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Abstract — In this study, the genetic relationships of 804 tarek (Alburnus tarichi) samples from a total of 18
populations, including the potamodromus and resident individuals from Lake Van basin in eastern Turkey,
were studied by using nine microsatellite loci. A total of 93 alleles was detected, and the average number of
alleles per locus was 10.3+3.39. The mean estimated observed and expected heterozygosity were
0.340£0.016 and 0.362+0.015, respectively, which indicated a low level of polymorphism. After
Bonferroni correction (P < 0.0027), the multi-locus test applied to each population revealed that 12 out of 18
populations were in Hardy-Weinberg equilibrium (HWE) (P=0.0120-0.9981). Analysis of molecular
variance (AMOVA) showed more than 76% genetic variability within individuals and 19% among
populations, which was significantly higher than zero (Fs=0.19), and furthermore, a low level of genetic
variation was observed among individuals within populations (4.84%: Fig=0.06). Bayesian clustering
analysis indicated that the total genetic variation grouped into 3 clusters. Additionally, the significance test
results revealed that 11 of the 18 populations are threatened with extinction due to recent bottleneck events.
We conclude that the tarek populations from the Lake Van basin can be classified into distinct genetic
groups, based on microsatellite information. In addition, our results provide essential information for the
development of a management plan that conserves the tarek’s genetic diversity and achieves a sustainable

fishery.
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1 Introduction

Alburnus tarichi (Guldenstadt, 1814), commonly called
tarek, belongs to the piscine family Cyprinidae. It is endemic to
the Lake Van basin in the provinces of Van and Bitlis in the far
east of Turkey and is regarded as an economically important
species. It lives in lakes, reservoirs and streams in those areas.
Tarek has different populations, including those in Van, Ergek,
Aygir, Nazik and Kockoprii Lakes (Elp et al., 2014; Sen et al.,
2015). However, the largest habitat of the tarek is Lake Van,
which is the largest soda lake on earth, with a pH of 9.7-9.8
and a salinity of 22.4%., receiving water from many small
streams that descend from the surrounding mountains. The
ratios of chemicals that create the saline environment are 42%
NaCl, 34% NaCO3, 16% Na2S04, 3% KSO4, and 2.5%
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MgCO3 (Ciftgi et al., 2008; Yigit et al., 2017). The mature
individuals of the tarek living in this lake enter the
riversbetween May and June for breeding purposes (Elp
et al., 2014).

The total tarek catch in Turkey was around 20 000 tonnes in
1998, while the catch fell to around 9945 tonnes in 2018 (FAO,
2020). The total population size of A. tarichi has exhibited
significant decline during recent decades, mainly due to
overfishing, environmental degradation and the loss of natural
spawning grounds, and it is regarded as a “Near Threatened”
species on the IUCN Red List (Freyhof, 2014). Sar1 (1997)
stated that a large part of the tarek fishing effort is carried out in
the period when the fish are migrating from the lake to the
rivers for breeding and this situation puts great pressure on the
tarek stocks.

A new management strategy is urgently needed to achieve
the conservation of the full spectrum of genetic diversity of this
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species and a sustainable fishery, with habitat protection and
strictly limiting or prohibiting fishing during the spawning
period being essential. The collection of comprehensive sets of
biological and genetic data is needed to support the
implementation of that strategy. Characterization of the
genetic variation of this fish species is necessary for the
conservation of its genetic diversity. Therefore, there is a need
for definitive information about the intra specific genetic
diversity and population structure of the species.

Despite this need, there have been only a limited number of
studies on the species, including reproduction characteristics
(Elp and Cetinkaya, 2000), growth, stock assessment and
fisheries management (Sari, 2001), distribution area (Elp et al.,
2014; Sen et al., 2015), otolith morphometry, age and growth
characteristics (Bostanci and Polat, 2011; Bostanci et al., 2015;
Saygin et al., 2017), gonadal abnormalities (Kaptaner et al.,
2016), antioxidant responses and DNA damage (Cilingir and
Oguz, 2018) and mitogenome sequencing (Kubang et al.,
2016). Previous molecular studies examining phylogeny and
systematic uncertainties of A/burnus species in Turkish inland
waters have primarily used mitochondrial DNA (mtDNA)
markers (Perea et al., 2010; Keskin and Atar, 2013; Geiger
etal., 2014; Mangit and Yerli, 2018; Bektas et al., 2020). Based
on molecular data, Mangit and Yerli (2018) reported that there
were 21 valid species in freshwaters of Turkey. The latest study
on this genus was conducted by Bektas et al. (2020). This study
identified the substantial Al/burnus species in Turkey and
clarified their interspecific relationships by using the entire cyt
b and the col gene sequences. To date, genetic studies of
populations have not been conducted specifically for
conservation purposes. Since the loss of genetic diversity
and heterozygosity in populations will decrease the potential
for the adaptation of the tarek to changing environmental
circumstances, including climate change, e.g., through reduced
reproductive capacity and resistance to diseases, populations
of this species may disappear in the future.

For these reasons, molecular genetic studies are necessary
for the determination of different populations of 4. tarichi and
to support comprehensive conservation strategies. Therefore,
this study aimed to genetically characterize the populations of
tarek as a cornerstone of efforts to maintain the full spectrum of
its genetic diversity and a sustainable fishery.

Neutral molecular markers have been frequently used in
genetic studies for conservation purposes, e. g., the
mitochondrial genome was used for A/burnus species (Briolay
et al., 1998; Ketmaier et al., 2009; Kubang et al., 2016) and
microsatellites have also been used (Longwu et al., 2013).
Although the various genetic markers for estimating genetic
variation have their advantages, the use of microsatellites is
still beneficial because they have several advantages that
researchers exploit in a wide variety of applications (Khaefi
et al.,, 2018; Kaczmarczyk, 2019; Yamazaki et al., 2020).
Microsatellite DNA markers are extensively used for the
estimation of the genetic variation between different fish
populations in which there are the high levels of polymorphism
due to small locus size, abundant in genomes and the
codominant nature of Mendelian inheritance. Also, micro-
satellites can be a useful tool for studies on endangered and/or
protected fish populations to determine the level of genetic
diversity.

Therefore, in the present study, the aim was to use nine
previously designed microsatellite markers to survey the
genetic diversity and population structure of 18 populations of
A. tarichi from the Lake Van basin in eastern Turkey. A
secondary aim was to determine the degree of population
differentiation, which is a direct effect of random genetic drift,
mutation and natural selection. This is the first investigation of
the genetic structure of A. tarichi populations and it will
provide useful baseline data for the development of manage-
ment strategies and programs that conserve the genetic
diversity of the tarek and maintain a sustainable fishing
industry.

2 Materials and methods

2.1 Sample collection and DNA isolation

Eight hundred and thirty two individuals from 18
populations of A. farichi were collected from different
localities in the Van Lake Basin, including 7 large rivers
(Karasu, Muradiye (Bendi Mahi), Delicay, Zilan, Karmug,
Gtizelsu, Engilsu), 3 lakes (Van, Er¢ek and Nazik lakes) and 1
dam lake (Kogkoprii) between 2010 and 2013. The sampling,
which involved both migratory and non-migratory individuals,
was done in two different periods. A sampling of migrating fish
was conducted in the lower parts of the rivers in May-June
when the fish were entering for breeding purposes. In addition,
non-migratory fish that had spent all their lives in rivers was
carried out in September—October after the migration for
reproduction had ended completely. Sampling was also carried
out in lakes during the same period (Fig. 1; Tab. 1). The
collected tissue samples were preserved in absolute ethanol
and kept at —20 °C until the DNA was extracted. Total DNA
extraction was performed by using the DNeasy®™ Tissue Kit
(QIAGEN, Hilden, Germany) and following the manufac-
turer’s instructions. DNA concentration and quality were
investigated by runninga DNA sample from each fish on 1%
agarose gel stained with ethidium bromide, followed by
measurement with a UV/visible spectrophotometer (BIO-
RAD, The SmartSpec Plus) at 260/280nm and stored at
—20°C until needed.

