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The most commonly farmed fish species in Bosnia and Herzegovina’s 
aquaculture are from the family Salmonidae, including brook trout 
Salvelinus fontinalis which is reared both for consumption and stocking 
purposes. A number of farmers complained about the elevated frequency 
of anatomical deformities in the smolts and fingerlings of brook trout, 
decreasing their fitness rate and causing significant financial loss. Since 
it has been shown that occurrence of deformities is correlated with the 
low genetic diversity and high inbreeding, this study aimed to assess 
intra- and interpopulation diversity of Salvelinus fontinalis from different 
freshwater fish farms in Bosnia and Herzegovina by observing variation 
in mitochondrial and nuclear genome. Total of 109 samples of brook 
trout from three hatcheries located at the Neretva River were analyzed 
for the mitochondrial control region and seven nuclear microsatellite 
loci. Both PCR-RFLP and sequencing revealed only one haplotype of the 
control region in all investigated trout. Overall, a low number of genotypes 
was evident across all the observed loci. Values of genetic diversity and 
polymorphic information content followed the increase in the number of 
alleles per locus. In general, values of inbreeding coefficient were generally 
very high, while the genetic diversity and observed heterozygosity had low 
rates. The results of our study are congruent with the findings of previous 
studies in which developmental deformities were concomitant with the 
low genetic diversity and inbreeding depression. It is, therefore, strongly 
advised to regularly supplement the broodstock with new, unrelated 
individuals, as it is of vital importance for sustaining a satisfying level of 
genetic diversity and preventing inbreeding depression. Additionally, 
maintaining good management practices regarding the fluctuation of 
water temperature, exposure to pollution, nutrition, etc., will further 
contribute to the prevention of this detrimental condition.
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INTRODUCTION

Notwithstanding the rich and diverse inland hydrological 
network, the aquaculture sector in Bosnia and 
Herzegovina (B&H) is still underutilized. There are a 
number of constraints to upgrading the status of the 
sector in the country: unharmonized laws on fisheries, 
lack of systematic support in licensing and financing, 
no coordination across different levels of government, 
absence of monitoring and supervision in the aquaculture 
sector, unavailability of training programs in various fields 
for fish farmers in order to improve and update basic 
knowledge and technological know-how indispensable 
to the increase of productivity and efficiency (for 
detailed overview see FAO, 2015). According to the 
latest data, around 140 fish species, either continuously 
or temporarily, inhabit freshwater systems in Bosnia 
and Herzegovina (Muhamedagic et al., 2008). Some 60 
species of the country’s ichthyofauna are cultured or have 
commercial and/or game value (FAO, 2015). The most 
commonly reared species in B&H aquaculture are the 
ones from the family Salmonidae, including brook trout 
Salvelinus fontinalis (Mitchill, 1848).
The native range of brook trout expands from freshwaters 
of south-western Alaska to the Sierra Madre Occidental 
in Mexico, and to the tributaries of the Pacific Ocean in 
Asia (Behnke, 2002). During the 20th century, due to its 
high adaptability and fast growth, brook trout has been 
introduced worldwide, both in natural waterways and as 
broodstock for farming. Since then, it has become one of 
the most important species in commercial aquaculture, 
especially in Europe and Chile. The global production 
of brook trout reached a total of 814,068 tons in 2013. 
In Bosnia and Herzegovina, brook trout is reared both 
for consumption and stocking purposes, but no official 
data on annual production rate exist. The first record 
of introduction of S. fontinalis into B&H’s River Bioštica 
predates World War I. Subsequently, the specimens 
of this species were introduced into some lakes on 
Zelengora Mountain, as well as into the reservoirs at the 
Rivers Neretva, Trebišnjica and Vrbas. The finding of S. 
fontinalis population in the River Pištica (Kosoric, 1981) 
was a unique example of the existence of feral population 
in our country. In spite of the long-term stocking efforts in 
the Neretva basin, there is no recent information about 
the establishment of S. fontinalis self-sustaining feral 
populations in Bosnian-Herzegovinian waters.
During our previous study visits to the fish farms, a number 
of farmers complained about the elevated frequency of 
morphological deformities in the smolts and fingerlings 
of brook trout, decreasing their fitness rate and causing 
significant financial loss. Reported malformities included 
vertebral deformity and bent dorsal or caudal fin. Although 
it is known that developmental deformities in fish can be 
caused by environmental stress (Silverstone and Hammell, 
2002; Sato, 2006; Fjelldal et al., 2012), it has also been 

