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Petroleuciscus borysthenicus is a species with a wide distribution from the eastern, western, and northern Black Sea and Azov Sea
basins, the Aegean Sea basin, and Northwestern Tiirkiye. However, there has been relatively little attention on the genetic
variability of this species in their native distribution range, and nearly no study has been conducted in Tirkiye despite its
importance in biodiversity. The aim of this study was to elucidate the genetic variability and population structure of
P. borysthenicus from Northwestern Tirkiye using an integrated molecular method. A total of 72 specimens were collected from
13 localities in the Northwestern part of Tirkiye. A total of six haplotypes were identified in all specimens. A relatively low level of
genetic variability was found for P. borysthenicus throughout the study region based on the indices of genetic diversity including
haplotype diversity and nucleotide diversity for the cytochrome oxidase subunit I (4 =0.507, = 0.0027). The pairwise Fg values
between the samples ranged from —0.123 to 1.000. Furthermore, our results revealed no provable recent demographic expansion
for P. borysthenicus from Northwestern Tiirkiye. However, more studies using additional geographic sampling and molecular
analysis are needed to enhance our knowledge of the diversity and distribution of this species.

1. Introduction

There are nearly 300 native fish species in Anatolia, of which
more than one-third are endemic, making it a biodiversity
hotspot for freshwater fish species [1]. Several factors
threaten this native fauna, including pollution, non-native
species introductions, dam constructions, drainage, and
overabstraction of water [2]. At this point, genetic diversity
can help to estimate which species are most likely to adapt to
future environmental changes [3]. Understanding how
patterns of genetic variation change among fish can help
identify species that may be particularly vulnerable to

extinction and predict which species will likely adapt to
future challenges [4].

Loss of genetic diversity is a major issue in conservation
biology as it can inhibit a species from replying to natural
selection and restrict its evolutionary influence [5].
Knowledge on genetic diversity helps authorities to make
decisions on whether they should elaborate on the re-
constitution of ideal habitat areas as stepping stones between
present habitats, even on the conservation or expansion of
current habitats to maintain genetic diversity and accord-
ingly viability of the populations [6]. Translocation of the
species or geographical isolation can affect the movement of
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individuals and groups among native populations, altering
the patterns of genetic differentiation due to gene flow. This
can significantly impact the temporal and spatial dispersion
of genetic diversity and the evolutionary advancement of
native populations [7]. Isolation periods associated with
environmental and geographical distances might create
great demographic and genetic results for populations
within species dispersion ranges [8]. Historical events of
range extension and constriction may also change existing
isolation impacts and influence genetic structure [9]. All
these mechanisms may act alone or in synchrony, and their
significance can change contingent on the spatial scale of the
survey.

With the new techniques developed in the twenty-first
century, the completion of morphology-based studies with
molecular analyses allows significant changes in the char-
acterization/classification of organisms. Species previously
classified under the genus Leuciscus Cuvier, 1816, have been
reclassified into the genus Petroleuciscus [10]. This genus,
which extends eastward from the Black Sea and eastern
Aegean drainages to Iran and Uzbekistan [11], now com-
prises five valid species [12, 13] including Petroleuciscus
aphipsi (Aleksandrov, 1927), Petroleuciscus borysthenicus
(Kessler, 1859), Petroleuciscus ninae [14], Petroleuciscus
smyrnaeus (Boulenger, 1896), and Petroleuciscus squa-
liusculus (Kessler, 1872). Currently, three species of this
genus are recognized in the inland waters of Tirkiye. Pet-
roleuciscus borysthenicus is found in the lotic and lentic
systems of the Black Sea, Marmara, and northern Aegean Sea
basins, and P. smyrnaeus and P. ninae are found in western
Anatolia [14, 15]. Despite the known impact of habitat di-
vergence and geographical isolation on speciation [16],
studies on the genetic variation of P. borysthenicus remain
limited [11, 14, 17, 18]. Therefore, this study aims to
characterize the genetic variability and population structure
among populations of P. borysthenicus in Northwestern
Tirkiye through the analysis of a partial mitochondrial
cytochrome oxidase subunit I (COX1) gene region. Thus,
constructing DNA sequence libraries and understanding
genetic variability are essential to developing more effective
management programs and conservation strategies for na-
tive fish species.

