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Abstract: This study aimed to investigate the genetic diversity and structure of

rainbow trout (Oncorhynchus mykiss) cultured populations in different provinces of Keywords
Tirkiye, based on the cytochrome b (cyt-b) gene region of mitochondrial DNA e Cytochrome b
(mtDNA). Tissue samples were collected from a total of 98 fish (seven fish per e Genetic diversity
province) across 14 provinces, followed by DNA isolation. The mtDNA cyt-b gene e Genetic structure
region (754 bp) was amplified using PCR. Genetic diversity indices, genetic structure, e mtDNA

and phylogenetic analyses were calculated from the cyt-b gene sequence data. The e Phylogenetic analysis
average nucleotide frequencies of the four nucleotides cytosine (C), thymine (T),

adenine (A), and guanine (G) were found to be 26.2%, 24.9%, 26.2%, and 22.8%,

respectively, with a higher A + T content (51%) compared to G + C content (49%). A

total of 645 polymorphic nucleotides were identified across the 14 populations, and 50

distinct haplotypes were defined. Haplotypic diversity ranged from 0.91 to 0.48, while

nucleotide diversity (w) varied between 0.26 and 0.00. The highest genetic diversity

was observed in the Tokat and Van populations, whereas the lowest was recorded in

the Elazig and Kahramanmaras populations. AMOVA analyses revealed that 71.1% of

the genetic diversity was found between populations, while 28.9% was found within

populations. Pairwise Fst values ranged from 0.38 to 0.99, with an average Fsy of 0.71.

Phylogenetic analyses indicated that the populations clustered into two main groups,

with further sub-groupings within these clusters. Notably, the Kahramanmaras and

Elaz1g populations were found to be significantly differentiated from other populations.

In conclusion, despite rainbow trout not being a native species in Tiirkiye, the findings

of this study indicate that the genetic diversity of the populations is at a good level.

However, in order to preserve the genetic diversity of cultured rainbow trout

populations and to increase effective population size, it is recommended that breeders

engage in fry exchanges and import new rainbow trout specimens to enhance genetic

diversity.

Ozet: Bu galigmada, Tiirkiye’deki farkli illerdeki gokkusagi alabaligi (Oncorhynchus

mykiss) kiiltiir popiilasyonlarinin mitokondriyal DNA (mtDNA) sitokrom b (cyt-b) gen Anahtar kelimeler
bolgesine dayali genetik gesitliliginin ve yapisinin incelenmesi amaglanmustir. Calisma @ Sjtokrom b
kapsaminda 14 ildeki toplam 98 baliktan (il basina yedi balik) alinan doku 6rnekleri ile ® Genetik gesitlilik
DNA izolasyonu yapilmis ve mtDNA cyt-b gen bolgesi (754 bp) PCR ile ° T
cogaltilmistir. Cyt-b gen bolgesi sekans verilerinden genetik cesitlilik indeksleri, Gensii y
genetik yap1 ve filogenetik analizlerle ilgili hesaplamalar yapilmistir. Caligmada dort ® MtDNA
niikleotidin (sitozin (C), timin (T), adenin (A) ve guanin (G)) ortalama frekanslari ~ ®Filogenetik analiz
strastyla %26.2, %24.9, %26.2 ve %22.8 olarak bulunmus; A + T igeriginin (%51) G +

C igeriginden (%49) daha yiiksek oldugu belirlenmistir. 14 popiilasyondan toplam 645

polimorfik niikleotid tespit edilmis ve 50 farkli haplotip tanimlanmistir. Haplotip
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cesitliligi 0.91 ile 0.48 arasinda, niikleotid ¢esitliligi ise 0.26 ile 0.00 arasinda
degismistir. En yiiksek genetik ¢esitlilik Tokat ve Van popiilasyonlarinda, en diisiik ise
Elazig ve Kahramanmaras popiilasyonlarinda gozlenmistir. AMOVA analizleri,
genetik ¢esitliligin %71.1'inin popiilasyonlar arasinda, %28.9'unun ise popiilasyonlar
icinde oldugunu gostermistir. ikili Fsr degerleri 0.38 ile 0.99 arasinda degismis ve
ortalama Fst degeri 0.71 olarak bulunmustur. Filogenetik analizler, popiilasyonlarin iki
ana gruba ayrildigini ve bu gruplarin kendi iginde farkli alt gruplar olusturdugunu
gostermigtir.  Ozellikle Kahramanmaras ve Elazig popiilasyonlarinin  diger
popiilasyonlardan belirgin sekilde farklilastigi gozlenmistir. Sonug olarak gokkusagi
alabaliklarinin gen kaynagi iilkemizde olmamasina ragmen calismada elde edilen
bulgular popiilasyonlarmn genetik cesitliliginin iyi diizeyde oldugunu gdstermektedir.
Ancak gokkusagi alabaligi kiiltiir popiilasyonlarinin genetik gesitliligini korumak ve
etkili popiilasyon biyiikligiinii artirmak igin yetistiricilere yavru baliklart takas
etmeleri ve genetik ¢esitliligi artirmak icin yeni gokkusagi alabaliklar: ithal etmeleri

Onerilebilir.

1.INTRODUCTION

Rainbow trout (Oncorhynchus mykiss) is one
of the most widely farmed aquaculture species
globally, with a long history of domestication
(Longo et al., 2024). In recent years, Tiirkiye has
emerged as one of the leading producers of this
species, alongside Chile and Iran, driven by
increasing global demand for rainbow trout
(FAO, 2020). The extensive farming of rainbow
trout has led to the development of numerous
genetically distinct strains due to selective
breeding practices aimed at enhancing desirable
traits (Stankovi¢ et al., 2015; Wiens et al., 2018;
D’Ambrosio et al.,, 2019; Kause et al., 2022).
More than 75 rainbow trout subspecies have been
identified worldwide, highlighting the genetic
diversity within the species (Glover, 2008;
Abdullah et al., 2019). In Tiirkiye, while some
aquaculture companies import rainbow trout eggs
to renew their genetic stocks, many rely on
locally sourced broodstock, which may give rise
to unique, region-specific genetic strains
(Karatag, 2019). However, the lack of
comprehensive records regarding the origins and
sizes of the initial rainbow trout culture
populations raises concerns about the genetic
management of these stocks (Agdamar, 2010;
Oral, 2011).

The high fecundity of fish species, including
rainbow trout, allows the establishment of
populations from a limited number of breeding
pairs (Saura et al., 2021; Kurta et al., 2023).
However, prolonged reliance on a narrow genetic
base can lead to inbreeding, which reduces
genetic diversity and increases the likelihood of
genetic problems within populations (Martsikalis
et al., 2014; Paul et al., 2022). Inbreeding
depression can decrease heterozygosity, result in
the loss of important alleles, and reduce
adaptability to environmental changes, ultimately

impacting production efficiency and increasing
the risk of deformities (Lind et al., 2012; Grant et
al., 2017, Karatag, 2019).  Therefore,
understanding the genetic  diversity in
aquaculture populations is crucial for effective
breeding programs and the long-term
sustainability of the species (Lhorente et al.,
2019; Houston et al., 2020). Genetic diversity is a
critical factor influencing populations' resilience
to environmental fluctuations and overall
survival (Leitwein et al., 2017; Cossu et al.,
2021). Higher genetic diversity increases the
likelihood that some individuals within a
population possess alleles that confer an
advantage under changing conditions, facilitating
the transmission of favorable traits to future
generations (Wiens et al., 2018; D’Ambrosio et
al., 2019). As a result, assessing the existing
genetic diversity in target populations is essential
before initiating any selective breeding program
(Akhan and Canyurt, 2005; Chavanne et al.,
2016; Grant et al., 2017). This evaluation is
particularly — important in  rainbow  trout
aquaculture, where the potential for inbreeding
depression requires careful genetic management
to preserve diversity and  adaptability
(D’ Ambrosio et al., 2019; Lhorente et al., 2019;
Chu et al., 2020).