shown that occurrence of deformities is correlated with 
a low genetic diversity and high inbreeding (Morita and 
Yamamoto, 2000; Shikano et al., 2005). Some studies 
even demonstrated the heritability of the spinal deformity 
(Shikano et al., 2005; Sullivan et al., 2007; Chin et al., 
2016). In order to test the concomitance of morphological 
abnormalities and inbreeding depression, the present 
study aimed to assess intra- and interpopulation diversity 
of Salvelinus fontinalis from different freshwater fish 
farms in Bosnia and Herzegovina by observing variation in 
mitochondrial (mtDNA) and nuclear genome.

MATERIAL AND METHODS
Sampling

Total of 77 samples of brook trout from the broodstocks 
were collected at three hatcheries located at the Neretva 
River (Fig. 1, Table 1). Analysis also included 32 archival 
tissue samples of S. fontinalis from the Regional Database 
of Biodiversity (REBIDA) (Kalamujić Stroil et al., 2017).

Hatchery/population Number of 
individuals Time of collection

Konjic (KON) 10 (8) Nov 2012 (Apr 2008)

Salakovac (SAL) 9 (20) Dec 2012 (Feb 2007)

Donja Jablanica (DJA) 58 (4) Jun 2013 (Apr 2008)

Total 109

Table 1. Location, broodstock codes and number of analyzed 
samples. Numbers and dates in brackets refer to the samples 
originating from REBIDA database

DNA isolation

DNA isolation was performed from the abdominal fin 
clippings following the salting-out protocol (Miller et 
al., 1988), optimized for DNA isolation from fin tissue 
(Durmić-Pašić et al., 2005). Quality and yield of genomic 
DNA were tested by spectrophotometry and horizontal 
gel electrophoresis in SB buffer (Brody and Kern, 2005).

Analysis of mtDNA

Variation in S. fontinalis mtDNA was investigated by PCR-
RFLP and sequencing analysis of the control region (CR). 
Universal primers for salmonid fish, 28RIBa (Snoj et al., 
2000) and HN20 (Bernatchez and Danzmann, 1993), 
were used to amplify 1050 bp fragment of mtDNA CR 
in all 109 samples of brook trout. Amplification reaction 
(total volume of 25 µl) consisted of 0.2 µM of each primer, 
0.2 µM dNTP, 2.5 mM MgCl2 and 1 unit of AmpliTaq 
Gold® with the corresponding buffer. After initial 3 min 
activation at 95°C, amplification process included 30 
cycles with 1 min at 53°C allowed for annealing and 1 
min at 72°C for elongation, followed by the final 4 min 
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Fig 1. Investigated region (left) with enlarged depiction of hatcheries’ positions (right)

elongation at 72°C. Amplified products were digested 
using AluI and MspI enzymes (New England Biolabs), 
according to the manufacturer’s recommendation. 
Sizing of the generated restriction fragments was done 
by using DNA 1000 biochip assay (2100 Bioanalyzer, 
Agilent Technologies). In order to identify the detected 
haplotypes, Sanger sequencing with forward primer 
28RIBa was performed by MACROGEN Europe. Obtained 
mitochondrial sequences were identified by identity 
and similarity scores in local databases using the FASTA 
program (Pearson, 1994) and BLAST network service at 
NCBI platform (Benson et al., 2003). Sequencing reads 
were assembled using the sequence editor and checked 
manually for sequencing errors. Multiple sequence 
alignment (MSA) was performed against ClustalW ver. 
1.6 (Thompson et al., 2011) under default parameters. 
Subsequently, all sequences were optimized by Jalview 
2.9.0b2 (Waterhouse et al., 2009). MSA output was edited 
using BioEdit v. 5.09 (Hall, 1999). A consensus sequence 
was deposited in the GenBank database under the 
accession number KX094562. Haplotype identification 
was done by aligning the consensus sequence from 
this study against those available from the database 
(AF545048-AF545058).