2. Materials and Methods

2.1.Study Area and Sampling. Fish samples were collected by
electrofishing with SAMUS 725MP and 1000 portable
electroshockers. The sampling sections, approximately
100 meters in length, were surveyed against the direction of
water flow. Immediately after capture, fish specimens were
anesthetized with clove oil and fixed caudal fin in 99%
ethanol for molecular analyses. All the specimens were fixed
with a 5% formalin solution for morphological analyses for
turther studies. The field surveys were conducted in a total of
13 sampling sites (shallow and small streams) encompassing
the Marmara and Meri¢-Ergene river basins (Figure 1,
Table 1). In addition, one sampling site was on Gokgeada
Island, an isolated ecosystem (Figure 1, Table 1). Each
population’s abbreviation is derived from its initials (e.g.,
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“ES” for Efendi Stream), and these abbreviations are con-
sistently used throughout the text. The map was created
using the QGIS v. 3.4 software (available from https://qgis.
org).

For molecular analyses, sampling sites were grouped
according to the geographical position of the species by
taking into account the geological history of the region
[11, 19, 20]. Group 1 encompasses streams in the Marmara
Basin that flow into the Black Sea without connection,
Group 2 includes streams flowing into the Marmara Sea
without interconnection, and Group 3 comprises Meric-
Ergene Basin streams that flow into the Aegean Sea (see
Table 1).

2.2. DNA Extraction. For 72 collected specimens, total ge-
nomic DNA was isolated from muscle and caudal fin tissues
for the specimens using a modified Lifton method [21]. DNA
concentration and quality were checked using the Nano-
Drop ND-1000 spectrophotometer and visualized using 1%
agarose gel electrophoresis. The final DNA concentration of
all samples was set to 25ng/ul. DNA samples were used
either immediately in a polymerase chain reaction (PCR) or
stored at —20°C.

2.3. PCR and Sequencing. The primer pairs were used for the
amplification of the COX1 gene region: FishF1-5'TCA
ACCAACCACAAAGACATTGGCAC3', FishR1-5'TAGAC
TTCTGGGTGGCCAAAGAATCA3' [22]. DNA amplifica-
tions were performed in 25 yl volumes, each containing: 2 yl of
10X Taq Buffer with KCl (100 mM Tris-HCl, 500 mM KCl,
pH 8.8), 2 ul of MgCI2 (25 mM), 1 pl of ANTPs (10 mM), 1 pl of
each primer (10 pM/ul), 1U of Taq polymerase (5 U/ul), and
2 ul of DNA (50 ng/ul). PCR amplifications were performed in
an Eppendorf Mastercycler® with the following cycling con-
ditions [23]: initial denaturation at 95°C for 5 min followed by
35 cycles consisting of denaturation at 95°C for 1 min, primer
annealing at 56°C for 1 min, primer extension at 72°C for 1 min,
and final extension step at 72°C for 10 min. To verify the size of
the amplified region and assess potential contamination, all
PCR products were visualized under UV light after electro-
phoresis on 1.5% agarose gels. Sanger sequencing was per-
tormed by BM Labosis (Ankara, Tirkiye) using ABI 3730XL
DNA Analyzer (Applied Biosystems, USA).

2.4. Data Analysis. Nucleotide sequences were trimmed and
assembled using Geneious 8.1 [24]. Multiple sequence
alignments were created using ClustalW algorithm in
MEGA X [25] and deposited in GenBank database under
accession numbers MZ350082-MZ350083, MZ350086-
MZ350087, and MZ350799-MZ350800. The number of
haplotypes (H), haplotype diversity (h), and nucleotide di-
versity (m) were determined using Arlequin 3.5 [26] and
DnaSP 6 [27]. A haplotype network for COX1 was con-
structed to visualize interhaplotype relationships, employing
the median-joining (M]) method with PopART 1.7 [28]. This
network incorporated previously identified haplotypes of
P. borysthenicus from various global localities.
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FIGURE 1: Sampling sites in the study area (Northwestern Tiirkiye).