Despite the importance of genetic diversity in
aquaculture, there is a notable lack of
comprehensive studies focusing on the genetic
structure of rainbow trout culture populations in
Tiirkiye. Previous research has employed various
markers, such as RFLP (Togan et al., 2002),
RAPD  (Akhan and  Canyurt,  2005),
microsatellites (Aksakal, 2009; Agdamar, 2010;
Oral, 2011), and mitochondrial DNA (mtDNA)
(Sarmasik et al., 2008; Karatas, 2019), to assess
genetic diversity. However, these studies have
often focused on limited geographic areas or
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specific genetic markers, and most have not
utilized sequence analysis to elucidate genetic
differences. Consequently, while some research
has been conducted to evaluate the genetic
diversity of rainbow trout culture populations in
Tiirkiye, no published studies have used
sequence analysis to assess population structure
using any region of the mitochondrial genome.
Mitochondrial DNA is a powerful tool for
analyzing population structure and genetic
diversity due to its haploid nature and maternal
inheritance (DeSalle et al., 2017; Baisvar et al.,
2019; Sun et al., 2019; Peng et al., 2021).
Numerous studies have successfully employed
mtDNA sequence data to investigate the genetic
diversity of various fish species, emphasizing the
usefulness of the cytochrome b (cyt-b) gene
region in understanding population structures (Ha
et al., 2020; Sultana et al., 2022; Zhang et al.,
2023).

Given the importance of genetic diversity for
the sustainability of aquaculture, it is imperative
to comprehensively evaluate the genetic diversity
of rainbow trout culture populations in Tiirkiye

using advanced molecular techniques. This study
aims to address this knowledge gap by
comparing the genetic diversity of rainbow trout
culture populations in different provinces of
Tiirkiye through sequence analysis of the mtDNA
cyt-b gene region. By elucidating the genetic
structure and diversity of these populations, this
research will provide valuable insights for future
breeding programs and conservation strategies,
ultimately contributing to the sustainable
management of rainbow trout aquaculture in
Tiirkiye.

2.MATERIALS AND METHODS
2.1.Study Area, Sample Collection, and DNA
Extraction

In this study, Oncorhynchus mykiss specimens
were collected between October 1, 2023, and
March 1, 2024, from 14 randomly selected
provinces across Tiirkiye, covering all
geographical regions, with two provinces from
each region (Figure 1).
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Figure 1. Sample points of rainbow trout culture populations.
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A total of 98 rainbow trout (seven fish per
province) were anesthetized using clove powder
at a concentration of 200 mg/L (Naderi et al.,
2017). The fish samples were transported under a
cold chain to the Aquaculture Department
Laboratory of Van Yiiziincii Yil University’s
Faculty of Fisheries. Muscle tissue samples (25—
50 mg) were taken from each fish, fixed in 96%
ethanol, and stored until DNA extraction. Tissue
samples were first homogenized using a tissue
lyser, and DNA was extracted using the SuSpin
Tissue DNA Isolation Kit (Sugenomics)
according to the manufacturer’s protocol, with
modifications per Karatas (2019). The
concentration and purity of the extracted DNA
were determined using a NanoDrop 2000/2000c
(Thermo  Scientific)  spectrophotometer  at
230/260/280 nm. The DNA samples were stored
at -20°C until further processing.
2.2.PCR Amplification

PCR amplification of the mtDNA cyt-b gene
region was performed using a RotorGene 6000
(Qiagen) thermal cycler. The reaction used
specific primers designed for the partial cyt-b
gene region of rainbow trout mtDNA (GenBank
accession no: NC_001717.1): forward primer 5'-
AGAAACCTGGAATATCGGAGTTGTA-3' and
reverse primer 5'-
GATGGTGAAGTAAATTACAGAGGC-3'. The
PCR mixture consisted of a total volume of 25
ul, containing 10 puL of PCR Master Mix
(Sugenomics), 3 pL of forward and reverse
primers, 4 puL of H20, and 5 pL of template
DNA. The PCR protocol began with an initial
denaturation at 94°C for 10 minutes, followed by
45 cycles of denaturation at 94°C for 45 seconds,
annealing at 60°C for 45 seconds, and extension
at 72°C for 45 seconds. A final extension step at
72°C for 10 minutes completed the PCR process.
2.3.Sequencing and Data Analysis of the Cyt-b
Gene Region of mtDNA

Genetic diversity analyses of the mtDNA cyt-
b gene region were performed to assess the
genetic variation and population structure of
rainbow trout populations from different
provinces. PCR amplicons were sequenced using
the Sanger sequencing method on an Applied
Biosystems 3500/3500 xL Genetic Analyzer. The
raw sequence data were obtained in Abl format
for further analysis. Genetic diversity indices,
including base composition, nucleotide diversity
(m), haplotype diversity (Hd), haplotype number
(H), polymorphic nucleotides count (Ps), average
number of nucleotide differences (k), allele

number (Na), and expected heterozygosity, were
calculated for the cyt-b gene region using
standard procedures (Tajima, 1983). Calculations
were performed using Arlequin  v3.5.2.2
(Excoffier et al., 2005) and DnaSP v6.12.03
(Rozas et al., 2017) software, with a 95%
confidence interval and 1000 bootstrap iterations.
Population differentiation (Fsy) was calculated
pairwise using Arlequin v3.5.2.2 (Weir and
Cockerham, 1984) with 1000 random
permutations for significance testing.
Additionally, molecular variance (AMOVA) was
computed to test the significance of population
structure and analyze differentiation within and
between populations using Arlequin. Principal
Coordinate Analysis (PCoA) based on Fst values
was analyzed using GenAlEx ver. 6.5 (Peakall
and Smouse 2006). Evolutionary distance
analyses were performed using the Neighbor-
Joining (NJ) and Maximum Likelihood (ML)
methods in MEGA X, following established
methodologies (Kimura, 1980; Felsenstein, 1985;
Saitou and Nei, 1987; Tamura, 1992; Kumar et
al., 2018). To identify the optimal model, the
MEGA X program was utilized, and the Tamura
3-Parameter (T92-G) model, which assumes a
higher rate of transitions compared to
transversions, was selected as the most suitable
(Tamura, 1992; Tamura et al., 2021). The gamma
distribution was applied to account for variation
in substitution rates among sites. Bootstrap
analyses were performed with 1,000 replicates
for each method to assess branch support. A
single phylogenetic tree was constructed using
the ML method, with bootstrap values from both
ML and NJ methods annotated at the respective
branches to indicate consistency across methods.