2.2 PCR ampilification and microsatellite DNA
genotyping

The individuals were genotyped by referencing nine
polymorphic nuclear microsatellite loci, namely Lsou0S,
Lsou34 andLsou05 (Muenzel et al., 2007), LceD63 and
LceC172 and LeeDT (Larno et al., 2005), Lco3 (Turner et al.,
2004) and BL1-2b and BL1-61 (Dubut et al., 2009). These
microsatellite primers were developed by researchers for
different cyprinid species, namely Luxilus cornutus (Turner
et al., 2004), Leuciscus cephalus (Larno et al., 2005),
Leuciscus souffia (Muenzel et al., 2007) and Telestes souffia
and Telestes muticellus (Dubut et al., 2009) (Tab. 2). The
microsatellite forward primers were labelled with fluorescent
dyes (6-FAM, VIC, NED, or PET). The PCRs were carried out
in three multiplex sets (SetA: LceD63, Lsou08 and Lsou34;
SetB: LceDT, BL1-2b, BL1-61 and Lco3; SetC: LceC172 and
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Fig. 1. Sampling points for Alburnus tarichi in the Lake Van basin (the numbers of the sampling locations refer to Tab. 1).
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Table 1. Details of sampling study for tarek in the Lake Van basin; sampling locations, coordinates, altitude (m) and sample numbers.

No Sampling location Abreviation Coordinates Altitude (m) Number
Latitude Longitude of samples
1 Glizelsu stream Gzls 38°28'44.31"K 42°18'33.36"D 1648 50
2 Muradiye stream” Mrd2 38°59'24.58"K 43°44'44.03"D 1673 50
3 Deligay stream? Dlc2 39° 0'9.54"K 43°28'22.63"D 1651 50
4 Delicay stream' Dlcl 39°0'18.01"K 43°28'17.11"D 1652 50
5 Engilsu stream Engs 38°2042.07"K 43°1119.87"D 1650 50
6 Lake Ergek Erck 38°3914.36"K 43°3812.67'D 1804 50
7 Ercig (Lake Van) Ercs 38°56/29.36"K 43°24'2.63"D 1647 48
8 Hasan abdal (Kog kdprii dam lake) Hsnb 39°10/33.79"K 4°21'37.33"D 1774 36
9 Kog koprii dam lake Kckp 39° 9'29.62"K 43°21'1.64"D 1772 50
10 Karmug stream Krmc 38°43'11.61"K 42°25'46.74"E 1650 50
11 Karasu stream” Krs2 38°38/59.72"K 43°16'57.23"D 1669 50
12 Karasu stream' Krsl 38°39'29.57"K 43°18'25.38"D 1675 50
13 Muradiye stream’ Mrdl 38°56'14.82"K 43°39'38.95"D 1647 50
14 Lake Nazik Nzk 38°50'49.67"K 42°20'43.64"D 1844 50
15 Tatvan (Lake Van) Ttvn 38°31'50.57"K 42°23'49.54'D 1647 24
16 Van pier (Lake Van) Vnsk 38°33/44.13"K 43°7'17.53"D 1647 24
17 Zilan stream® ZIn2 39° 3'46.46"K 43°18'39.96"D 1685 50
18 Zilan stream' Zinl 39°0'24.19"K 43°19'2.70"D 1657 50

"Migratory population.
>Non-migratory population.

Lsou05). The reaction was conducted in a final volume of 10 .l
that contained 5 pl of 2XPCR Master Mix (Promega), 5-10ng
template DNA (25-50ng/pl), 1 uM of each primer (10 pM of
each primer) and ddH2O to make up the total volume. PCR
amplifications were carried out in a PTC200 gradient thermal
cycler (MJ Research, Waltham, Massachusetts, USA) and by
using the following protocol: a preliminary denaturation step at

94 °C for 4 min, followed by 35 cycles at 94 °C for 30s, 58 °C
(56°C for Set C) for 30s and 72°C for 45s, with a final
extension at 72 °C for 5 min, followed by cooling to 4 °C. The
extension products were electrophoresed by Macrogen Inc.
(Seoul, Korea) in a capillary DNA analyser (ABI3730xl;
Applied Biosystems). The fragment size of alleles was scored
by using the GeneScan-500 LIZ Size Standard (Applied
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Table 2. Characteristics of the nine amplified microsatellite loci used in this study for population analysis of the tarek, Alburnus tarichi.

Locus Primer sequence (5'-3') Core motif Fluorescent dye Size (bp) Na Ta (°C)
Lsou08! F: GCGGTGAACAGGCTTAACTC (GM17 PET-5’ 187-195 5 56-58"
R: TAGGAACGAAGAGCCTGTGG
LceD63? F: ATGGCAGGTTAAGTGGATTG (GT)43 NED-5’ 122-160 12 56-58"
R: TGGTGGATGGAACACAATC
Lsou34' F: CCAGACAGGGTGATGATTCC (GM15 NED-5’ 228-278 10 56-58"
R: GTAGCGACGTTCAGGTCTCG
LceCl172* F: CAACTAAAAGGGGATTAATG (TG)19(TA)10 VIC-5’ 230-244 6 50
R: GTAACATGAACAAACAATGAAC
LceDT? F: CTTGAATGCTATAATGCTCTTGG (GT)22(AT)16 6-FAM-5’ 128-166 9 58
R: CACCCCGTCATTGTGTTC
Lco3® F: GCAGGAGCGAAACCATAAAT (TG)9 6-FAM-5’ 248-256 9 58
R: AAACAGGCAGGACACAAAGG
Lsou05' F: CTGAAGAAGACCCTGGTTCG (ca)17 VIC-5’ 178-200 6 58
R: CCCACATCTGCTGACTCTGAC
BLI-2b* F: TTTGCACTAGTAACGAGCATCA (TG)12 NED -5’ 142-176 13 58
R: CAGCACAGTTTCTCCATCCA
BLI-61" F: GACTCGCAGAGCTCCTTCAC (CA)8 PET -5’ 192-228 12 58
R: GGCGCTTGATTCAGTCTTTC

"Muenzel et al. (2007).
ZLarno et al. (2005).
3Turner et al. (2004).
“Dubut et al. (2009).

*Touch down PCR applied; Ta, annealing temperature; bp, base pairs; N, number of alleles.

Biosystems) and they were analysed with GeneMapper version
3.7 (Applied Biosystems).

2.3 Data analysis

The Micro-Checker Version 2.2.3 (Van Oosterhout et al.,
2004) was used to check the possible occurrence of genotyping
errors due to non-amplified alleles (null alleles) and short allele
dominance (large allele drop-out) or genotyping errors due to
stuttering (Hoffman and Amos, 2005; Roon et al., 2005). The
Fgsr values relative to the null alleles, and confidence intervals
with and without correction, were estimated by using
FREENA software (Chapuis and Estoup, 2007). If the
comparison of Fgy values estimated with and without ENA
correction shows a significant difference (P < 0.05), any locus
indicating the presence of null alleles should be excluded from
further analysis. Deviations from the Hardy-Weinberg
equilibrium (HWE) were assessed for each location and each
locus with GENEPOP Version 4.7.0 (Rousset, 2008),
according to the methodology of Weir and Cockerham
(1984), and were tested by means of an exact probability
test with a Markov chain algorithm (Guo and Thompson,
1992); P values were estimated from 10 000 dememorization
steps, 100 batches and 5000 iterations. Linkage disequilibrium
across all pairs of loci was tested with the Markov chain
method described earlier. Significance levels for multiple
comparisons were adjusted by employing a sequential
Bonferroni correction (Rice, 1989). Several alleles per locus
(Na), observed heterozygosity (Ho), expected heterozygosity
(He) and the polymorphic information content (PIC) per locus
were calculated by using GENETIX version4.05 (Belkhir, 2004)

and CERVUS version 3.07 (Kalinowski etal.,2007). Ananalysis
of molecular variance (AMOVA) (Excoffier et al., 1992) was
conducted with Arlequin version 3.5 (Excoffier and Lischer,
2010) to determine differences between the clusters generated
with the STRUCTURE program (Pritchard etal., 2000), and also
by geographic region. AMOVA analysis was used to determine
the distribution level of genetic variation within populations and
between populations. Additionally, the program Arlequin
(Excoffier and Lischer, 2010) was used to quantify the genetic
difference between pairs of populations based on gene
frequencies and by using pairwise FSTwith significance
calculated by using 10 000 permutation tests. With the Arlequin
program (Excoffier and Lischer, 2010), Nm values calculated
with the equation, Nm=[(1/Fgr) — 1]/4 (Wright, 1951), were
employed to determine the extent of migration between the
populations. Long-term estimates of the effective population
size (Ne), which is the minimum size of the population having
similar genetic characteristics to the actual population, were
calculated by using heterozygosity-based methods, with both a
step-wise mutation model (SMM) and an infinite alleles
model (IAM) applied. The SMM of Ohta and Kimura (1973)
predicts that at mutation-drift equilibrium, Ne is represented by
[(1/1—HE)2—1]/8 . Ne was also estimated under the IAM by
using the equation, Ne=H/4 p(1—H) of Crow (1986). In the
present study, the mutation rate was fixed at 5 x 10~* for
estimations done with both models because it was the most
commonly used microsatellite mutation rate in fishes (Estoup
and Angers, 1998).