TaBLE 1: Data on the sampling sites of Petroleuciscus borysthenicus in Northwestern Tirkiye.

Coordinates

Province, basin

Sampling time

41.927050, 27.908495
41.663563, 27.977719
41.313644, 28.248347
41.123792, 29.251743
41.145747, 29.591917

Kirklareli, MB-1
Kirklareli, MB-1
Istanbul, MB-1
Istanbul, MB-1
Istanbul, MB-1

August 2017
August 2017
March 2013
July 2017
August 2016

41.050463, 27.734301
41.175352, 28.023172
41.124713, 28.170686
41.151158, 28.471280
41.185990, 28.988924
41.250402, 28.652261

Tekirdag, MB-2
Istanbul, MB-2
Istanbul, MB-2
Istanbul, MB-2
Istanbul, MB-2
Istanbul, MB-2

July 2017
April 2016
April 2016
April 2016
May 2017
April 2017

Locality no. Locality Sample size
Group_1

1 Efendi stream 5
2 Pabuc stream 5
3 Danamandira stream 7
4 Cumbhuriyet stream 5
5 Karaman stream 5
Group_2

6 Hacimurat stream 5
7 Degirmenkdy stream 5
8 Kula stream 5
9 Catalca stream 5
10 Bahgekdy stream 5
11 Baklali stream 5
Group_3

12 Teke stream 5
13 Sahinkaya stream 10

41.606913, 27.040950
40.115888, 25.774619

Kirklareli, MEB
Canakkale, AS

August 2017
September 2019

AS: Aegean Sea, MB-1: Marmara Basin flows into the Black Sea, MB-2: Marmara Basin flows into the Marmara Sea, MEB: Merig-Ergene Basin.

The analysis of molecular variance (AMOV A) with 5000
permutations was performed to test the population genetic
structure of P. borysthenicus in Northwestern Tirkiye. To
quantify the genetic divergence, we computed pairwise Fgp
(fixation index) values between populations with 5000
permutations. AMOVA and Fg; values were calculated in
Arlequin 3.5 [26].

The neutrality tests Fu’s Fs [29] and Tajima’s D [30] were
conducted in Arlequin 3.5 [26] to infer the demographic
history of the species from the study area. The significance of
these tests (p values) was calculated by developing 1000
simulations. Historical changes in effective population size
were also investigated using the mismatch distribution
(MMD) analysis in DnaSP 6 [27]. The validity of the
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TABLE 2: Summary statistics of genetic variation parameters estimated with p value for Petroleuciscus borysthenicus populations.
Group Population Code N H h 1 D F, SSD H,
Efendi stream ES 5 HI-H2  0600+0.031 0.0019+0.00003 1.459™°  1.688™°  0.196* 0.880™°
Pabug stream PS 5 H2 0 0 oNS NA oNA oNA
Group 1 Danamandira stream DS 7 H1 0 0 oNs NA oNA oNA
Cumbhuriyet stream  CS 5 H1 0 0 oNS NA oNA oNA
Karaman stream KS 5 H1 0 0 oNs NA oA oNA
27 2 0.399+0.025 0.0013+0.00002 02925 0.338%*  0.039* 0.176™°
Hacimurat stream  HS 5 H3 0 0 0 NA oA oNA
Degirmenkdy stream DKS 5 H1 0 0 oNs NA oNA oNA
Group 2 Kula stream KLS 5 H4 0 0 oNs NA oNA oNA
up Gatalca stream CTS 5  HI-H4  0.400%0.056 0.0025+0.00008 -1.094"° 2202™ 0.110™ 0.680™°
Bahgekdy stream BKS 5 H1 0 0 oS NA oNA oNA
Baklali stream BS 5 HI-H4-H5 0.8000.027 0.0044 M 1.124™ 1220 0.113% 0280
30 4 0.637+0.038 0.0031+0.00005 0.005"°  0.570™*  0.037"° 0.160™°
Teke stream TS 5 H1 0 0 oNs NA oNA oNA
Group 3 . * NS NS NS
Sahinkaya stream SS 10 HI-H2-H6 0.378+0.033 0.0010+0.00002 -1.562* —0.459"™° 0.004"° 0.222
15 3 0.590 +0.020 0.0018+0.00001 —0.781N°  —0.229™* 0.002% 0.111"°
Total 72 6 0.507+0.052  0.0027+0.0003 —0.006™°  0.358"*  0.033™ 0.159"°