Analysis of microsatellite markers

Microsatellite markers designed for S. fontinalis (Sfo-8, 
Sfo-12, Sfo-18 and Sfo-23; Angers et al., 1995), Salmo salar 
(Ssa-85 and Ssa-197; O'Reilly et al., 1996) and Thymallus 
thymallus (Bfro-4; Snoj et al., 1999) were analyzed. All Sfo 
microsatellite markers were amplified in single reactions 
according to Angers et al. (1995), while for Ssa-197 the 
procedure by Brunner et al. (1998) was followed. For the 
amplification of Ssa-85 and Bfro-4, reactions consisted 
of 0.2 µM of each primer, 0.2 µM dNTP, 1.5 mM MgCl2 

and 0.5 u AmpliTaq Gold® with the corresponding buffer. 
Amplification process included 3 min of initial activation at 
94°C, followed by 33 cycles with denaturation at 94°C for 
30 sec, annealing at 55°C for 30 sec and 1 min at 72°C for 
elongation, ending with 7 min of final elongation at 72°C. 
The forward primer of each primer pair was fluorescently 
labeled at 5’ end thus genotyping was performed using 
ABI PRISM 310 Genetic Analyzer (Applied Biosystems®). 
Allele scoring was done using GeneMapper® v. 3.2.

Biostatistical data analysis and population-genetic 
analysis

Micro-Checker v. 2.2.3. (Van Oosterhout et al., 2004) was 
used to screen for null alleles in analyzed microsatellite 
loci. Population genetic parameters and indicators of 
genetic diversity were obtained using PowerMarker v. 
3.25. (Liu and Muse, 2005). Number of effective alleles was 
calculated as 1/Σpi

2, where pi represents allele frequency 
at a given locus. To determine genetic variation among 
broodstocks, within broodstocks and within individuals, 
AMOVA analysis was performed within PowerMarker 
v. 3.25. In order to assess the genetic divergence of 
investigated broodstocks, the Factorial Correspondence 
Analysis (FCA), a multivariate analysis based on allele 
frequencies, was performed within the Genetix 4.05 
(Belkhir et al., 1996–2004). For calculating the index of 
major allele frequency (iMAF), iMAF – R script was used 
(Pojskić, 2018), which was calculated as IfM = (1/AN)/fM, 
where AN is number of detected alleles and fM is major 
allele frequency at a given locus. This index represents a 
simple measure of allele frequency distribution and its 
statistical significance. Result of this index varies from 
0 (absence of polymorphism at a given locus) to 1 (all 
alleles have the same frequency). P<0.01 was considered 
statistically significant (Pojskić, 2018).
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Haplotype
Polymorphic site

66 82 84 99 122 154 191 222 267 273 284 290

H1 G C T A A C T A G T C C

H2/H3 C

H4 T

H5/H6 A C G C C

H7 A G C A

H8 A G G C A

H9 A A G C A

H10 A G C

H11 G C T A

Table 2. Substitution profiles of detected haplotypes against the reference sequence AF545048. Haplotype codes correspond to 
those in GenBank database under the accession numbers AF545048-AF545058, respectively. Polymorphic sites correspond to the 
nucleotide positions in the reference sequence

RESULTS
MtDNA diversity

All 109 samples of brook trout displayed the same enzymatic 
profiles after the digestion of mtDNA CR amplicons with 
AluI and MspI enzymes. Digestion with AluI enzyme 
generated three fragments of approximate sizes 420, 373 
and 257 bp, while restriction on MspI also produced three 
fragments of 600, 250 and 200 bp in size. All 20 selected 
samples displayed the same nucleotide sequence of 
the analyzed mitochondrial segment. The alignment of 
385 bp of available brook trout D-loop haplotypes from 
GenBank (AF545048-AF545058) revealed 12 polymorphic 
sites, distinguishing nine different haplotypes (Table 2). 
The consensus sequence (KX094562) from this study was 
congruent with the haplotype 1 (Table 2). The transition/
transversion ratio within the investigated segment was 
low (2:1, respectively).