To assess the correlation between pairwise geographical
distances and genetic distances, the ‘Isolation by Distance’
value (Rousset, 1997) of all populations was determined by
using the Mantel test (Mantel, 1967) in GenAlEx version
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6.502, with 10 000 permutations used for the determination of
significance. The matrix of the geographical distances between
sampling locations was constructed by measuring the distances
in Google Earth, version 7.1.7.2606. The Bayesian program
STRUCTURE version 2.3.4 (Pritchard et al., 2000) was used
to infer the number of genetically differentiated clusters (K)
in the multi-locus genotype data. The estimation of K
was performed with 10 independent runs with K= 1-10 with
1 000 000 MCMC steps and with a burn-in period of 100 000
iterations for each K value, assuming mixing between
populations and using the correlated allele frequencies model.
The most probable K value was determined with the AK
method (Evanno et al.,, 2005) and using STRUCTURE
HARVESTER (Earl and VonHoldt, 2012). The degree of
heterozygote excess was determined to detect recent bottle-
neck events by using BOTTLENECK version 1.2.02 (Piry
et al., 1999) with Sign and the Wilcoxon’s test under the Two-
Phased Mutation Model (TPM) (Cornuet and Luikart, 1996).
Di Rienzo et al. (1994) and Piry et al. (1999) stated that the
Wilcoxon’s test is the most appropriate and powerful test for
low numbers (<20) of polymorphic loci, and when using
microsatellites, they recommended the TPM, with 95% single-
step mutations and 5% multiple-step mutations and variance
among multiple steps of approximately 30.

3 Results

In this study, all nine examined primer pairs of the eighteen
populations of Alburnus tarichi were successfully amplified
and all showed a polymorphic pattern. Genotyping of the 804
collected individuals at nine loci revealed a total of 93 alleles.
The observed allele sizes ranged from 92 to 263 bp and the
number of alleles varied from 6 (Lsou08 and LceDT) to 15
(Lcel72), with a mean of 10.3+3.39 alleles per locus. The
highest and lowest numbers of alleles were observed in the
Mrdl (48) and Vnsk (29) populations, respectively. The
meannumber of alleles per locus was slightly higher in Mrd1
(5.33+0.577) than in the other populations (Tab. 3).

In addition, allelic richness (AR) varied from 2.789
(BL12b) to 7.156 (Lsou34), with a mean of 4.578 perlocus.
The exact test for linkage disequilibrium revealed no evidence
of linkage between loci for any population after Bonferroni
correction. This confirmed that all microsatellite loci were not
linked and were assorted independently. The average observed
and expected heterozygosity values for populations ranged
from 0.2497 (Erck) to 0.4613 (Krs2) for Hoand from 0.2465
(Erck) to 0.5300 (Krs2) for He, respectively, while for loci they
ranged from 0.188 (LceD63) to 0.625 (LceDT) for Ho and
from 0.204 (BL12b) to 0.537 (Lco3) for He, respectively
(Tab. 3). Within sampling locations, the mean He values were
consistently higher than the Ho values across all loci, which
revealed a deficiency of heterozygosity among the samples.
Moreover, the polymorphic information content (PIC) ranged
from 0.2416 (BL12b) to 0.566 (Lsou05) and averaged 0.414
across the 9 microsatellite loci.

The probability values for the observed samples were used
to define departure from the Hardy-Weinberg equilibrium
(HWE). The results are shown in Table 3. Of the 162 HWE
tests across all nine loci, only six deviated from the HWE
within each sampling locations after sequential Bonferroni

corrections (P < 0.00031) (Tab. 3) (Rice, 1989). The
composite population, which included all the studied
populations, is also shown in Table 3. All the composite
populations (multi-sample) showed positive FIS values, except
for LceDT. When the multilocus test was performed for each
population, there was a departure from HWE in some of
the populations (Dlcl, Engs, Kckp, Krmc, Krs2 and Mrdl)
(P < 0.0027). The Micro-Checker analysis suggested the
presence of possible null alleles at a few loci in different
populations. The Fgr values, relative to the null alleles and
confidence intervals, with and without correction, were
estimated with FREENA software (Chapuis and Estoup,
2007). The Student-t-test showed no significant difference
(P > 0.05) between the FST wvalues when null alleles
were considered (Fgr=0.180940) and not considered
(Fst=0.187739).

The original data were then directly used for further
analysis. Analysis of molecular variance between different
groups was performed by using the genetic structure analysis
results reported in this study. Results of AMOVA analysis for
the whole dataset explained 76.38% of the total variation
within all individuals and 18.78% among populations, which
was significant (Fst=0.18782) (P < 0.05). Furthermore, a low
level of genetic variation was observed among individuals
within populations (4.84%, Fi5=0.05954) (Tab. 4). The
second grouping of sampling localities was justified by the
F values for three groups: migratory, non-migratory, and
peripheral populations, which are close to but have no
connection with Lake Van. This grouping revealed high and
significant variation within populations (74.07%; P=0.00000)
and a low but significant percentage of variation among groups
(8.43%; P=0.00000) (Tab. 4).

Genetic differences across all eighteen populations were
analysed using the Pairwise FST and Nei’s genetic distance
values and results are presented in Table 5. In the pair-wise
matrix, Fgt values varied from —0.0078 (Ttvn—Krmc) to
0.5654 (Nzk—Mrd2), while pair-wise Nei genetic distance
values varied from 0.0030 (Krmc-Krsl and Krmc-Gzls) to
1.2220 (Nzk-Mrd2) (Tab. 5). Pairwise comparisons revealed
that although the Nei’s distance values between populations
were consistently larger than those for Fgr, both sets of values
showed similar patterns across the 18 populations.

An unrooted NJ phylogenetic tree was also constructed
from the genetic distance matrix generated from microsatel-
lite data (Fig. 2). The Krmc and Zlnl populations, together
with the non-migrating river populations (Mrd2, Dlc2, ZIn2
and Krs2) and dam lake populations (Kckp and Hsnb),
constituted one subcluster, while the migrating populations
from Lake Van formed another cluster, with the Nzk and DIc1
populations situated basal to all other populations of 4. tarichi.

Bayesian clustering analysis using STRUCTURE version
2.3.4 (Pritchard et al., 2000) was performed on all eighteen
populations in this study. This analysis showed that the most
likely value of K with the highest AK was 3, indicating that the
overall genetic variation grouped into 3 clusters (Fig. 3). In
other words, Figure 3 represents the clustering pattern of the 18
populations when using K=3. In Figure 3, he first cluster
includes 10 populations (Gzls, Engs, Erck, Ercs, Krme, Krs1,
Mrdl, Ttvn, Vnsk and ZInl). The second cluster includes
6 populations (Mrd2, Dlc2, Hsnb, Kckp, Krs2 and ZIn2), and
the third cluster includes the DIcl and Nzk populations.
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Table 3. Statistics for genetic variation in 18 populations of 4. tarichi with the use of 9 microsatellite loci.