N: number of sequences, H: number of haplotypes, h: haplotype diversity, 7: nucleotide diversity, D: Tajima’s neutrality test, F: Fu’s neutrality test, SSD: sum

of squares differences in mismatch analysis, H,;: Harpending’s raggedness index (" not avaliable; Mnonsignificant, * P < 0.05; = significant).

estimated demographic model was tested using the sum of
squared deviations (SSD) of observed and expected mis-
match [31] with a parametric bootstrapping approach using
5000 replicates. Deviations from the estimated demographic
model were evaluated using the tests of Harpending’s rag-
gedness index (H ;) [32] in DnaSP 6 [27].

3. Results

A total of 72 P. borysthenicus specimens were sequenced for
the mitochondrial COX1 barcode region (630bp). In 72
specimens, six haplotypes were obtained, and the aligned
sequences exhibited 7 variable sites (2 singleton and 5
parsimony informative sites).

Summary statistics of genetic variation parameters of all
examined populations are given in Table 2. Haplotype di-
versity (h) ranged from 0 to 0.800 with the total entire value
of 0.507 £0.052. Nucleotide diversity (m) among the pop-
ulations varied from 0 to 0.004 with an overall value of
0.003 +£0.0003. The total number of haplotypes (H), h, and 7
values for the three groups were H=2.00, h=0.399 + 0.025,
and 7=0.001+0.00002; H=4.00, h=0.637+0.038, and
7=0.003+0.00005; H=3.00, h=0.590+0.020, and
7=0.002 + 0.00001, respectively.

The pairwise Fg values of 13 populations ranged from
—0.123 (between DKS and KLS; p>0.05) to 1.000 (among
BS, CS, DS, HS, KS, PS, TS, BKS, and CTS; p <0.05; see
Table 3). The results also indicated statistically significant
population differentiation (Fg =0.7446).

The analysis of molecular variance (AMOVA), which
was carried out with the collected specimens divided into
three groups based on geographical positions that shaped
their dispersal patterns. Partitioning of genetic diversity by
AMOVA (Table 4) using grouped populations revealed that
out of total genetic diversity, most of the COX1 diversity was
distributed among populations (56.87%); remaining

diversity was distributed within populations (21.75%) and
among groups (21.138%), with fixation indices (Fg = 0.7446,
F¢-=0.1087, and F-=0.7135). AMOVA, which was per-
formed with the specimens divided into three groups,
revealed that a significant percentage of genetic variation
(56.87%; Fg- =0.1087; p < 0.05) in the COX1 barcode region
of P. borysthenicus arose from genetic differences among
populations within groups rather than variation within
populations (21.75%; Fgr=0.7446; p<0.05) or among
groups (21.38%; F-r =0.7135; p <0.05).

Genetic relationships among the six observed haplotypes
in 13 populations as well as the haplotypes from previous
studies were determined using a median-joining haplotype
network (Figure 2). Furthermore, the distribution and fre-
quency of P. borysthenicus haplotypes in the studied pop-
ulations were shown in the supplementary material. The
results showed that two haplotypes (H5 and H6) detected in
the studied Turkish samples were elucidated for the first time
in this study, and the other four haplotypes (H1, H2, H3, and
H4) were shared as well as the localities from the previous
studies. Additionally, P. borysthenicus samples used in this
study and the haplotypes and distributions of the samples
registered in GenBank were presented in Table 5. Two
haplotypes (H1 and H2) were the most common and
widespread variants, seen in 79.17% of the specimens studied
from Northwestern Tirkiye.

