
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/235995259

Genetic variation of European grayling (Thymallus thymallus) populations in

the Western Balkans

Article  in  Hydrobiologia · July 2012

DOI: 10.1007/s10750-012-1076-2

CITATIONS

8
READS

219

7 authors, including:

Some of the authors of this publication are also working on these related projects:

Mogući faktori genetičke varijacije u stanovništvu Bosne i Hercegovine View project

Interspecific transplantation of freshwater fish spermatogonia View project

Saša Marić

University of Belgrade

89 PUBLICATIONS   591 CITATIONS   

SEE PROFILE

Belma Kalamujic Stroil

University of Sarajevo-Institute for Genetic Engineering and Biotechnology

82 PUBLICATIONS   335 CITATIONS   

SEE PROFILE

Aleš Snoj

University of Ljubljana

111 PUBLICATIONS   1,660 CITATIONS   

SEE PROFILE

Andrej Razpet

University of Ljubljana

33 PUBLICATIONS   1,576 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Lada Lukić Bilela on 13 July 2016.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/235995259_Genetic_variation_of_European_grayling_Thymallus_thymallus_populations_in_the_Western_Balkans?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/235995259_Genetic_variation_of_European_grayling_Thymallus_thymallus_populations_in_the_Western_Balkans?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Moguci-faktori-geneticke-varijacije-u-stanovnistvu-Bosne-i-Hercegovine?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Interspecific-transplantation-of-freshwater-fish-spermatogonia?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sasa_Maric?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sasa_Maric?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Belgrade?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sasa_Maric?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Belma_Kalamujic_Stroil?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Belma_Kalamujic_Stroil?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Belma_Kalamujic_Stroil?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ales_Snoj?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ales_Snoj?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Ljubljana?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ales_Snoj?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Andrej_Razpet?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Andrej_Razpet?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Ljubljana?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Andrej_Razpet?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lada_Lukic_Bilela2?enrichId=rgreq-51be09e2808604030bbce28b66dd6644-XXX&enrichSource=Y292ZXJQYWdlOzIzNTk5NTI1OTtBUzozODMzNjE2MzkwNDMwNzNAMTQ2ODQxMTk0NTMwMQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


1 23

Hydrobiologia
The International Journal of Aquatic
Sciences
 
ISSN 0018-8158
 
Hydrobiologia
DOI 10.1007/s10750-012-1076-2

Genetic variation of European grayling
(Thymallus thymallus) populations in the
Western Balkans

Saša Marić, Belma Kalamujić, Aleš Snoj,
Andrej Razpet, Lada Lukić-Bilela, Naris
Pojskić & Simona Sušnik Bajec



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer

Science+Business Media B.V.. This e-offprint

is for personal use only and shall not be self-

archived in electronic repositories. If you

wish to self-archive your work, please use the

accepted author’s version for posting to your

own website or your institution’s repository.

You may further deposit the accepted author’s

version on a funder’s repository at a funder’s

request, provided it is not made publicly

available until 12 months after publication.



PRIMARY RESEARCH PAPER

Genetic variation of European grayling (Thymallus
thymallus) populations in the Western Balkans
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Abstract In order to elucidate genetic composition

of European grayling (Thymallus thymallus) popula-

tions in the Western Balkans, the partial mitochondrial

DNA (mtDNA) control region was sequenced and 12

microsatellite loci genotyped in 14 populations orig-

inating from tributaries of the Adriatic and Danube

drainages. Eleven mtDNA haplotypes were found, one

confined to the Adriatic clade, one to the Alpine group

and the rest to the ‘Balkan’ grayling phylogenetic

clade. Haplotypes from the Balkan clade were confined

to the Danube drainage and constituted two groups:

northern group with haplotypes found in the Slovenian

part of the Danube drainage, and southern group,

consisting from Bosnia–Herzegovina and Montene-

gro. Substantial genetic distance between northern and

southern groups of haplotypes (0.75–1.8%) and well

supported divisions within the northern group indicate

very structured grayling population within the studied

Danube basin that most probably did not evolve due to

vicariance but rather as a consequence of multiple

colonization waves that might have occurred during

the Pleistocene. Furthermore, genetic distance of*4%

between Adriatic and Danube populations’ haplotypes,

suggest that their separation occurred in mid-Pliocene.

