M76),
Divandarreh (M66-M67), and ldaghamush (M72)
Rivers. These rivers belong to the western part of the
drainage (Figure 1 and Figure 5). However, this
clustering was not supported by high bootstrap values.
Therefore, intra-specific genetic divergence is likely
for the populations from this drainage. This finding is
also supported by the ABGD analysis.

Almaca (1983) has recognized two subspecies
from lIranian drainages; i.e. Barbus lacerta lacerta
from the Tigris-Karoun basin and Barbus lacerta cyri
from the southern Caspian Sea drainage. The
morphological and phylogenetic analyses in the
present study confirm this finding. The populations
from Tigris-Karoun drainage display slightly more
numbers of gill rakers i.e., 9.07 (£075) vs. 7.27
(£0.87) in Orumiyeh and 8.25 (+0.86) in South
Caspian Sea drainage (Table 6).

Berg (1948-1949) reported the South Caspian
Sea drainage specimens as B. lacerta cyri. The type
locality of this subspecies is from Kura River (valid
name is now Barbus cyri). Another valid species is B.
armenicus Kamenskii, 1899. Its type locality is Kars
Cayr and Cildir Lake (Aras River drainage, Turkey).
It differs from B. cyri by more ossified last
unbranched dorsal fin ray, more fleshy lower lip and
developed both lateral and middle lopes (Turan,
unpublished data). We examined the specimens from
South Caspian Sea. They are similar to B. cyri
regarding of the last unbranched dorsal fin ray, and
both lateral and middle lopes. Therefore and because
the specimens from the drainage of South Caspian
Sea clustered with B. cyri from Kura River, we
considered populations from this basin as B. cyri.

The populations from Orumiyeh drainage have
been collected from the south part of the basin, and
display relatively a short and deep head. In addition,
the lateral line series scales show relatively higher
range than those populations from the South Caspian
Sea drainage (49-84 in Orumiyeh vs. 51-74 in South
Caspian Sea). Saadati (1977) considered the
populations from this basin as distinct taxa. Our study
supports this suggestion as the lateral line series
scales are significantly higher in Orumiyeh drainage
i.e. 70.03 (£6.01) vs. 60.43 (+5.23) in South Caspian

Sea drainage. Accordingly, the examined specimens
from the Orumyieh basin are suggested as Barbus sp.
However, it seems that the populations from the north
parts of this basin display a different form particularly
in having longer and flattened head than those from
south part (shorter and deeper head). Therefore, those
populations from the north part of the Orumyieh basin
may be distinct taxa, which should be examined with
more materials from Orumiyeh, and it should be
compared with Barbus lacerta and B. cyri.

Based on the analysis of the meristic characters
(numbers of lateral line series scales and gill rakers),
the examined specimens from Tigris drainage in
Turkey, are close to the Iranian Tigris—Karoun
drainage (Table 6).

The type locality of B. lacerta is Kueik River
(very closed to Euphrates River). Therefore and
because of the close relations of the Iranian Tigris-
Karoun specimens with those from Tigris- Euphrates
River basin, the Tigris-Karoun populations can be
accepted as B. lacerta.

As results, the distinctness of the populations
from the three isolated drainages has been supported
from both the morphological and molecular
evidences. The observed differences however are
supported when ABGD analysis was applied.

Geologic History, Fragmentation of Populations
and Biogeographic Routes

It is well known that biogeography and
taxonomic identity of this complex has been the
subject of debate for decades (e.g., Almaca, 1981;
Esmaeili et al., 2010; Coad, 2013). Prior to date, the
most studies on this species complex were limited to
the morphological data and geographical distribution
in local area (Valiallahi, 2006; Karaman, 1971; Berg,
1948-1949; Saadati, 1977). However, few studies
have recently applied molecular evidence (e.g.,
Tsigenopoulos et al., 2003; Tsigenopoulos and
Berrebi, 2002), although they did not focus on B.
lacerta.

As mentioned above and according to both
morphological and molecular characters, both Barbus
cyri and B. lacerta are known to present within the
Iranian. The recent studies have suggested that active
geological history of the Zagros Mountains has
considerably influenced diversification of the animals
in the studied region especially reptiles and freshwater
fishes (Rastegar-Pouyani and Nilson, 2002; Hrbek et
al., 2006; Teimori et al., 2012). It is particularly true
in the case of freshwater fishes because of their
especial pattern of distribution, in which geologic
divergence can act as a major physical barrier and
produce several allopatric populations.

Here we have provided a brief overview on the
geological history of three drainages to discuss the
possible role of geological history on isolation and
diversification of the studied populations.

It is well known that Iran is a geologic active
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region (Dercourt et al., 1986; Allen et al., 2004), and
its geological history has led to rapid isolations of
multiple areas (Shorschchikov et al., 1981; Dercourt
et al., 1986; Hatzfeld et al., 2010). These events have
probably provided an excellent condition for the
speciation of different animal taxa (Macey et al.,
1998; Rastegar-Pouyani and Nilson, 2002; Hrbek et
al., 2006).

The mountain systems of the lIranian plateau
were formed on Pre-Eocene plate boundaries by the
Indian and Arabian collision (Abdrakhmatov et al.,
1996). In the beginning of the Pliocene (5 MYA), the
Arabian plate accelerated separation from Africa
(Girdler, 1984) and mountain building on the northern
and southern margins of the Iranian plateau occurred
and finally the mountain belts surrounded the north
(Alburz) as well as the west and southwest (Zagros)
of the Iranian plateau, where the populations of this
species complex are currently distributed.

As a biogeographic point of view, the Barbus
fauna of the studied drainages has been influenced by
different zoogeographic regions (Saadati, 1977). It
has been suggested that Anatolia has received its
fauna from Europe after colonizing during the
Oligocene, and then palearctic elements have
migrated to the southwest Asia through Anatolia
(Almaga, 1983, 1986). Moreover, the closing of
eastern connection of Paratethys during the late
Miocene (10 MYA), has triggered an exchange of
Barbus elements between the Iranian plateau and
Anatolia, so that this event facilitated dispersion of
Barbus population directly from Anatolia to the
Iranian drainage systems.

Because of the present-day geographical feature
of Tigris drainages in Turkey, Iraq and Iran and
possible inter-connection, therefore it is probable that
Tigris-Karoun drainage in Iran has directly received
its populations from the southwest Asia. We assume
that the population of Tigris-Karoun drainage is
probably different from those of Orumyieh and South
Caspian Sea. This assumption is also supported by the
fact that the individuals of Tigris-Karoun drainage in
Iran showed the highest differentiation with regard to
the morphological and molecular characters than two
others (Figure 4 and Figure 5).

Based on a total-evidence approach including
geologic history of the region (Sborschchikov et al.,
1981; Dercourt et al., 1986; Hatzfeld et al., 2010),
present biogeographic distribution of the populations
and the morphological as well as molecular
characters, we conclude that fragmentation of the
geographic unites owing to vicariance events since
approximately 5-10 MYA are probably the major
factors that influenced diversification of this species
complex within Iranian the drainages.
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