The nonsignificant values for the neutrality tests (Taji-
ma’s D and Fu’s Fs) revealed that the polymorphism re-
sultant is COX1 coincidental and is not under pressure
(Table 2). The results of the mismatch distribution for
Turkish P. borysthenicus populations indicated demographic
equilibrium (Figure 3). However, the sum of squared de-
viation (SSD) and Harpending’s raggedness index (Hri)
values rejected the demographic stability of all populations
(Table 2). As a consequence, the multimodal mismatch
distribution, nonsignificant neutrality tests, genetic variation



Journal of Applied Ichthyology

- +16L°0 +16L°0 +048°0 +106°0 +885°0 +£CS°0 1640 1640 +16L°0 +S18°0 ¥80°0— €€€0 SS weans edequIyes ¢ dnoin
— 000°0 +000°T +000°'T 0000 o 0000 000°0 000°0 0000 +000°T 0SC°0 SL wreans 3],
— +000'T +000°'T 0000 [444ll) 0000 0000 0000 0000 +000°T 0ST°0 Sd wean)s 1epfeq
- +000°T +C69°0 LTI¥'0 +000°T +000°T +000'T +000°T +000°T +008°0 S weans Aoyadyeq
- «082°0 970 +000°'T «000°'T +000°T +000°T +000°T +058°0 S1O weans edfeye) ¢ dnoin
— €Cro—- 0000 0000 0000 €20°0 +L99°0 820°0 ST wreans eyny|
— o o o «70€°0 +€€59°0 €Cro A weans Lguawndaq
— 0000 0000 0000 +000°T 0SC°0 SH ureans jeinusey
— 0000 0000 +000°T 0SC°0 A ureans ueureredy
— 000°0 +000°T 0ST0 SO weaiys JpAunywny
- 0001 1€€°0 Sa weal)s elipueweueq 1 dnoin
— 00S°0 sd weans dSnqed
— Sq weax3s Ipuayg
SS SL Sd Sd S1O ST SAa SH S SO Sa Sd Sq opoD uonemdod dnoin

'50°0d , uonenuaioyip uonemndod jo soueoyrudis o) pue ejep 1XOD uo paseq suonemndod snoiuaygsdioq snasnajoigag parpnis oY) Juowre sanfea LS asimareq ¢ a1avy,



6 Journal of Applied Ichthyology

TaBLE 4: AMOVA for the three basin groups of Petroleuciscus borysthenicus from Northwestern Tiirkiye based on mitochondrial COXI.

Sou.rc.e of d.f. Sum of squares Variance components Percentage variation Fixation indices
variation

Among groups 2 10.776 0.1810 Va 21.38 Fer 0.7135
Among populations 10 28.666 0.5389 Vb 56.87 Fg- 0.1087
Within populations 59 10.962 0.1967 V¢ 21.75 F¢r 0.7446
Total 71 50.404 0.9165

[

Present Study Bulgaria

I Tirkiye Bl Georgia
Greece I Romania
Russia

F1GuRre 2: Haplotype network for COX1 sequences of Petroleuciscus borysthenicus. Haplotype names and their distributions by countries are
presented in Table 5. Mutational steps are shown with hatch marks. Unique haplotypes determined in this study are shown underlined in

Table 5.

TaBLE 5: Novel and previously published GenBank accession numbers for the COX1 haplotypes of Petroleuciscus borysthenicus used in

this study.
Haplotype Country Location GenBank Acc. no. References
Tirkiye Efendi stream Present study
Danamandira stream Present study
Cumbhuriyet stream Present study
Karaman stream Present study
Degirmenkdy stream Present study
Catalca stream MZz350082 Present study
Bahgekoy stream Present study
H1 Baklali stream Present study
Teke stream Present study
Sahinkaya stream Present study
Karamandere stream MF362192 [14]
Bahgekdy stream MF362193-MF362196 [14]
Camagir stream MF362197, MF362198 [14]
Lake Sapanca MG775382 [33]
Bulgaria Orljaska drainage KJ554175, KJ554232 [17]
Tirkiye Efendi stream Present study
Pabug stream MZ350083 Present study
H2 Sahinkaya stream Present study
Russia Kherota River MG775381 [33]
Romania Lake Somova MG775380 [33]
Georgia Gubistskali River KX516732, KX516733 [34]
H3 Tirkiye Hacimurat stream MZ350086 Present study
Ergene River MF362190, MF362191 [14]
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TaBLE 5: Continued.
Haplotype Country Location GenBank Acc. no. References
Tirkiye Kula stream Present study
Catalca stream MZ350087 Present study
Baklali stream Present study
Ha Bakakak stream HM560280 [11]
Sakar stream MF362183-MF362186 [14]
Cmarcik stream MF362188, MF362189 [14]
Bakacak stream MG775379 [33]
Greece Fotolivos stream HM560281 [11]
H5 Tirkiye Baklali stream MZ350799 Present study
Heé Tirkiye Sahinkaya stream MZ350800 Present study
H7 Tirkiye Capraz stream MF362187 [14]
HS Greece Strymon River MG775383 [33]
Agios Vjanis River MG806855 [35]
Underlined haplotypes are detected for the first time.
T T
20 25