Abr. DI Loci All Loci
Lsou08 LceD63 Lsou34 Lcel72 LceDT Lco3 Lsou05 BL12b BL161
N, 3.000 4.000 4.000 5.000 3.000 7.000 6.000 3.000 4.000 4.333
AR 2.479 2.958 3.340 4.393 2.479 5.169 4.786 2.482 2.821 3.434
H, 0.2292 0.2917 0.2083 0.3542 0.4792 0.6042 0.4167 0.1489 0.0625 0.3105
Gzls H, 0.3084 0.3118 0.2426 0.3409 0.3691 0.5987 0.4366 0.1573 0.1003 0.3184
Fis 0.267 0.075 0.152 —0.028 —0.288 0.001 0.056 0.064 0.386 0.0353
Pyw 0.0377 0.3877 0.1469 0.7108 1.0000 0.5657 0.3488 0.2886 0.0324 0.1889
N, 2.000 2.000 4.000 4.000 3.000 5.000 4.000 3.000 3.000 3.333
AR 1.479 1.731 3.714 3.697 2.996 4.444 4.000 2.731 2.489 3.031
H, 0.0208 0.0417 0.3958 0.3125 0.8958 0.5000 0.7083 0.5417 0.2128 0.4033
Mrd2 H, 0.0206 0.0408 0.4288 0.3379 0.5553 0.5575 0.6274 0.5200 0.2252 0.3184
Fis 0.000 —0.011 0.087 0.086 —0.607 0.114 —0.119 —0.031 0.066 —0.0851
Pyw 1.0000 1.0000 0.2809 0.287 1.0000 0.1503 0.9392 0.6491 0.4914 0.9725
N, 3.000 2.000 7.000 4.000 3.000 3.000 4.000 2.000 2.000 3.333
AR 2.479 1.992 4.648 3.297 3.000 2.731 3.965 2.000 2.000 2.901
H, 0.2292 0.1458 0.2708 0.1702 0.9792 0.4375 0.5833 0.6250 0.2917 0.4147
Dlc2 H, 0.2520 0.1352 0.3234 0.1600 0.6170 0.3952 0.6925 0.4783 0.2778 0.3701
Fis 0.101 —0.068 0.173 —0.053 —0.580 —0.097 0.168 —0.297 —0.039 —0.1102
Pyw 0.2355 1.0000 0.0981 1.0000 1.0000 0.8333 0.0605 0.992 0.7901 0.9981
N, 5.000 5.000 8.000 9.000 2.000 3.000 8.000 1.000 1.000 4.667
AR 4.753 4.203 6.702 6.345 2.000 2.462 6.929 1.000 1.000 3.933
H, 0.2826 0.2292 0.3333 0.3958 0.9375 0.1458 0.4583 0.0000 0.0000 0.3092
Dlel H, 0.7172 0.2947 0.3813 0.4581 0.4980 0.1365 0.6209 0.0000 0.0000 0.3452
Fig 0.613 0.232 0.136 0.146 —0.880 —0.058 0.272 - - 0.1100
Pyw 0.0003" 0.0352 0.0907 0.0944 1.0000 1.0000 0.0034 NA NA 0.0015"
N, 3.000 4.000 8.000 5.000 4.000 4.000 7.000 3.000 4.000 4.667
AR 2.996 2.958 7.191 4.724 2.958 3.930 5.404 2.445 3.073 3.964
H, 0.5208 0.1458 0.2500 0.4167 0.4583 0.5208 0.3958 0.1042 0.1250 0.3264
Engs H, 0.4772 0.2391 0.5488 0.4395 0.3622 0.5701 0.4655 0.1183 0.1196 0.3711
Fis —0.081 0.399 0.552 0.062 —0.256 0.097 0.160 0.130 —0.035 0.1309
Pyw 0.8102 0.0108 0.0003" 0.3327 1.0000 0.2139 0.0907 0.1583 1.0000 0.0009"
N, 5.000 4.000 4.000 4.000 3.000 4.000 3.000 3.000 4.000 3.778
AR 3.957 2.889 2.690 2.942 2.936 3.994 2.723 2.211 3.247 3.065
H, 0.5000 0.0417 0.0833 0.1042 0.6596 0.5000 0.1875 0.0625 0.1087 0.2497
Erck H, 0.4108 0.1191 0.0809 0.1005 0.4665 0.6076 0.1730 0.0610 0.1992 0.2465
Fis -0.207 0.656 —0.019 —0.026 —0.405 0.191 —-0.074 —-0.014 0.463 —0.0155
Puw 1.0000 0.0006 1.0000 1.0000 1.0000 0.0701 1.0000 1.0000 0.0012 0.4963
N, 5.000 3.000 6.000 10.000 3.000 4.000 4.000 3.000 3.000 4.556
AR 4.453 2.479 5.123 7.041 2.965 3.965 3.957 2.478 2.462 3.880
H, 0.4681 0.2500 0.2609 0.4375 0.7083 0.5833 0.4792 0.1875 0.0417 0.3796
Ercs H, 0.4402 0.2949 0.3268 0.4850 0.4889 0.6313 0.4510 0.2051 0.1365 0.3844
Fis —0.053 0.163 0.212 0.108 —0.440 0.086 —0.052 0.096 0.700 0.0226
Puw 0.7522 0.1404 0.0327 0.1571 1.0000 0.2361 0.7611 0.4043 0.0006 0.2466
N, 2.000 1.000 7.000 3.000 3.000 3.000 5.000 2.000 4.000 3.333
AR 2.000 1.000 6.615 2.942 3.000 3.000 4512 2.000 3.886 3.217
H, 0.2222 0.0000 0.6111 0.1944 0.7778 0.3043 0.4722 0.3056 0.4857 0.3748
Hsnb H, 0.1975 0.0000 0.6574 0.1802 0.5509 0.5718 0.6451 0.3299 0.6086 0.4157
Fis —0.111 - 0.084 —0.065 —0.400 0.485 0.281 0.088 0.216 0.0914
Puw 1.0000 NA 0.2855 1.0000 1.0000 0.0031 0.0127 0.4691 0.0648 0.0167
N, 4.000 2.000 7.000 2.000 5.000 6.000 5.000 6.000 5.000 4.667
AR 3.342 1.863 5.935 1.999 4.198 4.403 4.988 4.000 4.341 3.897
H, 0.3542 0.0625 0.6875 0.2083 0.3125 0.2708 0.5833 0.2826 0.4375 0.3555
Kckp H, 0.3175 0.0605 0.6267 0.1866 0.3270 0.5766 0.7294 0.3433 0.6198 0.4208
Fis —0.105 —0.022 —0.087 —0.106 0.055 0.538 0.210 0.188 0.304 0.1655
Puw 0.8586 1.0000 0.8451 1.0000 0.3769 0.0003" 0.0117 0.1056 0.0034 0.0003"
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Table 3. (continued).