3.RESULTS
3.1.Genetic Diversity Indices

A total of 754 base pairs (bp) of the mtDNA
cyt-b gene region were amplified, and after
correction and alignment, 726 bp fragments were
analyzed to determine the genetic diversity
among rainbow trout culture populations. The
average frequencies of the four nucleotides
cytosine (C), thymine (T), adenine (A), and
guanine (G) across the 98 samples collected from
14 different provinces were found to be 26.2%,
24.9%, 26.2%, and 22.8%, respectively. The A +
T content (51%) was higher than the G + C
content (49%).

As shown in Table 1, a total of 645
polymorphic nucleotides were identified among
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98 individuals from 14 different rainbow trout
culture populations. The highest number of
polymorphic nucleotides was observed in the
Tokat population, while the lowest number was
found in the Kahramanmaras population. Based
on these polymorphic regions, a total of 50
haplotypes were identified. The highest number
of haplotypes was found in the Tokat and Van
populations. The haplotype diversity (Hd) ranged

from 0.91 £ 0.10 to 0.48 £ 0.17, and nucleotide
diversity (m) ranged from 0.26 + 0.05 to 0.00 +
0.00. Both haplotype and nucleotide diversity
were highest in the Tokat and Van populations
and lowest in the Elazig and Kahramanmarag
populations. Additionally, the average number of
nucleotide differences (k) was highest in the
Tokat population (185.86) and lowest in the
Kahramanmaras population (0.95).

Table 1. Number of polymorphic nucleotides (Ps), number of haplotypes (h), haplotype diversity (Hd),
nucleotide diversity (w), and average number of nucleotide differences (k) in rainbow trout culture populations.

Populations n Ps h Hd m k
Adiyaman 7 56 4 0.81+0.13 0.04+0.00 29.52
Aydin 7 198 4 0.71£0.18 0.13£0.05 94.19
Balikesir 7 240 2 0.57+0.12 0.19+0.04 137.14
Bursa 7 216 3 0.67+£0.16 0.17+0.03 119.52
Elaz1g 7 12 3 0.52+0.20 0.01+0.00 3.81
Glimiishane 7 174 3 0.67+0.16 0.14+0.03 98.19
Isparta 7 27 3 0.76+0.12 0.02+0.01 13.24
Kahramanmaras 7 2 2 0.48+0.17 0.00+0.00 0.95
Kayseri 7 49 4 0.71£0.18 0.03+0.01 23.33
Mugla 7 94 4 0.86+0.10 0.07+0.01 52.76
Sanliurfa 7 275 4 0.81+0.13 0.18+0.06 131.33
Tokat 7 328 5 0.91+0.10 0.26+0.05 185.86
Van 7 269 5 0.86+0.14 0.17+ 0.06 122.14
Yozgat 7 75 4 0.81+0.13 0.04+0.01 31.71

3.2.Genetic Structure

AMOVA analysis of the mtDNA cyt-b gene
sequences of rainbow trout showed that genetic
variation among populations accounted for
71.1% of the total variation, while genetic
variation within populations accounted for 28.9%
of the total variation (Table 3). As shown in
Table 4, pairwise Fst values, which indicate the
degree of genetic differentiation between
populations based on the mtDNA cyt-b gene
region, ranged from 0.38 to 0.99, with an average

Fst value of 0.71. The PCoA results revealed that
PC1 (11.62%) distinguished the Kahramanmaras,
Glimiishane, Tokat, Balikesir, Sanlurfa, Aydin,
and Mugla populations from those in Kayseri,
Bursa, Van, Yozgat, Adiyaman, Elazig, and
Isparta. Meanwhile, PC2 (10.69%) further
separated the populations into two groups:
Kahramanmaras, Giimiishane, Kayseri, and
Bursa, and Tokat, Balikesir, Sanlurfa, Aydin,
Mugla, Van, Yozgat, Adiyaman, Elazig, and
Isparta (Figure 2).

Table 3. AMOVA analysis based on mtDNA cyt-b gene sequences.

— Sum of Variance Percentage of
Source of variation d.f. . p value
squares components variation
Among populations 13 8716.122 90.52403 Va 71.10
. . 0.0000+0.0000
Within populations 84 3091.429 36.80272 Vb 28.90
Total 97 11807.551 127.32675
Fixation index (Fst) 0.71096
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Figure 2. PCoA results are based on Fsy values.
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Table 4. Pairwise Fst (below diagonal) and p-values (above diagonal) based on the mtDNA cyt-b gene region.
Adiyaman Aydin Balikesir Bursa Elang Giimiishane Isparta Kahramanmaras Kayseri Mugla Sanlurfa Tokat Van Yozgat

Adiyaman 0.00:0.00  0.0040.00  0.000.00  0.0040.00 000 g0 0.00:0.00 0.0040.00* 0.00:0.00  0.00:0.00  0.00:0.00  0.000.00  0.000.00  0.00:0.00
Aydin 078 0.00:0.00  0.00:000  0.00:0.00 o010, 0.00:0.00 0.0020.00% 0.00:0.00  0.00:0.00  0.00:0.00  0.00:0.00  0.000.00  0.00:0.00
Balikesir 070 047 0.0060.00  0.00:0.00 o 00000, 000:0.00 0.0040.00% 0.00:0.00  0.00:0.00  0.00:0.00  0.00:0.00  0.000.00  0.00:0.00
Bursa - 065 055 0.000.00 (000 00e  0.00:0.00 0.0040.00% 0.00:0.00  0.00:0.00  0.00:0.00  0.000.00  0.000.00  0.00:0.00
Elan 0.92 0.83 074 070 0.00:0.00% 0005000 0.0040.00% 0.00:0.00  0.00:0.00  0.00:0.00  0.00:0.00  0.000.00  0.00:0.00
Gimishane 075 0560 041 058 079 0.00:0.00 0.0040.00% 0.00:0.00  0.00:0.00  0.00:0.00  0.000.00  0.000.00  0.00:0.00
lsparta 087 080 071 071 095 076 0.0020.00% 0.00:0.00  0.00:0.00  0.00:0.00  0.00:0.00  0.000.00  0.00:0.00
Kahramanmaras 0.04 0.83 072 07 0.99 072 007 0.00:0.00  000:0.00  0.00:0.00  0.00:0.00  0.000.00  0.00:0.00
Kayseri 0.87 0.80 0.71 0.65 0.93 0.75 0.91 0.94 0.00£0.00 0.00£0.00  0.00£0.00  0.00£0.00  0.00=0.00
Mugla 0.84 0.58 0.58 0.6 0.89 0.70 0.87 0.89 0.86 0.00£0.00 0.00£0.00  0.00£0.00 0.00=0.00
Sanlurfa 0.75 0.53 0.44 0.63 0.78 0.52 0.75 0.78 0.76 0.64 0.00£0.00 ~ 0.00+0.00  0.00+0.00
Tokat 0.60 0.44 0.38 0.46 0.65 0.47 0.62 0.63 0.63 0.52 0.46 0.00£0.00 0.000.00
Van 0.66 0.62 0.55 0.49 0.72 0.61 0.67 0.77 0.70 0.67 0.60 0.44 0.00+0.00
Yozgat 0.89 0.79 0.73 0.73 0.94 0.80 0.92 0.95 0.90 0.86 0.75 0.64 0.71

* P <0.05
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3.3.Phylogenetic Analysis