These findings imply a complex colonization pattern of

the Western Balkans drainages. Microsatellite data

also confirm high genetic diversity in Western Balkans

populations of grayling (on average 7.5 alleles per

microsatellite locus and Hexp 0.58). Limited stocking

activities were detected based on microsatellites and

mtDNA data. Regarding current knowledge of gray-

ling phylogeography appropriate management strate-

gies were proposed to preserve unique, autochthonous

grayling populations in Western Balkan.

Keywords European grayling �Western Balkans �
Genetic diversity � mtDNA � Microsatellites �
Evolutionary significant units

Introduction

European grayling (grayling, Thymallus thymallus,

Linnaeus 1758) population have been suffering from
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considerable size reduction throughout the species

distribution range, apparently due to e.g. habitat

deterioration, water pollution, bird depredation, exces-

sive fishing, competition with non-native fish species

and so on (Northcote, 1995; Persat, 1996; Baars et al.,

2001; Koskinen & Primmer, 2001; Uiblein et al.,

2001; Carlstein, 2004; Sušnik et al., 2004; Gum,

2007). In order to supplement waning wild popula-

tions, conservation programmes based on restocking

with farmed fingerlings have been launched. Best

intentions notwithstanding, if parental brood-stocks

represent non-native lineages such management mea-

sures can cause further damage, and potentially lead to

a significant change in the genetic structure of the

native population or even its break-down (Koskinen

et al., 2002a; Sušnik et al., 2004; Duftner et al., 2005).

Taking these considerations into account, several

studies into genetic structure of grayling have been

initiated since the beginning of this millennium,

mainly to resolve its genealogy and population genetic

structure (for detailed review, see Gum et al., 2009).

Gum et al. (2009) also reviewed phylogeographic

studies performed on grayling and proposed five major

mitochondrial DNA (mtDNA) phylogenetic lineages,

i.e. the northern/northeastern (N/NE), the central-

eastern (CE), the central-western (CW), the Danubian

and, finally, the Adriatic clade.

Despite the extensive palette of molecular-based

studies conducted on grayling, the southernmost

populations of the Balkan Peninsula remained largely

unexplored. A few local investigations (Kalamujić

et al., 2007; Kalamujić, 2008; Marić et al., 2011)

focused on grayling populations south of Slovenia.

The preliminary results from these studies further

affirm the assumption of Koskinen et al. (2002c) that

the level of genetic distinctiveness increases with

approaching the southernmost border of the grayling

range and underline the need to elaborate genetic

surveys in this region. Based on the data by Janković

(1960) that describe large pool of morphological

variation among grayling populations in former

Yugoslavia, it was suggested that the rivers of the

Balkans represented major refugia for grayling during

the last glaciations and that a significant amount of

genetic variation remained uncovered in these south-

ernmost populations (Koskinen et al., 2000; Weiss

et al., 2002; Gum et al., 2005). Here, we report the

results of the first comprehensive study on the genetic

composition of grayling populations in the Western

Balkans based on mtDNA control region (CR

mtDNA) and microsatellite DNA markers. The aims

of this study were (1) to assess the genetic diversity of

grayling in Bosnia–Herzegovina, Montenegro and

Slovenia, (2) to determine phylogenetic relationships

among these populations as well as their relation to

other European populations, (3) to detect potential

effects of stocking activities and propose appropriate

conservation and management strategies in the region

with emphasis on populations from the Danubian

basin.

Materials and methods

Sampling, DNA isolation and reference material

A total of 227 grayling specimens (subadult and adult

individuals) were collected by electrofishing and

angling from 14 locations across the Danube and

Adriatic drainages in Slovenia, Bosnia–Herzegovina

and Montenegro from 1997 until 2008 (Table 1;

Fig. 1). Fin clips were sampled and stored in 96%

ethanol. Total DNA was isolated using Wizard

Genomic DNA Purification Kit (Promega), following

the supplier’s instructions.

Newly described haplotypes were deposited in

GenBank (accession numbers JF703125–JF703129;

JQ611728–JQ611729). Additional grayling haplo-

types from GenBank (accession numbers AF522395–

AF522452; HM636922–HM636924) were used in

analysis. To assign individual haplotypes and clades to

the previously identified within the European grayling,

data from this study were aligned against haplotypes

from each clade (Weiss et al., 2002; Marić et al., 2011)

and compared with them. T. arcticus (AF522453), T.

grubei (AF522454) and T. brevirostris (AF522455)

were used as outgroup taxa.