Abr. DI Loci All Loci
Lsou08 LceD63 Lsou34 Lcel72 LceDT Lco3 Lsou05 BL12b BLI161
N, 4.000 3.000 6.000 5.000 2.000 6.000 5.000 4.000 6.000 4.556
AR 3.342 2.479 4.928 3.889 2.000 5.193 4.658 2.924 4.415 3.759
H, 0.4167 0.2083 0.1667 0.2500 0.4167 0.5833 0.3125 0.1458 0.1250 0.2917
Krme H, 0.4041 0.2520 0.2977 0.3077 0.3299 0.6018 0.4559 0.1376 0.1949 0.3313
Fis —0.021 0.183 0.449 0.198 —0.253 0.041 0.324 —0.049 0.368 0.1299
Puw 0.6293 0.184 0.0006 0.0815 1.0000 0.3821 0.0025 1.0000 0.0031 0.0012"
N, 6.000 5.000 6.000 10.000 3.000 6.000 5.000 2.000 4.000 5.222
AR 5.154 4.210 5.359 7.241 2.965 5.208 4.410 2.000 3.678 4.469
H, 0.3077 0.3125 0.1667 0.6042 0.6875 0.5625 0.6458 0.3542 0.5106 0.4613
Krs2 H, 0.5312 0.5191 0.4321 0.5814 0.4816 0.6762 0.6691 0.3644 0.5152 0.5300
Fis 0.431 0.407 0.621 —0.029 —-0.419 0.178 0.045 0.039 0.020 0.1344
Pyw 0.0006 0.0012 0.0003" 0.7099 1.0000 0.0349 0.3552 0.5299 0.4991 0.0003"
N, 5.000 4.000 7.000 7.000 2.000 4.000 5.000 2.000 2.000 4222
AR 3.950 3.211 4.962 5.163 2.000 3.879 4.444 1.931 1.742 3.476
H, 0.5208 0.2708 0.1667 0.3750 0.4375 0.4348 0.3542 0.0417 0.0426 0.2938
Krsl H, 0.4740 0.3283 0.2309 0.4230 0.3418 0.5640 0.4030 0.0799 0.0416 0.3207
Fis —0.088 0.185 0.288 0.124 -0.270 0.240 0.132 0.486 —0.011 0.0934
Puw 0.8469 0.117 0.0093 0.1657 1.0000 0.0194 0.129 0.0608 1.0000 0.0120
N, 3.000 4.000 7.000 6.000 5.000 8.000 6.000 3.000 6.000 5.333
AR 2.479 3410 5.797 4.752 3.950 6.612 4.681 2.921 5.000 4.400
H, 0.4167 0.3750 0.3125 0.3750 0.4792 0.6667 0.4375 0.1277 0.1458 0.3707
Mrdl H, 0.4004 0.4746 0.3774 0.4102 0.4835 0.6949 0.3867 0.1956 0.3296 0.4170
Fis —0.030 0.220 0.182 0.096 0.020 0.051 —0.121 0.357 0.565 0.1212
Puw 0.6898 0.0522 0.0463 0.2435 0.5083 0.3207 0.9602 0.0222 0.0003" 0.0006"
N, 2.000 3.000 7.000 4.000 2.000 5.000 2.000 3.000 2.000 3.333
AR 1.992 2.992 6.000 3.731 2.000 3.804 1.996 2.966 1.479 2.996
H, 0.1458 0.2708 0.4167 0.6667 0.9167 0.1042 0.1250 0.1667 0.0208 0.3148
Nzk H, 0.1352 0.4551 0.6285 0.6102 0.4965 0.2109 0.1528 0.2266 0.0206 0.3263
Fis —0.068 0.414 0.346 —0.082 —0.843 0.514 0.192 0.274 0.000 0.0456
Puw 1.0000 0.0009 0.0012 0.8373 1.0000 0.0003 0.2747 0.0417 1.0000 0.1778
N, 2.000 2.000 5.000 4.000 4.000 4.000 5.000 2.000 3.000 3.444
AR 2.000 2.000 4.957 3.999 3917 4.000 4.957 1.958 2.958 3416
H, 0.1667 0.1667 0.2917 0.2083 0.4583 0.4783 0.3333 0.0417 0.1667 0.2568
Ttvn H, 0.3299 0.1528 0.3299 0.3568 0.3698 0.5416 0.3290 0.0408 0.1554 0.2895
Fis 0.511 —0.070 0.137 0.433 —-0.219 0.139 0.008 —0.000 —0.051 0.1340
Pyw 0.0296 1.0000 0.2269 0.0074 1.0000 0.25 0.5907 1.0000 1.0000 0.0182
N, 2.000 3.000 6.000 3.000 2.000 3.000 5.000 2.000 3.000 3.222
AR 2.000 3.000 5.832 2.999 2.000 3.000 4.958 1.958 2.958 3.189
H, 0.2083 0.3333 0.2500 0.4583 0.4167 0.3333 0.4167 0.0417 0.1667 0.2917
Vnsk H, 0.2491 0.3741 0.2309 0.3689 0.3299 0.5417 0.4688 0.0408 0.1554 0.3066
Fis 0.184 0.130 —0.062 —0.222 —0.243 0.403 0.132 —0.000 —0.051 0.0700
Pyw 0.3867 0.2827 1.0000 1.0000 1.0000 0.0148 0.2429 1.0000 1.0000 0.1537
N, 4.000 3.000 7.000 4.000 4.000 7.000 5.000 3.000 5.000 4.667
AR 3.211 2.211 5.820 3.073 3.662 6.106 4.444 2.731 3.942 3911
H, 0.5000 0.0625 0.5833 0.1250 0.6250 0.5952 0.4375 0.2083 0.3958 0.3925
Zln2 H, 0.4299 0.0610 0.6237 0.1196 0.4800 0.6071 0.5829 0.2543 0.5484 0.4119
Fis —0.153 —-0.014 0.075 —0.035 —0.292 0.032 0.259 0.191 0.288 0.0583
Pyw 0.9164 1.0000 0.2685 1.0000 0.9991 0.4315 0.0099 0.1463 0.016 0.0809
N, 3.000 2.000 7.000 4.000 3.000 5.000 5.000 2.000 6.000 4.111
AR 2.731 1.999 5.481 3.714 2.731 4211 4.857 1.983 3.900 3.512
H, 0.2500 0.1667 0.2500 0.3125 0.6042 0.5625 0.5000 0.1250 0.0625 0.3148
Zlnl H, 0.3620 0.1866 0.3611 0.3392 0.4334 0.5849 0.5119 0.1172 0.1393 0.3373
Fis 0.319 0.117 0.317 0.089 —0.385 0.049 0.034 —0.056 0.559 0.0771
Pyw 0.0179 0.3994 0.0034 0.271 1.0000 0.3833 0.4191 1.0000 0.0003" 0.0281
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Table 3. (continued).

Abr. DI Loci All Loci
Lsou08 LceD63 Lsou34 Lcel72 LceDT Lco3 Lsou05 BL12b BLI161
N, 3.500 3.111 6.278 5.167 3.111 4.833 4.944 2.722 3.722 4.154
AR 4.015 4.040 7.156 5.162 3.363 4.849 5.962 2.789 3.866 4.578
H, 0.320 0.188 0.317 0.332 0.625 0.455 0.436 0.195 0.189 0.340
All Pop. H, 0.359 0.239 0.396 0.345 0.443 0.537 0.489 0.204 0.244 0.362
PIC 0.447 0.304 0.473 0.355 0.424 0.554 0.566 0.241 0.366 0.414
Fis 0.108 0.215 0.200 0.038 —-0.410 0.153 0.108 0.043 0.225 0.076

DI, Diversity indices; Na, observed number of alleles; AR, Allelic richness; Ho, observed heterozygosity; He, expected heterozygosity; PIC,
polymorphic information content; PHW, probability value of significant deviation from HWE. The asterisk shows the Bonferroni correction for

each population and composite population (a=0.05/18 =0.0027).

Table 4. Results of analysis of molecular variance (AMOVA) among different groups ineighteen A. tarichi populations.

Groups Hierarchical level Var. %  Fixation indices P value
Among populations (Va) 18.78 FST = 0.18782 0.00000"
Van Lake basin pop. (Gzls, Mrd2, Dlc2, Dlcl, Engs, Erck), Among individuals within ~ 4.84 FIS = 0.05954  0.00000"
Ercs, Hsnb, Kckp, Krmc), Krs2, Krs1, Mrd1, Nzk, Ttvn, populations (Vb)
Vnsk, ZIn2, Zlnl) Within individuals (Vc) 7638  FIT =023618  0.00000°
Among groups (Va) 8.43 FCT: 0.08427 0.00098"
Among populations within ~ 12.81 FSC: 0.13992 0.00000"
Migratorypop. (Mrdl, Krs1, Krme, Gzls, Dicl, Engs, Ttvn, groups (Vb)
Vnsk, Gzls, ZInl) Nonmigratory pop. (Mrd2, Dle2, Krs2, ZIn2)  p 600 individuals within -~ 4.69  FIS: 0.05954 0.00000"
Peripheral pop. (Erck, Hsnb, Kckp, Nzk) populations (Vc)
Within individuals (Vd) 74.07 FIT: 0.25929 0.00000"

*Significant values (P < 0.05).

The recent declines of populations of A. tarichi were
confirmed by using the Wilcoxon and Sign tests in
BOTTLENECK under Two-Phase Model (TPM) for micro-
satellite evolution (Tab. 6). The Wilcoxon and Sign tests
under Two-Phase Model (TPM) generated significant values
(P < 0.05) for the Ttvn, Vnsk. ZIn2, ZInl, Engs, Erck, Ercs,
Kckp, Krme, Krs1, Mrd1l and Gzls populations for the values
for the DIcl and Mrd2 populations were only significant
for the Wilcoxon test under TPM (P < 0.05). The remaining
populations (Nzk, DIc2, Dlc1, Hsnb, Krs2 and Mrd2) showed
no significant excess of heterozygosity, with the probability
values determined by bottleneck testing all above 0.05.

4 Discussion

The tarek, Alburnus tarichi, which is endemic to the Lake
Van basin in eastern Turkey, has a limited distribution and there
are relatively high concerns for its conservation future. This
study is the first population genetics study on populations of
the tarek. Moreover, it has generated fundamentally important
information for the conservation and management of this fish
species and the associated fishing industry.

In this study, the overall aim was to determine the genetic
similarities and differences among 18 populations of 4. tarichi
from seven major rivers (Karasu, Muradiye, Delicay,
Zilan, Karmug, Giizelsu and Engilsu), including migrating

and non-migratory individuals, three lakes (Van, Er¢ek and
Nazik) and one dam lake (Kogkoprii) in the Lake Van basin.
The microsatellite analysis method, one of the DNA
polymorphism techniques, was employed for the differentia-
tion process. Nine different microsatellite loci (Lsou08,
LceD63, Lsou34, Lcel72, LceDT, Lco3, Lsou05, BL12b
and BL161) were used.

Microsatellite markers are widely used to study genetic
variation in populations characterised by high allelic diversity
resulting from parental inheritance, codominance, genomic
distribution, high polymorphism and high mutation rates
(Tautz, 1989; O’connell and Wright, 1997). The selected loci
were initially been designed for Leuciscus cephalus, Luxilus
cornutus, Telestes muticellus and Telestes souffia and were
reported to be polymorphic and highly informative (Turner
et al., 2004; Larno et al., 2005; Muenzel et al., 2007; Dubut
etal., 2009). The polymorphic information content (PIC) value
indicates the suitability of the markers and primers used in a
study for the analysis of the genetic differences within a
population and is determined by heterozygosity and the
number of alleles (Aljumaah et al., 2012). The PIC value is
considered reasonably informative when it is between 0.25 and
0.5 (Sheriff and Alemayehu, 2018). Values above or below this
range are considered informative and polymorphic or less
informative, respectively (Marshall et al., 1998). On that basis,
the values for two of the microsatellite loci, Lco3 and Lsou05
of >0.5 showed high polymorphism, while the other loci were
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Fig. 2. Neighbor Joining tree of eighteen populations of 4. tarichi in
the Lake Van basin, based on Nei’s genetic distance.

reasonably informative. This finding provides more evidence
that microsatellite markers are the correct choice for genetic
characterization and diversity studies.