Allelic diversity

Population genetic analysis of microsatellite profiles in 
this study included specimens of S. fontinalis from three 
broodstocks as well as samples archived in REBIDA, 
originating from the same populations. Breakdown of 
the number of alleles per locus for the total analyzed 
sample and individual broodstocks is given in Tables 3-6. 
Although no monomorphic loci were found in the total 
sample, Bfro-4 showed no polymorphism in groups KON 
and SAL (Tables 4 and 5). Generally, the lowest number 
of alleles was found in broodstock KON (Table 4) while 
stock DJA showed the greatest number of alleles per locus 
(Table 6). The largest number of alleles (8) in the overall 
sample was detected for Sfo-23 with all the observed 
alleles present in broodstock DJA. In the overall sample, 
the highest value of major allele frequency (MAF) was 

observed for locus Bfro-4 (0.9356), while the lowest value 
was detected for locus Sfo-18 (0.3020, Table 3). In regards 
to iMAF for DJA broodstock, locus Sfo-12 had the highest 
value of this measure (0.6110) while Bfro-4 locus had the 
lowest (0.2270). This measure points out to the fact that 
the major allele frequency of the Bfro-4 (P=0.0045) has 
a statistically significant higher proportion than expected, 
assuming equal frequencies of all detected alleles at the 
given locus (P<0.01). For KON and SAL broodstocks, since 
Bfro-4 showed no polymorphism, iMAF and its P value 
could not be calculated. The highest value of iMAF for 
KON broodstock was found at Sfo-12 locus (0.7080) and 
the lowest at Sfo-8 (0.4040). No statistically significantly 
higher proportion in this broodstock was found. In the 
overall sample, the highest value of iMAF was found at Ssa-
85 locus (0.6730) and the lowest at Bfro-4 locus (0.2140). 
This index shows that the major allele frequency of Bfro-
4 (P=0.0034), Sfo-8 (P=0.0042) and Ssa-197 (P=0.0082) 
loci has statistically significantly higher proportion than 
expected assuming equal frequencies of all the detected 
alleles at the given loci. For SAL broodstock, the highest 
value was found at Ssa-85 locus (0.8060) and the lowest at 
Ssa-197 (0.2830) locus. As in the case of KON broodstock, 
no statistically significantly higher proportion was found 
(Fig. 2).
Overall, a low number of genotypes was evident across 
all the observed loci. Values of genetic diversity and PIC 
followed the increase in the number of alleles per locus. 
The lowest value of genetic diversity was observed at locus 
Bfro-4 which was understandable considering discernible 
monomorphism. The greatest value of He was observed 
at locus Sfo-23. In general, values of inbreeding coefficient 
were generally very high, while the genetic diversity and 
observed heterozygosity had low rates (Table 3).
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Fig 2. Index of major allele frequencies (iMAF) for seven analyzed loci in three observed broodstocks and overall. Dja – 
Donja Jablanica, Kon – Konjic, Ovr – overall, Sal – Salakovac

Across all loci, the same alleles were the most frequent 
ones in all broodstocks with the exception of locus Sfo-
18. Private alleles were detected in both SAL and DJA 
broodstocks. SAL stock displayed three unique alleles at 
two loci (Sfo-12 and Sfo-18), while DJA showed 12 private 
alleles at five loci (Sfo-8, Sfo-12, Sfo-18, Sfo-23 and Bfro-
4).
Summarized values of inbreeding parameters for 
each analyzed microsatellite locus are given in Table 
3. Inbreeding coefficient among broodstocks (f) was 
extremely high, except for loci Sfo-8 and Sfo-12. A similar 
trend was observed for the inbreeding coefficient within 

the total sample (F). Overall ϑ was high (0.1839). Table 7 
shows the estimated pairwise Fst values among analyzed 
hatchery stocks. The greatest level of differentiation was 
observed between KON and SAL while broodstock DJA 
showed similar differentiation from the other two stocks. 
Generally, differentiation between observed broodstocks 
was noticeable. AMOVA ascertained the level of variation 
among stocks of 13.1%, which, considering their hatchery 
origin, makes for a moderate level of variation. The largest 
variation within observed stocks was estimated in DJA 
(39.2%), while KON broodstock had the lowest variation 
(8.7%).
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Locus MAF AN AE GN He Ho PIC f θ