Molecular techniques

MtDNA sequencing

CR mtDNA was amplified in 87 individuals (Table 1)

using polymerase chain reactions (PCR) and primers

LRBT-25 and LRBT-1195 (Uiblein et al., 2001).

Each PCR reaction (total volume 30 ll) contained

21.6 ll H2O, 3 ll 109 PCR buffer, 0.75 ll 10 mM of

each primer, 1.2 ll 25 mM MgCl2, 1.5 ll 0.2 mM
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dNTP’s, 0.2 ll Fermentas Taq polymerase (5 U/ll)

and 1 ll of template (*100 ng DNA). The cycle

parameters were: initial denaturation (95 �C, 3 min)

followed by 32 cycles of strand denaturation (95 �C,

45 s), primer annealing (55 �C, 45 s) and DNA

extension (72 �C, 2 min). All PCR amplifications

were performed in a programmable thermocycler

GeneAmp� PCR System 9700 (Applied Biosystems).

Amplified DNA fragments were run on a 1.5% agarose

gel and were purified from the gel using the QIAEX II

gel Extraction Kit (QIAGEN) prior sequencing.

All sequencing reactions were prepared using a

BigDye Terminator v3.1 Cycle Sequencing Kit

(Applied Biosystems) according to the manufacturer’s

recommendations. The 30-end of 595 bp fragment of

control region and 74 bp of flanking tRNA (Phe) were

sequenced using primer LRBT-1195 (Uiblein et al.,

2001). The sequencing products were salt-precipitated

and analyzed on an ABI Prism 3130xl Genetic

Analyser.

Also, we have sequenced 45 individuals for the

ATP6 gene (data not shown). However, this marker

turned out to be completely non-informative in

phylogeographic aspect at the same catchment area,

so we dropped these results from further analysis, and

proceeded with the results of CR analysis.

Microsatellite genotyping

Twelve microsatellite loci, i.e. BFRO004 (Snoj et al.,

1999), BFRO005, BFRO006, BFRO007, BFRO008,

BFRO009 (Sušnik et al., 1999a), BFRO010,

BFRO011 (Sušnik et al., 2000) BFRO014, BFRO015,

BFRO016 and BFRO017 (Sušnik et al., 1999b) were

amplified in 227 individuals using fluorescently

labelled forward primers. PCR amplification and

genotyping of microsatellites were conducted accord-

ing to previously published protocols (Snoj et al.,

1999; Sušnik et al., 1999a, b, 2000). Each PCR

reaction (total volume 10 ll) contained 6.3 ll H2O,

Fig. 1 Sampling locations

with geographic

coordinates. 1 Ljuča

(42�34030.0000N;

19�53027.2000E), 2 Drina

(43�37046.0400N;

18�56017.9900E), 3 Neretva

(43�29050.1200N;

18�08014.1800E), 4 Bosna

(43�41022.2400N;

18�26051.6900E), 5 Vrbas

(44�08033.7400N;

17�23051.5700E), 6 Sanica

(44�22003.4500N;

16�22016.2600E), 7 Sana

(44�45052.2200N;

16�39024.1900E), 8 Una II

(44�30003.8800N;

16�08059.4800E), 9 UnaI

(44�33010.4800N;

16�06012.2800E), 10
Krušnica (44�5100.0900N;

16�09022.3800E), 11 Obrh

(45�41047.3500N;

14�28010.1400E), 12 Unec

(45�51005.3400N;

14�15035.4500E), 13 Sava

(46�20038.6400N;

14�09019.6000E), 14
Tolminka (46�11059.6200N;

13�44032.6000E)
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1 ll 109 PCR buffer, 0.25 ll 10 mM of each primer,

0.6 ll 25 mM MgCl2, 0.5 ll 0.2 mM dNTP’s, 0.1 ll

Fermentas Taq polymerase (5 U/ll) and 1 ll of

template (*100 ng DNA). The cycle parameters

were: initial denaturation (94 �C, 3 min) followed by

30 cycles of strand denaturation (94 �C, 45 s), primer

annealing (55 or 60 �C, 30 s) and DNA extension

(72 �C, 5 s). Aliquots of amplified DNA, mixed with

formamide and GeneScan-500 ROX Size Standard

(Applied Biosystems) were run on an ABI Prism 310,

377 and 3130xl Genetic Analyzers. A subset of

samples was genotyped on all genetic analyzers to

ensure consistent allele reading.