Through the use of these loci, the intra- and inter
population genetic diversity was studied. Based on this
information, the objectives were to determine the genetic
diversity levels of 18 defined tarek populations, and more
specifically, the non-migratory individuals permanently resi-
dent in the rivers in the lake basin, the individuals with
migratory behaviour for spawning and the differences between
lakes that are not connected with Lake Van, and finally to
analyse and interpret the generated genetic data.

4.1 Genetic diversity of populations

For the 18 tarek populations, the average number of alleles
per locus, which is a general indicator of genetic diversity, as
well as the expected and observed average heterozygosity
values, polymorphic information content (PIC), and deviations
from the Hardy-Weinberg Equilibrium (HWE) for each
population, were primarily examined. When the results for
the alleles of different microsatellite loci used in this study
were compared with the results of the microsatellite studies
performed on some other cyprinid species (Le. cephalus, Lu.
cornutus, T. muticellus and T. souffia) for which the same loci
were used (Tab. 7), the average number of alleles per locus was
10.3£3.39 (range 6—15 alleles/locus) which is very close to the
mean number of alleles (9.1 alleles/locus) reported for the
other four species. The microsatellite loci Lco3, Lsou05,
Lsou34, Lcel72 and Lsou08 had a higher number of alleles
than reported in the literature (Turner et al., 2004; Larno et al.,
2005; Muenzel et al., 2007), while LceD63, LceDT, BL1-2b
and BL1-61 had lower numbers of alleles than reported in the
literature (Larno et al., 2005; Dubut et al., 2009).

In the present study, the loci with the highest and lowest
polymorphism levels, together with the average number of

—— Delta K

6 8 10 12

a
100 A K=
M 80
Sl ]|
2./
2 4
I -20
b K
100.Gzls Mrd2 Dlc2 Dlcl Engs Erck

0.80
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020
0.00

Ercs Hsnb Kckp Kimc Kirs2 Krsl Mrdl Nzk Ttvnvask Zln2 Zlnl

Fig. 3. Genetic assignment of the eighteen populations of 4. farichi. (a) Delta-K values; (b) population structure analysis as inferred when K =3,
based on microsatellite data. The genotype of each individual is represented by a vertical line divided into coloured segments and each
population is separated by a black line. The abbreviations correspond to the defined populations.
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Table 6. Heterozygosity excess/deficiency under the Two Phase Model (TPM) and all populations and respective Sign and Wilcoxon tests.

Sign Test Wilcoxon test
Pop. Number of loci with: P P (One tail P (One tail P (Two tail for
for Hd) for He) He and Hd)
Hee Hd He
Gazls 5.34 9 0 0.00031 0.00098 1.00000 0.00195
Mrd2 5.05 6 3 0.14779 0.01367 0.99023 0.02734
Dlc2 4.88 5 4 0.39623 0.32617 0.71484 0.65234
Dlc1 4.01 5 2 0.12346 0.01953 0.98828 0.03906
Engs 5.33 7 2 0.02805 0.00488 0.99707 0.00977
Erck 5.30 7 2 0.02938 0.00488 0.99707 0.00977
Ercs 5.33 7 2 0.02798 0.00488 0.99707 0.00977
Hsnb 4.53 4 4 0.48477 0.52734 0.52734 1.00000
Kckp 5.06 8 1 0.00710 0.00488 0.99707 0.00977
Krme 5.17 8 1 0.00587 0.00195 0.99902 0.00391
Krs2 5.21 6 3 0.12363 0.08203 0.93555 0.16406
Krs1 4.91 7 2 0.05071 0.00488 0.99707 0.00977
Mrd1 5.33 9 0 0.00031 0.00098 1.00000 0.00195
Nzk 4.79 6 3 0.19239 0.08203 0.93555 0.16406
Ttvn 4.97 8 1 0.00828 0.00293 0.99805 0.00586
Vnsk 4.98 7 2 0.04627 0.00977 0.99316 0.01953
ZIn2 533 9 0 0.00031 0.00098 1.00000 0.00195
Zin1 5.05 9 0 0.00057 0.00098 1.00000 0.00195

Hee: Heterozygosity excess expected; Hd: Heterozygosity deficiency; He: Heterozygosity excess; P: Probability value; Bold values are

significant at P<0.05.

Table 7. Sample number, allele size range and allele numbers of all populations and nine loci.

Locus n Expected size (bp)” Observed size (bp) Expected N~ Observed Ny Private allele
Lsou08 792 187-195 205-215 5 6 -
LceD63 804 122-160 92-104 12 7 -
Lsou34 802 228-278 229-255 10 13 4
Lcel72 803 230-244 185-245 6 15 4
LceDT 803 128-166 92-106 9 7 2
Lco3 770 248-256 239-263 9 14 5
Lsou05 804 178-200 178-212 6 13 3
BLI-2b 800 142-176 136-156 13 10 6
BLI-61 798 192-228 184214 12 10 2
Multi Locus 797+10.9 9.1+2.8 10.6+3.36

*Data observed in previous studies; n, number of individuals successfully genotyped per locus; N, number of alleles expected and observed.

alleles, were in line with the results of studies on other cyprinid
species (Turner et al., 2004; Larno et al., 2005; Muenzel et al.,
2007; Dubut et al., 2009). The high number of alleles observed
in most of the studied loci indicates that the selected loci are
suitable for analysing the differences between A. tarichi
populations. However, although the loci used in the present
study contained a high number of alleles and were
polymorphic, the mean number of the multilocus alleles
(4.15) in the studied populations was low. It can therefore be
stated that the tarek populations in the Lake Van basin have low
overall genetic diversity in terms of the loci studied. On the
other hand, a total of 26 unique alleles (private alleles) were
identified across all populations, and the incidence of these
alleles was low (0.032+0.006) (Tab. 7).

When the private allele results were evaluated on the basis
of populations, the most distinct allele was detected in the Lake
Nazik (5) and Kogkdprii Dam lake (6) samples. Brookes et al.
(1997) stated that low frequency alleles can be easily become
extinct. The amount of an allele is very important for the
maintenance of populations of a species as it provides the
genotypic range required for adaptive response to changing
environmental circumstances (Beardmore et al., 1997).
Moreover, some rare specific alleles seen in populations
may also reflect differences in habitat characteristics as a result
of natural and anthropogenic effects that have caused specific
selection pressures or different mutation rates. One of the
important means of estimating genetic diversity is the
determination of population heterozygosity which is defined
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Table 8. Summary of microsatellite allele diversity in some Alburnus species and cyprinid fish populations which used the same loci with this study.

References

He (Min—-Max) Ho (Min—Max)

Na (Min—Max)

No. loci

No. pop.

Samp. location

Species

This study

0.34 (0.25-0.46)
0.81 (0.03-1.00)
0.81 (0.30-1.00)
0.42 (0.21-0.67)
~(0.13 —0.83)

~ (0.32-1.00)

0.36 (0.25-0.53)
0.83 (0.80-0.85)
0.84 (0.77-0.84)
0.45 (0.17-0.68)
~(0.16-0.89)
~ (0.38-0.90)

— (0.44-0.95)

4.15 (3.22-5.33)
9.75 (8-12)

9 (6-11)

18

804
30
30
30
24
29
70

Lake Van basin, Turkey

Alburnus tarichi

Kashgan River in Iran

Alburnus caeruleus

Dorafshan et al. (2014)
Longwu et al. (2013)
Larno et al. (2005)

4

Gamasiab River in Iran
Aral Sea, Uzbekistan
Rhone river, France

Alburnus mossulensis
Alburnus chalcoides
Leuciscus cephalus
Leuciscus souffia
Telestes souffia

-(2-3)

20

—(2-13)
—(3-14)

—(3-43)

12

Muenzel et al. (2007)

Schwarzach river, Austria

~ (0.21-0.93)

21

Ain river and Durance basin,

Eastern France

Dubut et al. (2009)

~ (0.07-0.93)

~ (0.07-0.91)

~ (3-43)

27 21

Po drainage, Northern Italy

Telestes muticellus

N, number of individuals genotyped; Na, observed number of alleles; He, expected heterozygosity; Ho, observed heterozygosity.
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as the average proportion of heterozygous loci in individuals.
In this study, the average values for observed and expected
heterozygosity that were obtained from data for nine
microsatellite loci in 18 tarek populations in Turkey were
0.340+0.016 and 0.362+0.015, respectively (Tab. 8). When
compared with the results of microsatellite studies on other
cyprinid populations, for example, the >0.55 reported by both
Muenzel et al. (2007) and Dubut et al. (2009), the observed and
expected heterozygosity values reflected a low level of
polymorphism in tarek (Tab. 8). In addition, the observed
and expected heterozygosity values were much lower than
those for the Alburnus species, A. caeruleus (0.81, 0.83) and
A. mossulensis (0.81, 0.84), from the two major rivers of the
Tigris-Euphrates basin in Iran (Dorafshan et al., 2014) (Tab. 8).
Davila et al. (2009) and Dorji et al. (2012) stated that
heterozygosity estimates of more than 0.5 are suitable for
genetic diversity studies whereas Takezaki and Nei (1996)
stated that the mean heterozygosity value across populations
should be between 0.3 and 0.8 for the marker to be useful in
measuring genetic variation.