The Neighbor-Joining (NJ) dendrogram
based on the mtDNA cyt-b gene region
revealed that the rainbow trout culture
populations clustered into distinct groups.
According to the NJ tree, the 14 populations
formed two major groups, each further divided
into subgroups. In the first group, the
Kahramanmaras population formed its distinct
subgroup. Another subgroup consisted of the
Tokat, Balikesir, and Glimiishane populations,
with the Tokat and Balikesir populations being
closely related. In the subgroup containing the
Sanliurfa, Aydin, and Mugla populations, the
Aydim and Mugla populations were more
closely related to each other. In the second
major group, the Elazig population separated
from all other populations to form its group.
Another subgroup included the Isparta and Van
populations, while a third subgroup consisted
of the Bursa, Kayseri, Yozgat, and Adiyaman
populations, with Bursa and Kayseri showing a
closer relationship. The Maximum Likelihood
(ML) dendrogram based on the mtDNA cyt-b
gene region demonstrated that the cultured

rainbow trout populations clustered into distinct
groups. The ML tree revealed that the 14
populations formed two main groups, each
further subdivided into subgroups. In the first
group, the Kahramanmaras population was
distinctly separated from the others, while
Mugla-Aydin and Balikesir-Tokat populations
formed closely related binary subgroups.
Sanlurfa and Giimiishane populations were also
included in this group, though their similarity to
the other populations was lower. The second
group comprised seven populations divided into
two subgroups. The Elazig population was
distinct from all other populations, forming its
subgroup. The Bursa-Kayseri populations, which
exhibited a very close relationship, were grouped
and shared similarities with Yozgat, Adiyaman,
Van, and Isparta populations, collectively
forming the second subgroup.

The phylogenetic tree, displayed in Figure 3,
illustrates the genetic relationships among the
studied populations. Bootstrap values from both
the NJ and ML methods are shown at each
branch as ML/NJ, highlighting the high
consistency and reliability of the two methods.

Bursa

74/57
32/50

32/47

Kayseri

27/48

57/52

Yozgat

Adiyaman

Van

100/100

Isparta

Elazig

Kahramanmaras

99/100

97/57

Gumushane

Sanliurfa

100/100

_—
010

Aydin
99/100

Mugla

97/77
Balikesir

82/85
Tokat

Figure 3. Phylogenetic tree constructed using the Maximum Likelihood (ML) method. Bootstrap values derived
from both the ML and Neighbor-Joining (NJ) methods are indicated at each branch as ML/NJ. Branch lengths
are proportional to genetic distance, and the scale bar represents substitutions per site.
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4.DISCUSSION AND CONCLUSION

Genetic studies are of great importance as
they enhance our understanding of genetic
diversity and evolution, thereby providing
valuable guidance for the conservation and
management of genetic resources and the
development of breeding programs (Zhang et al.,
2018; Fang et al., 2022). The genetic structure of
populations essentially defines the total genetic
diversity and its distribution within and among a
set of populations (Sultana et al., 2022).
Molecular markers serve as effective tools for
investigating and monitoring the genetic status of
populations, including both differentiation and
variation (Kumar et al., 2017). In this context,
mtDNA is widely used to assess genetic diversity
and structure in fish species (Zhang et al., 2018).
This study presents a comprehensive analysis of
the genetic diversity and structure of rainbow
trout (Oncorhynchus mykiss) cultured
populations from different provinces in Tiirkiye,
using the mtDNA cyt-b gene region. The findings
underscore substantial genotypic differences
among populations, along with notable variations
in nucleotide diversity, haplotype diversity, and
the frequency of polymorphic nucleotides. When
examining the sequence composition of the
mtDNA cyt-b gene region in rainbow trout
populations, a higher observed A+T content
(51%) compared to G+C content (49%) is
consistent with the typical base composition of
mtDNA in many fish species, including rainbow
trout. The genetic differences among the rainbow
trout culture populations, as presented in Table 1,
reveal a total of 645 polymorphic nucleotides
across 14 different populations. Additionally, the
presence of various haplotypes in rainbow trout
culture populations was observed. Based on these
polymorphic regions, a total of 50 haplotypes
were identified. The occurrence of distinct
haplotypes within the studied populations
indicates the existence of genetic diversity.
Moreover, the large number of polymorphic
nucleotides serves as a strong indicator of genetic
diversity within these populations (Nei, 1987,
Whitmore, 1990). Therefore, the presence of
distinct haplotypes and a high number of
polymorphic nucleotides among rainbow trout
culture populations from different provinces in
Tirkiye suggests the existence of significant
genetic diversity.

The study found that haplotype diversity
ranged from 0.91+0.10 to 0.48+0.17, while
nucleotide diversity varied between 0.26+0.05

and 0.00£0.00 (Table 1). Indeed, previous studies
on the genetic diversity of rainbow trout have
reported similar findings regarding haplotype and
nucleotide diversity. For instance, a study on the
genetic structure of rainbow trout farmed in
Greece reported haplotype diversity ranging from
0.87+0.04 to 0.59+0.06 and nucleotide diversity
from 0.36+£0.19 to 0.18+0.10 (Martsikalis et al.,
2014). Similarly, Colihueque et al. (2019)
estimated the genetic diversity of rainbow trout
stocks in Chile, reporting haplotype diversity
between 1.00£0.50 and 0.00+0.00, and
nucleotide diversity ranging from 0.011+0.00 to
0.00=0.00.

The AMOVA analysis for the mtDNA cyt-b
gene sequences in rainbow trout revealed that
71.1% of the total genetic diversity was attributed
to variation between populations, while 28.9% of
the total diversity was due to within-population
variation (Table 3). These results indicate that the
primary source of diversity lies between
populations. In previous studies, Martsikalis et al.
(2014) reported that 5.65% of the genetic
diversity in rainbow trout populations farmed in
Greece was attributable to between-population
differences, while 94.35% was due to within-
population variation. Similarly, Colihueque et al.
(2019) found that 38.35% of the genetic diversity
in rainbow trout stocks in Chile was due to
between-population variation, with 61.65%
attributed to within-population diversity. Another
study examined the population structure and
genetic diversity of rainbow trout broodstock in
Brazil using SNP markers, revealing that 17.29%
of the genetic diversity was attributed to
differences between populations, while 86.51%
was attributed to variation within populations (de
Aratijo Janior et al., 2023). Devaa et al. (2024)
reported that 44.30% of the genetic diversity in
trout populations in India was due to between-
population variation, while 55.70% was due to
within-population diversity.

An examination of the Fsr values for the 14
rainbow trout culture populations revealed high
genetic differentiation between populations
(Table 4). The pairwise Fsr values based on the
mtDNA cyt-b gene region ranged from 0.38 to
0.99, with an average Fsr value of 0.71 (Tables 3
and 4). These results suggest a high level of
genetic diversity among the studied populations.
When compared to previous studies, the Fsr
values observed in this study differ significantly.
In studies on rainbow trout culture populations in
Tiirkiye, Agdamar (2010) and Oral (2011)