FIGURE 3: Mismatch distribution for COX1 haplotypes in Petroleuciscus borysthenicus under a model of population growth/decline. The
observed and expected frequencies are represented by different colored lines.

values, and the occurrence of a few shared haplotypes among
the populations indicated proof of a demographic equilib-
rium in P. borysthenicus located in the studied river basins in
Tirkiye. Estimates of Tajima’s D (D =-0.006; p >0.05) and
Fu’s Fs (F,=0.358; p>0.05) were detected in some pop-
ulations (i.e., BS, CTS, ES, and SR), but none of these de-
viations from neutrality were statistically significant (except
the D value in SR; see Table 2). Results of the mismatch
distribution analysis for the studied Turkish P. borysthenicus
populations revealed a tendency to multimodal and ragged
shape (Figure 3). Except for ES, estimates of both sums of
squared deviation (SSD =0.033) and Harpending’s ragged-
ness index (Hri=0.159) were nonsignificant in the studied
populations (p >0.05; Table 2).

4. Discussion

In the present study, the genetic structures of
P. borysthenicus populations from Northwestern Tirkiye
were investigated. There is only one recent study on the
molecular phylogeny of Petroleuciscus species from Tirkiye

[18], where different Petroleuciscus species (P. borysthenicus,
P. smyrnaeus, and P. ninae) were analysed for their mito-
chondrial cytochrome b (cyt b) gene variation, and
a monophyletic group distinguishable from its sisters has
been determined.

The observed values of mitochondrial COX1 variation
including the haplotype and nucleotide diversity were rel-
atively low (h=0.507, m=0.0027) for P. borysthenicus
throughout the study area (Table 2). Consistent with our
findings, low levels of COX1 variation have been reported in
different freshwater fish species by several previous studies
such as Carasobarbus luteus (h=0.534, m=0.0037; [36]),
Carassius gibelio (h=0.500, w=0.0127; [37]), Cyprinus
carpio (h=0.556, m=0.0003; [37]), and Squalius aradensis
(h=0.435, m=0.0008; [38]). Habitat disruption and heavy
fishing are widely recognized as principal factors reducing
aquatic genetic variation [39]. The lower genetic variation
values observed in some studied populations (e.g., CS, KS,
DKS, and TS; see Table 2) might be associated with genetic
bottleneck [40] or suggest that populations have been
founded by a few individuals [41]. On the other hand, habitat



loss and destruction usually result in small, isolated pop-
ulations fragile to environmental disruption and loss of
genetic variation [42, 43]. The disturbance history (e.g.,
water pollution, habitat disruption) in the studied river
basins could lead to bottlenecks compounding genetic drift
due to fragmentation. Compared to other streams, CS and
KS (in Group 1) exhibit low genetic variation and may be
more susceptible to human-induced pressure and pollution
owing to their proximity to human settlements. Likewise, the
dam built on DKS (in Group 2), which has low genetic
diversity, may have caused habitat destruction and decreased
gene variation. Finally, the TS (in Group 3) flows into the
Ergene River, where heavy pollution is observed, again
under anthropogenic pressures [44]. Thus, habitat de-
struction occurs here as a result of pollution. This prediction
can be confirmed by the fact that the SS (in Group 3) has
higher genetic variation than other populations and, as an
island locality, is less affected by human activities than other
locations. In the meantime, dispersal patterns and significant
transposition rates are required for conserving species’ ge-
netic variability [45].