Data analysis

Sequence analysis

DNA sequences were aligned using the computer

programme ClustalX (Thompson et al., 1994).

Sequence polymorphism was assessed using DNAsp

ver. 4.10 (Rozas et al., 2003) and sequence divergence

was calculated with net nucleotide divergence (Da) in

MEGA version 2.1 (Kumar et al., 2001).

Aligned haplotypes were imported into the pro-

gramme PAUP Version 4.0b10 (Swofford, 2000) for

phylogenetic analysis. Neighbour-joining (NJ), max-

imum likelihood (ML) and maximum parsimony (MP)

analyses were used for phylogenetic reconstruction.

For NJ and ML the best-fit model of nucleotide

substitution evolution TPM3uf?I?G was selected

according to corrected Akaike Information Criterion

(AICc) using JModelTest 0.1.1 (Posada, 2008). For

ML, after choosing a model, a heuristic search (10

replicates) was used to estimate the most likely

topology. For MP, insertions or deletions (indels)

were included as a fifth character. A heuristic search

(10 replicates) with tree bisection reconnection (TBR)

branch-swapping was employed to find the most

parsimonious trees. Support values for the nodes were

obtained with 1,000 bootstrap replicates for NJ, ML or

MP analysis, whereby the fast stepwise addition

method was used for ML.

In addition, relationships among haplotypes were

depicted by a haplotype network using TCS 1.2

programme (Clement et al., 2000) with fixed connec-

tion limit at 16 steps to include all different haplo-

types. Gaps were treated as the fifth character.

Microsatellite analysis

Expected (He), and observed (Ho) heterozygosities

were calculated with GENETIX 4.04 (Belkhir et al.

1996–2004). FSTAT 2.9.3.2 (Goudet, 2002) was used

to calculate deviations from Hardy–Weinberg equi-

librium (HWE), allelic richness and pair-wise FST

values, all based on 1,000 permutations. Genetic

relationships between individuals were estimated as

the proportion of shared alleles at each locus, i.e. allele

sharing distances (DAS) (Bowcock et al., 1994). A

matrix of DAS was used to construct NJ trees of

individuals and populations with POPULATIONS

software (Langella, 2002).

Genetic population structure was inferred using the

hierarchical STRUCTURE analysis approach (Vähä

et al., 2007). STRUCTURE 2.3.2.1 programme runs

Markov chain Monte Carlo (MCMC) simulations to

partition individuals into K clusters. Basic assignment

criteria are the minimization of Hardy–Weinberg and

linkage disequilibria (Pritchard et al., 2000). For runs

estimating ln Pr(X|K) under a certain K, different run

lengths were used (from 20,000 to 100,000 burn-in and

100,000 to 2,000,000 total length, repeated seven

times for each K) depending on convergence. We

applied the DK method (Evanno et al., 2005) to

estimate the most probable K (see Appendix 1 in

electronic supplementary material).

Results

Mitochondrial DNA sequence analysis

Aligned sequences of 595 bp 30-end CR mtDNA and

74 bp tRNA (Phe) gene obtained from 87 individuals

grouped into eleven haplotypes, seven of which had

not been previously described (i.e. Da26, Da28, Da30,

Da31, Da32, Da33 and Ad7). All the new haplotypes

were detected in the Danube drainage (Sava River) in

Bosnia–Herzegovina, except for haplotype Ad7,

which was found in the Adriatic drainage (Tolminka

River, Soča Basin) in Slovenia and clusters within to

the Adriatic clade. The other four haplotypes (i.e.

Da23, Da25, Da27 and Da29) had been previously

identified in the Danube drainage of Slovenia and

Serbia (Weiss et al., 2002; Marić et al., 2011). In this

study, the haplotypes Da23, Da25 and Ad7 were found

to predominantly occur in Slovenia (frequency of
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80–100%), while the others (i.e. Da26, Da27, Da28,

Da29, Da30, Da31, Da32 and Da33) prevailed in

Bosnia–Herzegovina and Montenegro (frequency of

70–100%).