In the present study, estimates of observed heterozygosity
across all 18 tarek populations were below 0.5 (Tab. 8), and the
Erck, Krmc, Krs1, Ttvn and Vnsk populations were below or
near the lower limit of 0.3 reported by Takezaki and Nei
(1996). Low values for heterozygosity can be due to the effects
of small population size, high selection pressure in a closed
population, inbreeding and little or no flow of genetic material
to the population (Aratjo et al., 2006; Canon et al., 2006). In
addition, it is possible that the low heterozygosity in the Erck
population may be a consequence of the deliberate transfer and
release of fish from other populations by a government agency.
In the present study, the observed heterozygosity values for all
populations, except Mrd2, Dlc2 and Erck, were lower than the
expected values. Conversely, if the heterozygosity value is
higher than expected, two populations previously considered
isolated may be considered mixed.

The Fig value is used to determine whether a population is
in Hardy-Weinberg equilibrium and whether it is homozygous.
In the present study, the values calculated for all loci varied
from —0.1102 to 0.1655 across all 18 populations. A high
positive Fig shows a high degree of homozygosity while
negative values indicate a low level of inbreeding (Dorji et al.,
2012). After Bonferroni correction for each population and
composite population (a=0.05/18 =0.0027) (Rice, 1989), the
Dicl, Engs, Kckp, Krme, Krs2 and Mrd1 populations deviated
from the Hardy-Weinberg expectation when multiple-locus
tests were applied to each population. At the Lsou08 locus,
which deviated from the HWE, excessive homozygosity was
observed in the DIcl population which had the highest Fig
value of 0.613. This type of deviation from expectation may
indicate inbreeding, assortative mating and subdivision of the
population (Wahlund effect) or selection (Dharmarajan et al.,
2013).

Also, because there is no historical data on the genetic
diversity and heterozygosity of 4. farichi populations, there
may be several explanations for the deviation from the
expectations of HWE. In this context, association between
genetic diversity and variables like altitude, lake character-
istics, human activities and drainage pattern has been reported
for varied species in different studies (Angers et al., 1999;
Castric et al., 2001; Leprieur et al., 2008; Clavero et al., 2013).
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These studies revealed that genetic diversity of fish species
may be positively correlated with the area and anthropogenic
impacts (e.g., flow modifications) and negatively correlated
with altitude. In our study, we tested the hypothesis that
correlates of fish diversity differ according to varying altitudes.
The level of genetic diversity was evaluated within and among
18 populations at altitudes varied between 1647 and 1844 m in
and around the Lake Van, using nine microsatellite markers.
The values of genetic diversity as represented by the expected
heterozygosity (He) and Allelic richness (AR) varied from
0.2465 to 0.5300 and 2.90 to 4.47 for A. tarichi populations,
respectively. As a general pattern, genetic diversity increased
gradually with the increase in altitudes from lowest sampling
sites (1647 m), the values of genetic diversity reached the
highest level at the altitude of 1669 m, and then started to
decrease with the increase in altitudes (Tab. 3). The regression
analyses demonstrated a weak and statistically insignificant
relationship (correlation coefficient: R?=0.1572, P=0.249 for
He; R*=0.1717, P=0.274 for AR) between genetic diversity
and altitudes for Tarek populations. Secondly, the formation of
Null alleles may be one of the causes of deficiencies in the level
of heterozygosity (Tab. 3). Possible Null alleles in this study
were not taken into account in subsequent analyses because
their effect on genetic difference was not significant after the
Student-t-test was applied (P > 0.05). Finally, overfishing is
likely to be one of the most important causes. Sen et al. (2015)
reported that overfishing has been a serious problem in the
Lake Van basin in recent years. This can lead to a reduction in
effective population size and ultimately the loss of genetic
diversity and population.

4.2 Genetic differentiation

When the test for allele distribution between populations
for all loci was applied, the null hypothesis was rejected
(P < 0.001), which showed that alleles are heterogeneously
distributed in the 18 populations. Wright’s F-statistics and
especially Fgr, which are among the most widely used
descriptive statistics in population and evolutionary genetics,
provide important insights into evolutionary processes that
affect the nature of genetic variation within and between
diploid populations. Their most common use is to make
inferences about demographic processes occurring within and
between populations, such as colonization, migration, genetic
drift and extinction (Ryman and Leimar, 2008).

In the current study, the finding that the multi-sample and
multi-locus Fgt values were significantly higher than zero
(Fst=0.1877) confirmed the genetic heterogeneity of the 18
tarek populations. The Fgr values, which ranged from —0.0013
to 0.5654, were greater than zero for most of the population
pairs, and it was confirmed that there are genetic differences
between populations. However, with the exception of the Mrd1
and Dlc1 populations located in the north-east of Lake Van,the
genetic difference values between all the migratory popula-
tions (ZIn1, Gzls, Krmc, Ttvn and Vnsk) associated with Lake
Van were negative.

For the interpretation of Fgy values, a value between 0.05
and 0.15 indicates moderate differentiation, whilst a value
between 0.15 and 0.25 indicates large genetic differentiation
(Wright, 1978; Hartl and Clark, 1997). Negative Fgr values
indicate that genetic differences within populations are greater

than between populations. On the other hand, a large positive
value means that there is no diversity within the populations
and that at least two of the sampled populations have different
fixed alleles.

In particular, the Nzk population had a high genetic
difference from all other populations (Fst > 0.3497), and the
Mrd2, Dicl, Dlc2, Kckp and Hsnb populations also had
genetic differences with all other populations. The values for
genetic differences between the non-migratory and migratory
populations of Muradiye, Karasu and Deligay rivers were
0.2927,0.1268 and 0.3858, respectively. These values indicate
that the genetic differences between the three river populations
in question is high and that there is no or very low gene flow
between the populations sharing the same river. The most
important reasons for this may be the isolation of breeding
populations in the rivers, which is attributable to dams and
natural features on the rivers.

Analysis of molecular variance (AMOVA) among
different groups was performed (Tab. 4) to verify the clusters
generated by the STRUCTURE program (Pritchard et al.,
2000) and to observe how the variation is distributed among
and within populations. In the first grouping, which was for
sampling localities, each of the populations was considered a
separate group. The high and significant pairwise Fgt values
in the present study indicated that A. tarichi populations
are genetically differentiated, and that more than 73.34% of
the total genetic variation was among individuals within
populations (Tab. 4).

In addition, the percentage of variance components
between sampling locations (18.78%) was greater than the
percentage of variance components between samples (4.89%)
within sampling locations. That means that the geographical
diversity between sampling locations was greater than the
habitat differences within the locations at which the samples
were collected. Similarly, considering three groups, namely the
migratory populations in Lake Van and rivers flowing into the
lake, non-migratory populations and peripheral populations,
the variation within individuals was 74.07% which means that
most of the variation is due to differences between samples
within the sampling sites. Also, the variations between groups
and within groups were 8.43% and 12.81%, respectively,
possibly due to the relatively low gene flow (Nm < 1) between
groups and within group populations. Additionally, the
variance components were found to be statistically significant
for the comparisons (P < 0.001).

The level of genetic variation between populations can be
explained by using the gene flow values calculated from the
Fsr values for the amount of fish migrating between
populations. Generally, it means that alleles not originally in
the recipient population are transferred by migrating individu-
als. In this study, the Fgr value was significantly higher than
zero among the 18 populations which indicates that gene flow
between the populations is very low.