Beyaz and Karatasg, 2025

Acta Aquat. Turc., 21 (2): 100-114 109

reported Fst values of 0.06+0.18 and 0.06+0.04,
respectively. Karatas (2019), in a study of
rainbow trout hatcheries in Van, Tiirkiye, based
on 10 mtDNA primers, reported an Fst value of
0.21. In another study, Carcamo et al. (2015)
reported an Fst value of 0.222 in rainbow trout
populations in Chile. Faccenda et al. (2018)
reported Fst values ranging from 0.12 to 0.06 in
rainbow trout stocks from Trentino, Italy.
Colihueque et al. (2019) reported an Fsr value of
0.38 in rainbow trout stocks in Chile. Devaa et al.
(2024) found Fsr values ranging from 0.59 to
0.22 in trout populations in India. In a study
analyzing the genetic differentiation and
assignment of commercial rainbow trout strains
using a SNP panel, Liu et al. (2017) reported Fst
values ranging from 0.056 to 0.195. Another
study assessed the population structure and
genetic diversity of rainbow trout broodstock in
Brazil using SNP markers, reporting an Fst value
of 0.172 (de Aratjo Janior et al., 2023). The
differences in Fsr values observed between this
and other studies may be attributed to variations
in the molecular markers used or differences in
the geographic regions studied. As Glover (2008)
noted, it is challenging to directly compare
genetic variation across studies that use different
marker sets. In comparison to other studies, the
pairwise Fsr values obtained in this study are
significantly higher. However, when considering
studies on genetic diversity in other fish species
based on the mtDNA cyt-b gene region, similar
Fst values have been reported (Habib et al., 2011,
Zhu et al., 2016; Kumar et al., 2017; Ha et al.,
2020). Thus, it is plausible that the mtDNA cyt-b
gene region is conserved in rainbow trout
populations.

The Neighbor-Joining (NJ) and Maximum
Likelihood (ML) dendrograms based on the
mtDNA cyt-b gene region revealed that the
rainbow trout populations were grouped into
distinct clusters (Figures 3). These dendrograms,
constructed using genetic distance data,
demonstrated that the populations formed two
primary groups, each further subdivided into
subgroups, reflecting the genetic relationships
among the populations. Similar results were
observed in previous studies on rainbow trout
culture populations in Tiirkiye, where Agdamar
(2010) and Oral (2011) also reported the division
of populations into two major groups.
Additionally, a study conducted in Norway,
which compared the genetic characterization of
rainbow trout populations, found that the

populations were split into two main groups
based on the dendrogram (Glover, 2008).
Another study by Devaa et al. (2024) on trout
populations in India also reported the division of
populations into two major groups.

The PCoA results revealed that PC1 (11.62%)
and PC2 (10.69%) together explain only 22.31%
of the total variation. Although these results
account for only a small portion of the genetic
variation, it is evident that the Kahramanmaras
population is genetically distinct from the others,
forming an independent group. This finding,
supported by high Fsr values and phylogenetic
analyses, indicates that Kahramanmaras should
be considered a separate genetic group.

When the 14 rainbow trout culture
populations sampled from different provinces in
Tiirkiye were evaluated according to the
aforementioned criteria, the findings indicated
that, despite rainbow trout not being a native
species in the country, the genetic diversity of
these populations is at a good level. In particular,
the high levels of haplotype and nucleotide
diversity observed in the Van and Tokat
populations suggest that these populations may
have exchanged fish with other populations or
imported new rainbow trout specimens, leading
to higher genetic diversity compared to others.
The high level of genetic diversity and
differentiation among rainbow trout culture
populations in Tirkiye suggests that these
populations have adapted to their local
environments due to geographic isolation and
varying ecological conditions. The distinct
genetic structures observed in populations such
as those from Kahramanmarag and Elazig
highlight the importance of considering local
adaptations in conservation and management
strategies. The Fsr ratio of rainbow trout culture
populations suggests that there is genetic
differentiation among the populations. However,
it is not sufficient to assess rainbow trout culture
populations in Tiirkiye solely based on the high
Fst value. A high Fst value does not guarantee
that inbreeding issues will not arise in these
populations over time. Therefore, to fully
understand the situation, all genetic parameters
should be evaluated together.

In conclusion, this study, which compared the
genetic diversity of 14 rainbow trout culture
populations in Tirkiye, provided valuable
insights into the genetic structure of these
populations. One of the challenges in rainbow
trout farming is estimating genetic diversity.
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Since populations in confined environments like
hatcheries are generally smaller, they are more
susceptible to genetic variations compared to
wild populations. As a result, reductions in
genetic variation due to inbreeding and genetic
drift are common in cultured populations. The
loss of genetic variation corresponds to a loss of
genetic potential for stock improvement and
adaptation to environmental changes. Therefore,
monitoring changes in the genetic structure of
cultured populations, relative to wild populations,
is essential. In general, the impact of reduced
genetic diversity in cultured populations is the
loss of adaptive capacity to environmental
changes. The results of this study are expected to
contribute to better management of production
capacities in rainbow trout farms. Indeed,
applying genetic diversity models in breeding
programs is highly beneficial, providing useful
information for improved management practices.
It is recommended that rainbow trout breeders
exchange fry or import new specimens to
enhance genetic diversity and increase the
effective population size. Furthermore, future
studies covering a broader range of distribution
areas with more samples will undoubtedly
contribute to rainbow trout aquaculture in
Tiirkiye. In this context, future research should
prioritize expanding genetic analyses to
incorporate nuclear DNA markers, RAD-seq,
SNP analyses, and a broader range of
populations, offering a more comprehensive
understanding of the genetic diversity and
structure of rainbow trout in Tiirkiye. Long-term
monitoring and conservation programs should be
implemented to preserve the genetic diversity and
integrity of these populations and ensure the
sustainability of rainbow trout culture in the
region.

ACKNOWLEDGEMENTS

This study is derived from a master's thesis
prepared under the supervision of the second
author by the first author. The authors would like
to thank Van Yuzuncu Yil University Scientific
Research Projects Coordination Office for
financial support.

FUNDING

This study was supported by the Scientific
Research Projects Coordination Unit of Van
Yiiziincii Y1l University grant FYL-2023-10698.

CONFLICT OF INTEREST

The authors declare that they have no known
competing financial interests or personal
relationships that could have appeared to
influence the work reported in this paper.

AUTHOR CONTRIBUTIONS

Fiction: IB, BK; Literature: IB, BK;
Methodology: 1B, BK; Performing the
experiment: IB, BK; Data analysis: IB, BK;
Manuscript writing: iB, BK, Supervision: iB,
BK. All authors approved the final draft.

ETHICAL STATEMENTS
This study was conducted with the approval
of Animal Experiments Local Ethics Committee

of Van Yuzuncu Yil University (protocol no:
2023/05-07).

DATA AVAILABILITY STATEMENT

The data used in the present study are
available upon request from the corresponding
author. Data is not available to the public due to
privacy or ethical restrictions.

REFERENCES

Abdullah, T., Nassiri, M., Safari, 0. &
Javadmanesh, A. (2019). Genetic diversity for
three  populations of Rainbow Trout
(Oncorhynchus mykiss) based on sequencing
of mtDNA genes. Marsh Bulletin, 14(1), 1-10.

Agdamar, S. (2010). Tiirkiye'de iiretilen
gokkusagr alabaligi (Oncorhynchus mykiss
Walbaum, 1792) popiilasyonlarinin

mikrosatellit DNA analizi, (Yiiksek lisans tezi.
Mugla Universitesi, Fen Bilimleri Enstitiisii,
Mugla).

Akhan, S., & Canyurt, M. A. (2005). Ug farkh
kuluckahanedeki damizlik gokkusag: alabaligi
(Oncorhynchus  mykiss Walbaum, 1792)
stoklar1 arasinda genetik ¢esitliligin RAPD-
PCR yontemiyle belirlenmesi iizerine bir
arastirma. Ege Universitesi Su  Uriinleri
Dergisi, 22 (1-2), 25-30.