Tree topologies of NJ, ML and MP approaches

revealed a group of haplotypes found in the Danube

drainage in Slovenia, splitting into two well supported

subgroups (i.e. Da25–Da24 bootstrap 98/75/100;

Da22–Da23 bootstrap 97/78/100; Fig. 2). Haplotypes

Da22 and Da24 had been previously reported in the

Sava drainage in Slovenia (Weiss et al., 2002). This

group forms a sister group with the one consisting of

the haplotypes from the Danube drainage in Bosnia–

Herzegovina, Montenegro and Serbia. Unlike the

Slovenian haplotypes, haplotypes found in Bosnia–

Herzegovina and Montenegro (Da26, Da28, Da30,

Da31, Da27, Da29 and Da32) form a rather homog-

enous group. Both sister groups belong to the so-called

‘‘Balkan clade’’ (Marić et al., 2011). Haplotype Da33

is the only haplotype found in the Danube drainage in

the western Balkan that does not confine to the Balkan

clade (Table 1). This haplotype belongs to the Alpine

group and is most closely related to the northern

Alpine clade (Fig. 2).

Genealogical relationships among the haplotypes,

seen in the minimum spanning haplotype network

Fig. 2 NJ phylogram of mtDNA control region haplotypes.

Node support is shown by per cent bootstraps (1,000 replicates)

for NJ and ML above, and MP 50% consensus below; italicized

and bold taxa represent newly sampled haplotypes. MP

maximum parsimony topology for Balkan clade. Slash repre-

sents bootstrap\50%. GenBank accession numbers JF703125–

JF703129, JQ611728–JQ611729, AF522395–AF522455,

HM636922–HM636924
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(Fig. 3), also revealed differentiation of haplotypes

into two groups from the Danube drainage in Slovenia

(northern groups) and group of haplotypes from the

Danube drainage in Bosnia–Herzegovina, Montene-

gro and Serbia (southern group). Two Slovenian

haplotype subgroups, (Da25 & Da24) and (Da22 &

Da23), differ in 8–10 mutations. Within the southern

group, haplotypes vary up to three mutations, except

haplotypes Da29 and Da32 which are three to six

mutations away from other southern haplotypes.

Number of variable sites between northern and

southern groups’ haplotypes ranges from five to

twelve, with corresponding genetic distance of

0.75–1.8%. Haplotype Da33 is most closely associ-

ated with the haplotypes of the northern Alpine clade,

from which it differs in 10–12 mutation, with corre-

sponding genetic distance of 1.5–1.8%. Haplotype

Da33 is separated from the most related haplotype of

the Adriatic clade by 26 mutations, corresponding to

the genetic distance of 3.9%, and it is 15–17 mutations

away from all other clades in Fig. 2, with the

equivalent genetic distance of 2.25–2.55%. The most

divergent haplotype within Adriatic clade is Ad7, six

to nine mutations distant from other Ad haplotypes.

Haplotype Ad7 is separated from the most closely

related haplotype of the Balkan clade by 23 mutations,

corresponding to the genetic distance of 3.45%.

Microsatellite DNA analysis

Allelic richness ranged from 1.75 to 4.08 and the

observed heterozygosity ranged from 0.19 to 0.59

within the studied populations (Table 1). The highest

levels of allelic richness (4.08), the observed (0.59)

and the expected (0.58) heterozygosities were detected

in the Tolminka River samples, while those of the

Bosna River had very low levels of heterozygosity.

Without Tolminka, overall allelic richness was 6.33

and observed heterozygosity 0.28. Deviation from

HWE was detected only in the population from the

Krušnica River (Table 1).

Population differentiation, clustering

and introgression

Pair-wise FST comparison shown non-significant dif-

ferences between a small number of locations, e.g.

Sana/Sanica (converging rivers), Krušnica/Sanica

(tributaries to Una and Sana, converging rivers),

Sava/Obrh and Obrh/Unec [Obrh and Unec grayling

populations were introduced from the Sava River

(Fisheries Research Institute of Slovenia, personal

communication)). Non-significant difference between

geographically remote Ljuča and Sana has no obvious

explanation (Table 2); however, a very small sample

size was available for these locations. Close relation-

ship among certain populations was also evident from

DAS tree (Fig. 4), where Sava/Unec/Obrh, and Ljuča/

Drina created subtrees while Krušnica/Sana/Sanica/

UnaI/UnaII created closely associated subtrees. From

DAS tree, close relationship between Tolminka (Adri-

atic drainage) and Slovenian populations from the

Danube drainage was evident. Also, Neretva popula-

tion was the closest to three Slovenian populations of

the Danube drainage (Table 2).