Sfo-8 0.8911 5 1.252 5 0.2014 0.2079 0.1942 -0.0274 0.0188

Sfo-12 0.4307 7 2.997 13 0.6663 0.6337 0.6045 0.0540 0.0877

Sfo-18 0.3020 6 4.065 9 0.7540 0.0693 0.7119 0.9089 0.4262

Sfo-23 0.4257 8 3.185 12 0.6860 0.4356 0.6340 0.3693 0.0284

Ssa-85 0.7426 2 1.619 2 0.3823 0.0000 0.3092 1.0000 0.3777

Ssa-197 0.6485 6 2.2 8 0.5454 0.1188 0.5161 0.7841 0.0356

Bfro-4 0.9356 5 1.14 5 0.1232 0.0297 0.1207 0.7610 0.0337

Average 0.6252 5.5714 1.922 7.7143 0.4798 0.2136 0.4415 0.5583 0.1839

Table 3. Heterogeneity indicators of the overall sample. AN – Number of detected alleles, AE – Number of effective alleles, GN 
– Number of detected genotypes, He – expected heterozygosity, Ho – observed heterozygosity, PIC – polymorphic information 
content, f – inbreeding factor within population, θ – genetic diversity

Locus MAF AN AE GN He Ho PIC f

Sfo-8 0.8235 3 1.438 3 0.3045 0.3529 0.2809 0.0000

Sfo-12 0.4706 3 2.24 4 0.5536 0.4706 0.4525 0.1795

Sfo-18 0.9412 2 1.124 2 0.1107 0.0000 0.1046 1.0000

Sfo-23 0.3824 4 3.568 7 0.7197 0.4118 0.6697 0.4523

Ssa-85 0.9412 2 1.124 2 0.1107 0.0000 0.1046 1.0000

Ssa-197 0.5294 3 2.603 4 0.6159 0.1176 0.5546 0.8192

Bfro-4 1.0000 1 1 1 0.0000 0.0000 0.0000 *NaN

Average 0.7269 2.5714 1.527 3.2857 0.3450 0.1933 0.3096 0.4639

Table 4. Heterogeneity indicators of KON broodstock. AN – Number of detected alleles, AE – Number of effective alleles, GN – 
Number of detected genotypes, He – expected heterozygosity, Ho – observed heterozygosity, PIC – polymorphic information 
content, f – inbreeding factor within population; *NaN - no numerical value exists. (NaN is due to the lack of polymorphism at the 
locus.)

Locus MAF AN AE GN He Ho PIC f

Sfo-8 0.9483 3 1.11 3 0.0993 0.1034 0.0966 0.0000

Sfo-12 0.6379 4 1.981 6 0.4952 0.5172 0.4154 0.0000

Sfo-18 0.5172 4 2.511 5 0.6017 0.2069 0.5288 0.6660

Sfo-23 0.5000 5 2.649 8 0.6225 0.4483 0.5566 0.2959

Ssa-85 0.6207 2 1.89 2 0.4709 0.0000 0.3600 1.0000

Ssa-197 0.7069 5 1.853 6 0.4602 0.3448 0.4198 0.2670

Bfro-4 1.0000 1 1 1 0.0000 0.0000 0.0000 *NaN

Average 0.7044 3.4285 1.647 4.4286 0.3928 0.2315 0.3396 0.4251

Table 5. Heterogeneity indicators of SAL broodstock. AN – Number of detected alleles, AE – Number of effective alleles, GN – 
Number of detected genotypes, He – expected heterozygosity, Ho – observed heterozygosity, PIC – polymorphic information 
content, f – inbreeding factor within population; *NaN – no numerical value exists. (NaN is due to the lack of polymorphism at the 
locus.)
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Locus MAF AN AE GN He Ho PIC f