Aksakal, E. (2009). Diisiik ve yiiksek canli
agirliga  sahip  gokkusagr  alabaliklar
(Oncorhynchus  mykiss Walbaum, 1792)
arasindaki genetik varyasyonun mikrosatelit
markiwrlar kullanilarak belirlenmesi, (Doktora
tezi. Atatirk Universitesi, Fen Bilimleri
Enstitiisii, Erzurum).

Baisvar, V. S., Singh, M., & Kumar, R. (2019).
Population structuring of Channa striata from
Indian waters using control region of mtDNA.




Beyaz and Karatasg, 2025

Acta Aquat. Turc., 21 (2): 100-114 111

Mitochondrial DNA Part A, 30(3), 414-423.
https://doi.org/10.1080/24701394.2018.15324
16

Carcamo, C. B., Diaz, N. F., & Winkler, F. M.
(2015). Genetic  diversity in  Chilean
populations of rainbow trout, Oncorhynchus
mykiss. Latin American Journal of Aquatic
Research, 43 (1), 59-70. http://doi.org/
10.3856/vol43-issuel-fulltext-6

Chavanne, H., Janssen, K., Hofherr, J., Contini,
F., Haffray, P., Aquatrace Consortium, ... &
Bargelloni, L. (2016). A comprehensive
survey on selective breeding programs and
seed market in the European aquaculture fish
industry. Aquaculture International, 24, 1287-
1307. https://doi.org/10.1007/s10499-016-
9985-0

Chu, T. T., Serensen, A. C., Lund, M. S., Meier,
K., Nielsen, T., & Su, G. (2020).
Phenotypically selective genotyping realizes
more genetic gains in a rainbow trout
breeding program in the presence of
genotype-by-environment interactions.
Frontiers in Genetics, 11, 866.
https://doi.org/10.3389/fgene.2020.00866

Colihueque, N., Estay, F. J.,, Crespo, J. E.,
Arriagada, A., Baessolo, L., Canales-Aguirre,
C. B., ... & Carrasco, R. (2019). Genetic
differentiation and origin of naturalized
rainbow trout populations from southern
Chile, revealed by the mtDNA control region
marker. Frontiers in Genetics, 10, 1212.
https://doi.org/10.3389/fgene.2019.01212

Cossu, P., Mura, L., Scarpa, F., Lai, T., Sanna,
D., Azzena, I., ... & Casu, M. (2021). Genetic
patterns in Mugil cephalus and implications
for fisheries and aquaculture management.
Scientific Reports, 11(1), 2887.
https://doi.org/10.1038/s41598-021-82515-7

D’ambrosio, J., Phocas, F., Haffray, P., Bestin,
A., Brard-Fudulea, S., Poncet, C., .. &
Dupont-Nivet, M. (2019). Genome-wide
estimates of genetic diversity, inbreeding and
effective size of experimental and commercial
rainbow trout lines undergoing selective
breeding. Genetics Selection Evolution, 51, 1-
15. https://doi.org/10.1186/s12711-019-0468-
4

de Araujo Junior, N. T., lanella, P., Yoshinaga,
T. T., Butzge, A. J., & Caetano, A. R. (2023).
Population structure and genetic diversity of
rainbow trout  (Oncorhynchus  mykiss)
broodstocks  from  Brazil using SNP

markers. Aquaculture Reports, 31, 101689.
https://doi.org/10.1016/j.aqrep.2023.101689
DeSalle, R., Schierwater, B., & Hadrys, H.
(2017). mtDNA: The small workhorse of
evolutionary studies. Frontiers in Bioscience-

Landmark, 22(5), 873-887.

Devaa, W., Panneerselvam, V., &
Uthandakalaipandian, R. (2024). Estimation
of genetic diversity of the exotic Indian trout
populations by using microsatellite markers.
Journal of  Genetics, 103(2), 11.
https://doi.org/10.1007/s12041-023-01462-6

Excoffier, L., Laval, G., & Schneider, S. (2005).
Arlequin (version 3.0): an integrated software
package for population genetics data analysis.
Evolutionary Bioinformatics, 1.
https://doi.org/10.1177/117693430500100003

Faccenda, F., Lunelli, F., Gandolfi, A., & Bozzi,
R. (2018). Microsatellite-based genetic
diversity and admixture history of rainbow
trout (Oncorhynchus mykiss—Walbaum, 1792)
stocks in Trentino (Italy). Turkish Journal of
Fisheries and Aquatic Sciences, 18(7), 881-
889. nhttps://doi.org/  10.4194/1303-2712-
v18 7 06

Fang, D. A, He, M., Ren, Y. F., Luo, H., Zhou,
Y. F, Jiang, S. L., & You, Y. (2022).
Assessment of genetic diversity of the
Salangid, Neosalanx taihuensis, based on the
mitochondrial COI gene in different Chinese
River  basins.  Biology, 11(7), 968.
https://doi.org/10.3390/biology11070968

FAO. (2020). The State of World Fisheries and
Aquaculture: Sustainability in Action. In The
State of World Fisheries and Aquaculture
(SOFIA); FAO: Rome, Italy, ISBN 978-92-5-
132692-3.

Felsenstein, J. (1985). Confidence limits on
phylogenies: an approach using the bootstrap.
Evolution, 39, 783-791.
https://doi.org/10.1111/j.1558-
5646.1985.th00420.x

Glover, K. A. (2008). Genetic characterisation of
farmed rainbow trout in Norway: intra- and
inter-strain variation reveals potential for
identification of escapees. BMC Genetics, 9,
87. https://doi.org/10.1186/1471-2156-9-87

Grant Grant, W. S., Jasper, J., Bekkevold, D., &
Adkison, M. (2017). Responsible genetic
approach to stock restoration, sea ranching
and stock enhancement of marine fishes and
invertebrates. Reviews in Fish Biology and
Fisheries, 27, 615-649.
https://doi.org/10.1007/s11160-017-9489-7



https://doi.org/10.1080/24701394.2018.1532416
https://doi.org/10.1080/24701394.2018.1532416
http://doi.org/%2010.3856/vol43-issue1-fulltext-6
http://doi.org/%2010.3856/vol43-issue1-fulltext-6
http://doi.org/%2010.3856/vol43-issue1-fulltext-6
https://doi.org/10.1007/s10499-016-9985-0
https://doi.org/10.1007/s10499-016-9985-0
https://doi.org/10.3389/fgene.2020.00866
https://doi.org/10.3389/fgene.2019.01212
https://doi.org/10.1038/s41598-021-82515-7
https://doi.org/10.1186/s12711-019-0468-4
https://doi.org/10.1186/s12711-019-0468-4
https://doi.org/10.1016/j.aqrep.2023.101689
https://doi.org/10.1007/s12041-023-01462-6
https://doi.org/10.1177/117693430500100003
https://doi.org/%2010.4194/1303-2712-v18_7_06
https://doi.org/%2010.4194/1303-2712-v18_7_06
https://doi.org/10.3390/biology11070968
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1186/1471-2156-9-87
https://doi.org/10.1007/s11160-017-9489-7

Beyaz and Karatasg, 2025

Acta Aquat. Turc., 21 (2): 100-114 112

Ha, T. T. T.,Nga, T. T., Hang, T. N. A., & Alam,
M. S. (2020). Genetic diversity in Pangasius
spp. collected in Bangladesh based on
mitochondrial cytochrome b gene sequence
analysis.  Aquac. Rep., 2020,100351.
https://doi.org/10.1016/j.aqrep.2020.100351