In Wright’s (1951) “island model” hypothesis, the average
migration number (Nm) calculated from the multi-locus Fgr
value (0.1878) for each generation was 1.08. Based on the gene
flow levels calculated for population pairs when the same
assumption was applied, the Kogkdprii, Hasanabdal, Nazik
populations and river populations (Muradiye, Karasu, Delicay
and Zilan) with non-lake resident individuals had very low
gene flows with other populations in each generation. For core
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locus populations, isolation and strong differentiation may
occur if the migrating fish exchange (female and male)
between populations in each generation is less than 1 (Wright,
1931). However, the effective population size for mitochon-
drial DNA is 1/4 the effective population size for core genes
(Birky et al., 1983). This means that if the effective migration
is less than four individuals in each generation, the probability
of genetic differentiation is high.

The effective population size (Ne) is the minimum size of
the population having similar genetic characteristics to the
actual population. The Ne value is calculated by first using
the infinite allele model (IAM) (Crow, 1986), and then the
stepwise mutation model (SMM) (Ohta and Kimura, 1973).
In the present study, the TAM produced values between 58 and
417, and the SMM generated effective population size values
ranging between 65 and 764. Values for both models
combined ranged between 58 and 764, with an average of
411. Therefore, the proportion of migrating fish was small
in comparison to the average effective population size
(Nm/Ne=1.08/411=0.26%).

The Ne for freshwater fish was estimated to be between 30
and 3000 (DeWoody and Avise, 2000), with the upper value
well above the value obtained in our study. Several factors
influence the effective size of a population; they include
fluctuations in the size of the breeding population, variance in
fecundity, sex ratio and degree of coincidence of generations
(Crow and Kimura, 1970). Theoretically, while a Ne value of
50 would be sufficient to preserve genetic diversity in the
short-term, a value of 500 individuals is required to maintain
longer term stability (Van Dyke, 2003). The current Ne for the
tarek still appears to be large enough to maintain the necessary
variation. However, this conclusion should be treated with
caution as a very recent bottleneck would not yet have caused a
detectable reduction in diversity. Besides, Miller and
Kapuscinski (1997) reported that genetic variation is deter-
mined by the history of the population, and in comparisons
between genetic variation and population dynamics, the Ne
estimate for a single generation can be misleading.

For the genetic distance values calculated with the Dg
standard genetic distance method of Nei (1972), the highest
values among the studied populations were between the Nzk
and Mrd2 (1.222) and Nzk and DIc2 (1.070) populations.
Conversely, the lowest genetic distance values between
populations were between the Krmc and Gzls (0.003), Krmc
and Ttvn (0.004) and ZInl and Gzls (0.004) populations
(Tab. 5). When the non-migratory populations and migratory
populations were evaluated as individuals, the Karasu,
Muradiye and Delicay populations were genetically distant,
except for the populations of the Zilan River. The correlations
between the Nei’s standard genetic distance (Ds) matrix values
of population pairs and the geographic distances between the
samples collected was investigated by using the MANTEL test
(Mantel, 1967), which detected no relationship between
geographical distance and genetic distance, as manifested
by the values for genetic differences (y=0.0008x -+ 0.0833,
R?=0.0381, P=0.120).

Takezaki and Nei (1996) showed that Nei’s Ds genetic
distance method is the most appropriate method for obtaining
the correct phylogenetic tree topology in microsatellite
analysis when the variation in the population is high and
the genetic distances between population pairs are used to

construct neighbour-joining (NJ) trees. In the present study, the
phylogenetic tree was created by employing the NJ method, as
applied in the standard genetic distance method of Nei (1972).
Its application allocated the non-migratory populations, ZIn2,
Krs2, Mrd2, Dlc2, Kckp and Hsnb, to the same group, and the
migratory and non-migratory populations that use the same
river for spawning, except for the ZInl population, to different
groups. Within the Lake Van samples, the Ttvn population was
close to the Erck population, whereas the Ercis and Vnsk
samples were close to the Mrdl and Gzls populations. In
addition, the population closest to the genetically most distant
Nzk population was the DIcl population.

The “Structure” analysis method developed by Pritchard
et al. (2000) was used to examine the subject of which group
the individuals in populations belong to in terms of the
microsatellite loci studied. In agreement with the Fgr values,
the clustering methods tended to generate congruent results
across the range of K values examined. As seen in Figure 3, the
Delta K value was determined to be 3. In other words, this
result allows us to interpret the similarities and mixing ratios of
the clusters visually, by assuming three ancestral populations.
Every individual is included in a population represented by a
certain colour. Colour clusters created with individuals next to
each other visually show how genetically similar individuals
are in a population and how similar the genotypic compositions
of multiple populations are, making it easier to understand
relationships. Among these clusters, the Lake Van (Ttvn, Ercs
and Vnsk) populations, together with populations that display
migratory behaviour for reproduction (green) are distinct from
the non-migratory populations (Krs2, Mrd2, Dlc2 and ZIn2),
Kogkoprii dam lake (Kckp) population, and Hasanabdal
(Hsnb) populations taken from different points of the same
dam lake (blue). In addition, the Nzk population, which is an
isolated group, and particularly the DIcl population, differ
from the other groups so are represented by a different colour
(red).

The bottleneck analysis was performed by using two
significance tests under the “Two-Phase Mutation Model”
(TPM). In selecting the TPM, the proposition of Piry et al.
(1999) and Di Rienzo et al. (1994) that the two-phase model
gives better results for microsatellite data was accepted. This
model uses both of the other two models (Infinite Allele Model
(IAM) and Stepwise Mutation Model (SPM)), and these
models are used at different ratesin different simulations. In
addition, the sign test results showed that the loci in only two
populations (Dlc2 and Hsnb) had more heterozygote excess
than expected. Moreover, the significance test results revealed
that 11 of the 18 populations in the Lake Van basin, namely
Gzls, Engs, Erck, Ercs, Kckp, Krme, Krs1, Mrdl, Ttvn, ZIn2
and Zlnl, are threatened with extinction.

Considering that the Erck population consists of fish
transported from Lake Van, heterozygosity deficiency in loci
can be explained by the founder effect. However, looking at the
other populations, the most important cause of the genetic
bottlenecks is that all of them are exposed to excessive fishing
pressure during migration from the lake to the rivers,
especially during the spawning period; Sar1 (2008) reported
that the stock of this species decreased through illegal fishing
during spawning migration. The same author stated that sand
and gravel quarries and domestic and contamination of rivers
with industrial waste also substantially decreases stocks. The

Page 14 of 17



Y. Ciftci et al.: Aquat. Living Resour. 2021, 34, 3

results obtained in this study justify the serious concerns held
for the future of the tarek, which is an endemic species that was
regarded asin danger of extinction at the level of “Data
Deficient” as far back as 1996, and “Near Threatened” in 2014
(Freyhof, 2014), and since 2014 has been on the IUCN Red
List.

5 Conclusions

This study marks the first attempt to evaluate the genetic
diversity of the endemic tarek populations in eastern Turkey
by using microsatellite markers. The high polymorphic
information content and the high number of alleles showed
that the selected markers could be used for future population
studies on the tarek. The population structure analysis
identified three main groups that can be considered different
conservation units when applying a management plan. The
genetic differentiation between populations and the non-
significance of correlation for geographical distance indicate
that habitat conditions are responsible for genetic variations
in the tarek populations and may be the primary factor
affecting population genetic structure. In addition, when the
differences in the percentages of variance components
between sampling locations were determined, the geographi-
cal diversity between sampling locations was greater than the
habitat difference in the sampling locations. Most of the
studied populations (11 of 18; Gzls, Engs, Erck, Ercs, Kckp,
Krme, Krs1, Mrdl, Ttvn, ZIn2 and ZIn1) are threatened with
extinction, and the Erck, Krmc, Krsl, Ttvn and Vnsk
populations have low genetic diversity. It is therefore
imperative that urgent action be taken to address this dire
threat to the tarek.

A sustainable fisheries management plan was prepared for
the tarek in 1996 and implemented in several stages, but it has
not been sufficiently respected and properly enforced. If the
current management regime and harmful activities continue,
the tarek, which is an iconic local species of great economic
and cultural importance, will continue its slide towards
extinction through the loss of abundance and the erosion of its
genetic diversity. Therefore, an updated management plan that
includes an enforcement strategy that prevents or at least
minimizes illegal fishing practices and activities that modify
river beds and otherwise damage tarek habitat, and that
increases the cooperation of people living near the rivers,
which have a major impact on fish during the spawning period,
is essential.
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