Hierarchical clustering using STRUCTURE sepa-

rated grayling of Slovenian origin from the other

populations in the first step (Fig. 5). Samples from the

Neretva population represented a mixture of both

groups. In the second step, more profound separation

within grayling populations from Slovenia was evi-

dent; genetically distinct grayling introgressed with

Sava genes in Tolminka was separated from grayling

Fig. 3 mtDNA control region haplotype network relating

grayling with previously published data (Weiss et al., 2002;

Marić et al., 2011). Lines, regardless of length, represent single

mutational events and link the haplotypes; small black circles
represent missing or theoretical haplotypes; six new haplotypes

are shaded in black
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populations from the Sava drainage. In the southern

Sava cluster, genetically homogeneous populations

appeared in the rivers Bosna, Drina, Sana/Sanica, and

UnaI/II, and a mixed population in Krušnica (the only

one deviating from HWE), probably derived from

closely related Una and Sana/Sanica. Neretva popu-

lation formed a separate cluster in the second step

regardless whether included among the samples of

Slovenian origin (Fig. 5) or among the other southern

populations (data not shown). In the third step, the

populations containing hybrid individuals (Tolminka,

UnaII and Krušnica) were even more evident than in

the second step. Separate analysis of UnaII in the

fourth step (not shown) did not reveal any intrapop-

ulation structure.

Discussion

Phylogenetic relationship among the studied

populations and their relation to other European

populations

Based either on mtDNA or on nuclear microsatellite

DNA, we demonstrated high genetic diversity of

grayling populating the western Balkan area [14

mtDNA haplotypes altogether (Weiss et al., 2002

and this study)]. Comparing this genetic diversity of

west Balkan’s populations to that found in other

studied European grayling populations (Koskinen

et al., 2002b; Weiss et al., 2002; Gum et al., 2003,

2005), it is evident that the objects of this study

represent a substantial part of the entire European

grayling genetic pool.

Distribution pattern of genetic variation of the

studied grayling implies two clearly separated evolu-

tionary groups, represented by grayling native to the

Adriatic drainage in Slovenia, and grayling from the

Sava River system (Danube drainage). This is an

expected observation, as the Adriatic and Danube

populations have been split for *4 MY, which also

lines up with previous studies (Sušnik et al., 2001;

Weiss et al., 2002). Given geographical, genetic and

morphological distinction (Janković, 1960), we

believe that these two evolutionary groups should be

considered subspecies. Here we support the nomen-

clature using designations the Adriatic grayling, as

previously proposed by Sušnik et al. (2001), and the

tentative name Balkan grayling.T
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Contrasting the distant relationship of geographi-

cally remote Adriatic and Balkan grayling, popula-

tions of the Balkan grayling, ranging from Slovenia to

Montenegro, are much more related, which appears to

be a direct consequence of the shared both, ancestry

and the river system. The clade they form occupies

comparably distinct position in the tree in relation to

other previously described clades (Weiss et al., 2002)

or lineages (Gum et al., 2009) and may thus be

considered an evolutionary distinct lineage. The

Balkan grayling turned out to be a well supported

sister clade to the clade of Scandinavian haplotypes,

which implies their common ancestry, most likely in

the Caspian basin refuge as previously proposed

(Koskinen et al., 2000; Weiss et al., 2002; Marić

et al., 2011).

However, haplotype Da33, found in the Drina River

basin, substantially differs from all the other haplo-

types of the Balkan grayling and thus cannot be

considered a member of this clade. Rather, it exhibits a

considerable similarity with the Alpine group of

haplotypes, particularly with the northern Alpine

clade, as suggested by genetic distance data. Two

possible scenarios may thus explain this finding, (1)

this haplotype was introduced from unknown location

of the upper part of the Danube River into the Drina

River, which is known to be stocked with foreign

grayling in the past (Marić et al., 2011), and (2) this is

an ancestral haplotype, native also to the western

Balkans suggesting that this area served as a coloni-

zation corridor of the upper Danube.

The genetic variation of the studied grayling was

proven to be geographically localized to specific river

systems or even separate rivers (Table 1; Fig. 5). This

observation is in accordance with the proposed

stationary life of grayling (Ovidio et al., 2004;

Heggenes et al., 2006) and confirms a notion that

present-day grayling is a poor invader in waters

already inhabited by a local population (Gardiner,

2000). High level of overall genetic variation and

genetic distinctiveness of local populations are also

concordant with an extensive morphological variation

of grayling observed in former Yugoslavia as well as

with highly distinct morphological characters not only

between grayling populations from different river

systems but also within neighbouring populations of

the same river system (Janković, 1960).