Habib, M., Lakra, W. S., Mohindra, V., Khare,
P., Barman, A. S., Singh, A,, ... & Khan, A.
A. (2011). Evaluation of cytochrome b
mtDNA sequences in genetic diversity studies
of Channa marulius (Channidae:
Perciformes). Molecular Biology Reports, 38,
841-846. https://doi.org/10.1007/s11033-010-
0175-2

Houston, R. D., Bean, T. P., Macqueen, D. J.,
Gundappa, M. K., Jin, Y. H., Jenkins, T. L., ...
& Robledo, D. (2020). Harnessing genomics
to fast-track genetic improvement in
aquaculture. Nature Reviews Genetics, 21(7),
389-409. https://doi.org/10.1038/s41576-020-
0227-y

Karatas, B. (2019). Van ili gékkusagi alabalig
(Oncorhynchus mykiss, Walbaum, 1792) anag
popiilasyonlarinin biiytime hormonu (GH) gen
ekspresyon seviyeleri, genetik polimorfizm ile
bazi fenotipik  parametrelere gore
degerlendirilmesi ve yénetimine yonelik bir
arastirma. (Doktora tezi, Van Yiziinci Yil
Universitesi, Fen Bilimleri Enstitiisii, Van,
Tiirkiye).

Kause, A., Nousiainen, A., & Koskinen, H.
(2022). Improvement in feed efficiency and
reduction in nutrient loading from rainbow
trout farms: the role of selective
breeding. Journal of Animal Science, 100(8),
skac214. https://doi.org/10.1093/jas/skac214

Kimura, M. (1980). A simple method for
estimating evolutionary rates of base
substitutions through comparative studies of
nucleotide sequences. Journal of Molecular
Evolution, 16, 111-120.
https://doi.org/10.1007/BF01731581

Kumar, R., Pandey, B. K., Sarkar, U. K,
Nagpure, N. S., Baisvar, V. S., Agnihotri, P.,
... & Kumar, N. (2017). Population genetic
structure and geographic differentiation in
butter catfish, Ompok bimaculatus, from
Indian waters inferred by cytochrome b
mitochondrial gene. Mitochondrial DNA Part
A, 28(3), 442-450.
https://doi.org/10.3109/19401736.2015.11378
98

Kumar, S., Stecher, G., Li, M., Knyaz, C., &
Tamura, K. (2018). MEGA X: molecular

evolutionary  genetics  analysis  across
computing platforms. Molecular biology and
evolution, 35(6), 1547-1549. https://doi.org/
10.1093/molbev/msy096

Kurta, K., Jeuthe, H., de Koning, D. J., &
Palaiokostas, C. (2023). Insights from the
early generations of the Swedish rainbow
trout  (Oncorhynchus mykiss)  breeding
program. Acta Agriculturae Scandinavica,
Section A—Animal Science, 72(3-4), 88-99.
https://doi.org/10.1080/09064702.2023.22454
90

Leitwein, M., Garza, J. C., & Pearse, D. E.
(2017). Ancestry and adaptive evolution of
anadromous, resident, and adfluvial rainbow
trout (Oncorhynchus mykiss) in the San
Francisco bay area: application of adaptive
genomic variation to conservation in a highly
impacted landscape. Evolutionary
Applications, 10(1), 56-67.
https://doi.org/10.1111/eva.12416

Lhorente, J. P., Araneda, M., Neira, R., & Yanez,

J. M. (2019). Advances in genetic
improvement  for salmon and trout
aquaculture: the Chilean situation and

prospects. Reviews in  Aquaculture, 11(2),
340-353. https://doi.org/10.1111/raq.12335
Lind, C. E., Ponzoni, R. W., Nguyen, N. H., &
Khaw, H. L. (2012). Selective breeding in fish
and conservation of genetic resources for

aquaculture. Reproduction in Domestic
Animals, 47, 255-263.
https://doi.org/10.1111/j.1439-
0531.2012.02084.x

Liu, S., Palti, Y., Martin, K. E., Parsons, J. E., &
Rexroad IIlI, C. E. (2017). Assessment of
genetic differentiation and genetic assignment
of commercial rainbow trout strains using a
SNP panel. Aquaculture, 468, 120-125.
https://doi.org/10.1016/j.aquaculture.2016.10.
004

Longo, A., Kurta, K., Vanhala, T., Jeuthe, H., de
Koning, D. J., & Palaiokostas, C. (2024).
Genetic diversity patterns in farmed rainbow
trout (Oncorhynchus mykiss) populations
using genome-wide SNP and haplotype data.
Animal Genetics, 55(1), 87-98.
https://doi.org/10.1111/age.13378

Martsikalis, P., Gkafas, G. A., Apostolidis, A. P.,
& Exadactylos, A. (2014). Genetic structure
profile of rainbow trout (Oncorhynchus
mykiss) farmed strains in Greece. Turkish
Journal of Fisheries and Aquatic Sciences,



https://doi.org/10.1016/j.aqrep.2020.100351
https://doi.org/10.1007/s11033-010-0175-2
https://doi.org/10.1007/s11033-010-0175-2
https://doi.org/10.1038/s41576-020-0227-y
https://doi.org/10.1038/s41576-020-0227-y
https://doi.org/10.1093/jas/skac214
https://doi.org/10.1007/BF01731581
https://doi.org/10.3109/19401736.2015.1137898
https://doi.org/10.3109/19401736.2015.1137898
https://doi.org/%2010.1093/molbev/msy096
https://doi.org/%2010.1093/molbev/msy096
https://doi.org/10.1080/09064702.2023.2245490
https://doi.org/10.1080/09064702.2023.2245490
https://doi.org/10.1111/eva.12416
https://doi.org/10.1111/raq.12335
https://doi.org/10.1111/j.1439-0531.2012.02084.x
https://doi.org/10.1111/j.1439-0531.2012.02084.x
https://doi.org/10.1016/j.aquaculture.2016.10.004
https://doi.org/10.1016/j.aquaculture.2016.10.004
https://doi.org/10.1111/age.13378

Beyaz and Karatasg, 2025

Acta Aquat. Turc., 21 (2): 100-114 113

14(3), 749-757. https://doi.org/ 10.4194/1303-
2712-v14 3 17

Naderi, M., Keyvanshokooh, S., Salati, A. P., &
Ghaedi, A. (2017) Effects of chronic high
stocking density on liver proteome of rainbow
trout (Oncorhynchus mykiss). Fish. Physiol.

Biochem., 43(5), 1373-1385.
https://doi.org/10.1007/s10695-017-0378-8
Nei, M. (1987). Molecular Evolutionary

Genetics, Columbia University Press, NY.

Oral, M., (2011). Tiirkiye'de Uretimi Yapilan
Gokkusagr Alabaligi (Oncorhynchus mykiss
Walbaum, 1792) popiilasyonlarinin Genetik
Karakterizasyonu. (Yiiksek lisans tezi. Mugla
Universitesi Fen Bilimleri Enstitiisii, Mugla).