Sfo-8 0.8818 4 1.275 4 0.2157 0.2182 0.2053 0.0000

Sfo-12 0.3273 5 3.492 10 0.7136 0.7455 0.6584 0.0000

Sfo-18 0.5545 5 2.435 6 0.5893 0.0182 0.5243 0.9697

Sfo-23 0.4000 8 3.037 12 0.6707 0.4364 0.6136 0.3575

Ssa-85 0.8727 2 1.286 2 0.2221 0.0000 0.1975 1.0000

Ssa-197 0.6545 5 2.126 5 0.5296 0.0000 0.4927 1.0000

Bfro-4 0.8818 5 1.278 5 0.2177 0.0545 0.2103 0.7534

Average 0.6532 4.8571 1.822 6.2857 0.4512 0.2104 0.4146 0.5403

Table 6. Heterogeneity indicators of DJA broodstock. AN – Number of detected alleles, AE – Number of effective alleles, GN – 
Number of detected genotypes, He – expected heterozygosity, Ho – observed heterozygosity, PIC – polymorphic information 
content, f – inbreeding factor within population

Broodstocks KON SAL DJA

KON 0.0000

SAL 0.2059 0.0000

DJA 0.1787 0.1785 0.0000

Table 7. Pairwise Fst values for all analyzed broodstocks

Fig 3. Results of the Factorial Correspondence Analysis (FCA). White blocks – Donja Jablanica (Dja), gray blocks – Konjic 
(Kon), black blocks – Salakovac (Sal)
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These results are in concordance with the findings of 
FCA analysis which showed reasonable differentiation of 
three broodstocks, with only a couple of samples coming 
close or grouping with other clusters (Fig. 3). The dispersal 
pattern of samples in FCA clusters representing KON, SAL 
and DJA agreed with the level of gene diversity in these 
broodstocks.

DISCUSSION

Genetic structure of brook trout populations across 
its native range has been extensively studied utilizing 
both nuclear and mitochondrial markers. While mtDNA 
provides invaluable insight into migration and colonization 
patterns as well as possible interspecies hybridization, 
neutral nuclear markers such as microsatellites are 
better indicators of recent events at the population level. 
Investigations of North American populations of brook 
trout revealed extensive genetic diversity of this species 
(Bernatchez and Danzmann, 1993; Beer et al., 2019; 
Bruce et al., 2019). 
However, there are significant differences in genetic 
structure between hatchery stock and feral populations 
(Shikano et al., 2008). Hatchery populations frequently 
undergo a reduction of genetic diversity. Breeding 
stocks rapidly lose rare alleles that were present in the 
founding populations (Allendorf, 1986). Also, a short-term 
bottleneck, which occurs when establishing a broodstock, 
may affect the process of loss of rare and private alleles, 
but cannot significantly influence heterozygosity (Nei 
et al., 1975; Allendorf, 1986). Certain reproduction 
scenarios and fluctuations in population size may cause a 
reduction in effective population size (Ne) which in return 
results in decreased allelic diversity in hatchery stocks 
(Fopp-Bayat et al., 2010). Inbreeding is an outstanding 
issue in hatcheries that can lead to a sharp reduction in 
broodstock fitness and the inability of a population to 
self-sustain when released into the wild (Ferguson-Castle 
Douglas, 2006). However, monitoring programs utilizing 
molecular markers analysis may prevent loss of genetic 
diversity, especially if applied at the phase of hatchery 
establishment (Lacy, 1989; Brudford and Wayne, 1993).
The focus of the present study was on individuals of brook 
trout from three broodstocks located in the River Neretva, 
Bosnia and Herzegovina, reported to have been suffering 
from increased frequency of morphological malformations 
in smolts and fingerlings. Such fish have a low survival 
rate or, due to their appearance, are undesirable for 
commercial purposes thus causing a significant financial 
loss for the fish farms. Previous studies established 
a causal link between the occurrences of anatomical 
deformities and exposure to environmental stress (for the 
detailed overview of etiology and pathology see Fjelldal 
et al., 2012). However, other studies demonstrated the 
genetic basis of the developmental deformities not only in 
the genus Salvelinus (Morita and Yamamoto, 2000; Sato, 