The haplotype network did not indicate a significant
phylogeographic structure in P. borysthenicus from
Northwestern Tirkiye. The glaciations of the Pleistocene
played a significant role in the present European dispersal of
the leuciscine, and more recent origins were identified for
some leuciscine taxa after colonization from glacier refuges
(e.g., Danube basin; see [46]). Although the other rivers of
the Black Sea basin could have also played a role as a glacial
refuge for freshwater fish fauna [11], it was argued that
during its freshwater stage, the Black Sea did facilitate free
dispersion of freshwater fishes now living in rivers entering
the sea [19, 47-49]. On the other hand, molecular-based
studies indicate that some fish species, such as Rutilus frisii
[50] and Vimba vimba [51], were widely spread in the Black
Sea basin during its freshwater stage and it was predicted
that this was also the case for other species, such as Abramis
brama, Blicca bjoerkna, and Scardinius erythrophthalmus,
because these are currently widespread and inhabit in many
rivers flowing into the Black Sea. It was very likely that these
species were able to spread from one Black Sea tributary to
the other, and their populations only became meshed from
each other later on due to the increased salinity of the Black
Sea water [52]. This dispersal pattern was also obvious in
Petroleuciscus inhabiting the Black Sea basin. Therefore, the
observed heterogeneity in the Turkish sequences of
P. borysthenicus was anticipated. Although it is known that
the study area, which comes to the lower limit of the natural
range of the species, is very narrow and separated from each
other by geographical barriers, this haplotype distribution is
considered to be possible. Additionally, the fact that all
haplotypes differ by only a single mutational step may in-
dicate the limited nucleotide data for the species in Gen-
Bank. Consequently, no definitive conclusions can be drawn
about the species’ distribution pattern.

The pairwise Fg; values, which is an indicator of pop-
ulation differentiation, for 13 populations indicated high and
significant genetic differentiations among the study pop-
ulations except for some population pairs (e.g., between CS
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and DS, ES and KLS, HS and KS, PS and SR, DKS and KLS).
The significant F¢ values and low genetic variability in most
samples indicate the fixation of some haplotypes in the
majority of samples (i.e., differences in haplotype frequen-
cies). The presence of significant genetic variations among
populations is an indication that there were low levels of
gene flow between populations and/or that these pop-
ulations were historically isolated [53]. High genetic
structuring found in this study was not directly related to the
geographical distance, but there is an obvious connection
with the water basins where they entered. The same results
were found for another freshwater fish, Gambusia holbrooki
in Australia, where genetic diversity was low and there was
proof of bottleneck events for some populations in a river
basin posing obvious barriers to fish translocation [54].
Additionally, similar results were found in other freshwater
fish species Rhodeus amarus [55] and Paracapoeta trutta
[56] in Tirkiye. Furthermore, AMOVA analysis confirmed
obvious genetic differentiation (56.87%) among populations
of P. borysthenicus in Northwestern Tirkiye (Table 4). The
AMOVA analysis also reported for Pelasgus marathonicus
and P. stymphalicus [57] indicated that the genetic differ-
entiation (52.11% and 58.34%, respectively) was due to
differences among populations.

In conclusion, this study presents a genetic character-
ization survey for P. borysthenicus in Northwestern Tiirkiye.
Genetic analysis of sampled populations suggested low
genetic variability despite relatively high population struc-
turing (due to the difference in frequency of haplotypes
between localities). Due to the findings, COX1 variations of
diversity in this species are thought to be the legacy of
historical events. Further studies using additional sampling
and molecular markers are needed to enrich our un-
derstanding of the diversity and distribution of this species.
If the results of the present study are evaluated by public
institutions, the management events can be better arranged
on these native species. Building DNA barcode libraries and
understanding species’ genetic diversity could be used to
develop more effective management programs for non-
native species and conservation strategies for native spe-
cies. ~ Additionally, future molecular studies on
P. borysthenicus should consider a wider geographical scale
with more populations, including founder populations and
their distribution mechanisms over the countries.
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