Paul, K., D'Ambrosio, J., & Phocas, F. (2022).
Temporal and region-specific variations in
genome-wide inbreeding effects on female
size and reproduction traits of rainbow
trout. Evolutionary Applications, 15(4), 645-
662. https://doi.org/10.1111/eva.13308

Peakall, R. O. D., & Smouse, P. E. (2006).
GENALEX 6: genetic analysis in Excel.
Population genetic software for teaching and
research. Molecular Ecology Notes, 6(1), 288-
295. https://doi.org/10.1111/j.1471-
8286.2005.01155.x

Peng, M., Zhu, W, Yang, C., Yao, J., Chen, H.,
Jiang, W., ... & Chen, X. (2021). Genetic
diversity of mitochondrial D-LOOP sequences
in the spotted scat (Scatophagus argus) from
different geographical populations along the
northern coast of the South China Sea.
Journal of Applied Ichthyology, 37(1), 73-82.
https://doi.org/10.1111/jai.14121

Rozas, J., Ferrer-Mata, A., Sanchez-DelBarrio,
J.C., Guirao-Rico, S., Librado, P., Ramos-
Sahoo, L., Barat, A., Sahoo, S. K., Sahoo, B.,
Das, G., Das, P., ... & Swain, S. K. (2020).
Genetic diversity and population structure of
endangered Indian catfish, Clarias magur as
revealed by mtDNA D-loop marker. Turkish
Journal of Fisheries and Aquatic Sciences,
21(1), 09-18. http://doi.org/10.4194/1303-
2712-v21_1 02

Saitou, N., & Nei, M. (1987). The neighbor-
joining method: a new method for
reconstructing Phylogenetic trees. Molecular
Biology and Evolution, 4, 406-425.
https://doi.org/10.1093/oxfordjournals.molbev
.a040454

Sarmasik, A., Colakoglu, F.A, & Altun, T.
(2008) Mitochondrial DNA sequence and
body size variations in Turkish sardine

(Sardina pilchardus) stocks. Turkish Journal
of Zoology 32 (3), 229-237.

Saura, M., Caballero, A., Santiago, E.,
Fernandez, A., Morales-Gonzalez, E.,
Fernandez, J., ... & Villanueva, B. (2021).
Estimates of recent and historical effective
population size in turbot, seabream, seabass

and carp selective breeding
programmes. Genetics Selection
Evolution, 53, 1-8.

https://doi.org/10.1186/s12711-021-00680-9

Stankovi¢, D., Crivelli, A. J., & Snoj, A. (2015).
Rainbow trout in Europe: introduction,
naturalization, and impacts. Reviews in
Fisheries Science and Aquaculture, 23(1), 39-
71.
https://doi.org/10.1080/23308249.2015.10248
25

Sultana, S., Hasan, M. M., Hossain, M. S., Alim,
M. A., Das, K. C., Moniruzzaman, M., ... &
Alam, J. (2022). Assessment of genetic
diversity and population structure of
Tenualosa ilisha in Bangladesh based on
partial sequence of mitochondrial DNA
cytochrome b gene. Ecological Genetics and
Genomics, 25, 100139.
https://doi.org/10.1016/j.e9g.2022.100139

Sun, C., Xuan, Z., Liu, H., Jiang, T., & Yang, J.
(2019). Cyt b gene and D-loop sequence
analyses of Coilia nasus from the Rokkaku
River of Japan. Regional Studies in Marine
Science, 32, 100840.
https://doi.org/10.1016/j.rsma.2019.100840

Tajima, F. (1983). Evolutionary relationship of
DNA sequences in finite populations.
Genetics, 105, 437-460.
https://doi.org/10.1093/genetics/105.2.437

Tamura, K. (1992). Estimation of the number of
nucleotide substitutions when there are strong
transition-transversion and G + C-content
biases. Molecular Biology and Evolution, 9,
678-687.

Tamura, K., Stecher, G., & Kumar, S. (2021).
MEGA 11: Molecular Evolutionary Genetics
Analysis Version 11. Molecular Biology and
Evolution.
https://doi.org/10.1093/molbev/msab120

Togan, 1., Ergiiven, A., Emre, Y., Berkman, C.
C., & Koban, E. (2002). Tiirkiye'de Giiney
Ege ve Akdeniz'de bulunan  alabalik
(Oncorhynchus mykiss) ciftlikleri stoklarinin
molekiiler yontemlerle korunmasi. TARP-
1811, Ankara.



https://doi.org/%2010.4194/1303-2712-v14_3_17
https://doi.org/%2010.4194/1303-2712-v14_3_17
https://doi.org/10.1007/s10695-017-0378-8
https://doi.org/10.1111/eva.13308
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1111/jai.14121
http://doi.org/10.4194/1303-2712-v21_1_02
http://doi.org/10.4194/1303-2712-v21_1_02
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1186/s12711-021-00680-9
https://doi.org/10.1080/23308249.2015.1024825
https://doi.org/10.1080/23308249.2015.1024825
https://doi.org/10.1016/j.egg.2022.100139
https://doi.org/10.1016/j.rsma.2019.100840
https://doi.org/10.1093/genetics/105.2.437
https://doi.org/10.1093/molbev/msab120

Beyaz and Karatag, 2025 Acta Aquat. Turc., 21 (2): 100-114 114

Weir, B. S., & Cockerham, C. C. (1984).
Estimating F-statistics for the analysis of
population structure. Evolution, 1358-1370.
https://doi.org/10.2307/2408641

Whitmore, D. H. (1990). Electrophoretic and
isoelectric focusing techniques in fisheries
management. CRC Press.

Wiens, G. D., Palti, Y., & Leeds, T. D. (2018).
Three generations of selective breeding
improved rainbow trout (Oncorhynchus
mykiss) disease resistance against natural
challenge with Flavobacterium psychrophilum
during early life-stage
rearing. Aquaculture, 497, 414-421.
https://doi.org/10.1016/j.aquaculture.2018.07.
064

Zhang, C., Li, Q., Wu, X,, Liu, Q., & Cheng, Y.
(2018). Genetic diversity and genetic structure
of farmed and wild Chinese mitten crab
(Eriocheir sinensis) populations from three
major basins by mitochondrial DNA COI and
Cyt b gene sequences. Mitochondrial DNA
Part A, 29(7), 1081-1089.
https://doi.org/10.1080/24701394.2017.14040
48

Zhang, G., Chen, C., Lu, W., Li, J., Fang, T.,

Yang, K., ... & Liang, Y. (2023). Genetic
diversity and phylogeography of Taenioides
cirratus in five geographical populations
based on mitochondrial COl and Cytb gene
sequences. Journal of Applied Ichthyology,
2023(1), 4459823.
https://doi.org/10.1155/2023/4459823

Zhu, Y., Cheng, Q., & Rogers, S. M. (2016).

Genetic structure of Scomber japonicus
(Perciformes: Scombridae) along the coast of
China revealed by complete mitochondrial
cytochrome b sequences. Mitochondrial DNA
Part A, 27(6), 3828-3836.
https://doi.org/10.3109/19401736.2014.95867
1



https://doi.org/10.2307/2408641
https://doi.org/10.1016/j.aquaculture.2018.07.064
https://doi.org/10.1016/j.aquaculture.2018.07.064
https://doi.org/10.1080/24701394.2017.1404048
https://doi.org/10.1080/24701394.2017.1404048
https://doi.org/10.1155/2023/4459823
https://doi.org/10.3109/19401736.2014.958671
https://doi.org/10.3109/19401736.2014.958671