2006) and other fish (Shikano et al. 2005, 2008; Chin et 
al., 2016) but in other animals as well, such as mammals 
(Roelke et al., 1993), reptiles (Madsen et al., 1996) 
and amphibians (Chen et al., 2016). In these studies, 
developmental deformities were concomitant with the 
low genetic diversity and inbreeding depression. The 
results of our study are congruent with such findings. In all 
three investigated broodstocks only one mtDNA haplotype 
was detected. According to Bernatchez and Danzmann 
(1993), the variations present in the investigated segment 
are representative of those over the entire mitochondrial 
genome of the brook trout and therefore sufficient for 
determining the haplotype. Observed low transition/
transversion ratio (2:1) can be found not only in the D-loop 
region of salmonids (Bernatchez et al., 1992; Bernatchez 
and Danzmann, 1993) but also in other teleost fish (Fajen 
and Breden, 1992; Kim et al., 2010; Kalamujić Stroil et al., 
2019).
Sfo markers were the first markers used for analyzing 
species of the genus Salvelinus (Angers et al., 1995). 
However, along with Ssa-85 and Ssa-197, they proved to 
be useful for the investigation of other salmonids as well 
(Angers and Bernatchez, 1997; Gross et al., 2004; Palermo 
et al., 2012). Observed alleles are within the ranges 
described in previous studies (Angers et al., 1995; Angers 
and Bernatchez, 1996; Adams and Hutchings, 2003; 
Blanchfield et al., 2003; Fopp-Bayat et al., 2010). However, 
across all loci, the number of alleles and genotypes was 
low. Except for some loci in DJA brood, the allele count per 
locus was four or less, which is in concordance with the 
findings of Beer et al. (2019) who examined the genetic 
diversity of three brook trout strains in two hatcheries 
in New York State, USA. Just as population bottleneck is 
inevitable when establishing the breeding stock, genetic 
drift and population size fluctuation are likely to follow. 
The results of iMAF analysis in our study point out to 
the fact that the allele with the highest frequency has a 
tendency to increase its frequency, which might result 
in the depletion of other alleles with lower frequencies 
(Pojskić, 2018). Loss of rare alleles and fixation of the 
most frequent ones are common results (Allendorf, 1986; 
Frankham et al., 2002). The largest number of unique 
alleles was found in DJA broodstock which can probably 
be accounted for the most recent establishment of this 
hatchery among the surveyed ones. Due to the low 
number of generations since its establishment until the 
analyses, loss of rare alleles was not severe.
In our study, detected inbreeding coefficient was very 
prominent, both in the total sample and individual broods, 
while the gene diversity and observed heterozygosity had 
low rates. Extreme inbreeding is expected in hatcheries 
as they are typical examples of small isolated populations 
that are, in addition, under significant anthropogenic 
influence (selection). A similar observation was made 
in a study by Fopp-Bayat et al. (2010) where genetic 
diversity of wild and farmed populations of S. fontinalis 
was compared.



Croatian Journal of Fisheries, 2020, 78, 183-194
B. Kalamujić Stroil et al. (2020): Diversity of brook trout in Bosnian hatcheries

© 2020 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License 
(http://creativecommons.org/licenses/by-nc-nd/3.0/)

191

Marked dominance of identical alleles per locus in the 
analyzed stocks and, to some extent, results of FCA 
possibly point to their common origin, but translocation 
of fish between observed fish farms cannot be excluded 
as well. However, the common practice of utilizing the 
same broodstock for spawning purposes for multiple 
generations, without introducing new, unrelated 
individuals, resulted in inbreeding depression which 
explains the observed differentiation between stocks. 
Since farmers did not report recent outbreaks of infectious 
disease or exposure to any evident environmental stress in 
the hatcheries, genetic factor (manifested in low genetic 
diversity and high inbreeding in broodstocks) cannot 
be excluded as a possible cause for the developmental 
deformities in smolts and fingerlings.
Material from these hatcheries has been used for stocking 
of the River Neretva for over a decade. However, these 
stocking efforts proved to be futile as no findings of 
sustainable population of brook trout in the wild have 
been reported in this millennium. Previous studies 
showed that in natural environments, farmed brook trout 
tended to exhibit lower survival rates (Fraser, 1981; Beer 
et al., 2019) and lower reproductive abilities (Araki et al., 
2007, 2008). On the other hand, this is beneficial for the 
native fish community as alien species can pose a threat 
to the autochthonous and endemic gene pool either 
through hybridization, competition for habitat and food 
or direct predation.
In conclusion, the development of dorsal and fin 
deformities are shortcomings of intensive farming 
of inbred fish. Therefore, regular supplementation 
of broodstock with new, unrelated individuals are of 
vital importance for sustaining a satisfying level of 
genetic diversity and preventing inbreeding depression. 
Additionally, maintaining good management practices 
regarding the fluctuation of water temperature, exposure 
to pollution, nutrition, etc., will further contribute to the 
prevention of this detrimental condition.
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SAŽETAK

GENETIČKE KARAKTERISTIKE MATIČNIH JATA 
POTOČNE ZLATOVČICE (Salvelinus fontinalis 
MITCHILL, 1848) IZ RIBOGOJILIŠTA U BOSNI I 
HERCEGOVINI

Najčešće uzgajane riblje vrste u Bosni i Hercegovini su 
iz porodice Salmonidae, uključujući i potočnu zlatovčicu 
(Salvelinus fontinalis) koju se uzgaja za prehranu i za 
potrebe poribljavanja. Na uzgajalištima je primjećena 
povećana učestalost anatomskih deformacija kod mlađi 
potočne zlatovčice koje uzrokuju smanjenje kondicije 
kod riba, a time i značajne financijske gubitke. S obzirom 
da je dokazano da je pojava deformacija u korelaciji s 
niskom genetičkom raznolikošću i visokom stopom uzgoja 
u srodstvu, ova studija je imala za cilj procijeniti unutar 
i međupopulacijsku raznolikost Salvelinus fontinalis iz 
različitih ribogojilišta u Bosni i Hercegovini na osnovu 
varijacija mitohondrijskog i nuklearnog genoma. 
Primjenom mitohondrijskog kontrolnog područja i 
sedam nuklearnih mikrosatelitnih lokusa analizirano je 
ukupno 109 uzoraka potočne zlatovčice iz tri ribogojilišta 
locirana na rijeci Neretvi. Metoda PCR-RFLP i metoda 
sekvenciranja pokazale su samo jedan haplotip kontrolnog 
područja u svim istraživanim jedinkama. Uočen je mali 
broj genotipova za sve promatrane mikrosatelitne lokuse. 
Vrijednost genetičke raznolikosti i sadržaj informativnog 
polimorfizma pratili su porast u broju alela po lokusu. 
Općenito, vrijednost koeficijenta uzgoja u srodstvu bio 
je generalno veoma visok, dok su genetska raznolikost 
i uočena heterozigotnost imali niske stope. Rezultati 
provedene studije u suglasnosti su s rezultatima prethodnih 
istraživanja u kojima su razvojne deformacije bile praćene 
niskom genetičkom raznolikošću i inbreeding depresijom. 
Stoga se posebno preporuča redovno nadopunjavanje 
matičnog jata novim, nesrodnim jedinkama s obzirom da 
je to od presudnog značaja za održanje zadovoljavajuće 
razine genetičke raznolikosti i sprečavanje inbreeding 
depresije. Također, održavanje dobre prakse upravljanja 
u pogledu fluktuacije temperature vode, izloženosti 
zagađenju, prehrane itd. će dodatno prevenirati nastanak 
ovog štetnog stanja.

Ključne riječi: uzgoj u srodstvu, razvojne deformacije, 
mikrosateliti, mitohondrijska DNK
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