Despite populating the same river system, the Balkan

grayling appeared to have evolved into two genetically

differentiated sub-lineages represented by northern

Sava population in Slovenia (northern group) and mid-

Sava population observed in Bosnia–Herzegovina,

Serbia (Marić et al., 2011) and Montenegro (southern

group). However, a deep and long-branched split, giving

rise to two sister subgroups within the northern group

(Fig. 2) along with well differentiated southern group

may also suggest that these three groups did not evolve

due to vicariance but rather as a consequence of multiple

colonization waves that might have occurred in the

studied Danube area. Taking into account the molecular

clock of 1% per million years (Koskinen et al., 2002c;

Weiss et al., 2002; Froufe et al., 2003a), the

Fig. 4 NJ individuals (a) and population (b) trees based on DAS estimated from 12 microsatellite DNA loci
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hypothesized colonization events occurred in the period

from 750,000 to 1.65 million years ago or during the

Pleistocene, well before the glacial events (Penck &

Brückner, 1909; Gibbard & van Kolfschoten, 2004).

This notion is in accordance with Weiss et al. (2002) and

implies that grayling has survived considerable temper-

ature oscillations during glacial events in distinct

refugia, also within the Danube drainage of the Balkan

Peninsula. The hypothesis gains significance if the

scenario of autochthonous haplotype Da33 is accepted.

Interestingly, four highly divergent grayling clades

[Danube Northern Alps, Danube Southern Alps, Mixed

Rhine/Danube (Weiss et al., 2002) and the Balkan one

(Marić et al., 2011 and this study)] along with some well

supported divisions within certain clades characterize

the Danube drainage, indicating profoundly structured

Danube grayling population as suggested by Gum et al.

(2009). This points out to a very complicated coloniza-

tion pattern of the drainage and/or complex paleo-

hydrological events shaping the drainage prior to the

glaciation events.

A pronounced split of the haplotype groups,

pointing to the coexistence of divergent grayling

groups, was found also in the Adriatic grayling

(Fig. 2). This observation suggests a similar scenario

of multiple colonization and/or complex paleo-hydro-

logical events within the Adriatic drainage, too.

However, genetic distances between the Balkan and

Adriatic clades range from 3.45 to 4.05%, suggesting

that their split occurred in mid-Pliocene, which is

consistent with the previous reports (Sušnik et al.,

2001; Koskinen et al., 2002c; Froufe et al., 2003a, b;

2005).

Observed stocking activities

Although there was a substantial part of phylogeo-

graphic structure found in patterns of haplotype

distribution in this study, some unexpected haplotypes

as well as introgression of non-native microsatellite

alleles were detected in certain sampling locations.

Aquaculture of grayling in the western Balkans first

began to develop in Slovenia in the 1960s (Fisheries

Research Institute of Slovenia, personal communica-

tion); as a consequence Northern Sava haplotypes

were distributed across several locations in the Dan-

ube and Adriatic drainages in the western Balkans.

One clear example of translocating grayling is the

distribution of haplotype Da25 which is, based on

phylogenetic analysis, clearly of the northern Sava

origin, but was detected also in the Rzav River in

Serbia (Marić et al., 2011) and the Neretva River in

Bosnia–Herzegovina. Furthermore, the haplotype

Da23 being of northern Sava origin, was also detected

in the Neretva River and the Adriatic basin in the

Tolminka River in Slovenia. Grayling is not native to

the Rzav and Neretva rivers nor is the Danube one

native to the Adriatic part of the river system in

Slovenia (Sušnik et al., 1999a, 2004; Weiss et al.,

2002). However, it is reported (Fisheries Research

Institute of Slovenia, personal communication) that

Tolminka and Neretva rivers have been stocked with

grayling from the northern Sava River system, which

thus resulted in introgressed Adriatic population in

Tolminka River, and in a formation of novel popula-

tion in the Neretva River, which became apparent after

microsatellite analysis (Fig. 5). Interestingly, another

haplotype, Da30, appearing in the nearby Vrbas River

(Table 1), was also found in the Neretva River, where

the admixture with microsatellite alleles of the

Fig. 5 Estimated population structure as inferred by hierarchi-

cal STRUCTURE analysis of microsatellite marker DNA data.

Black lines separate sampling sites, after three steps nine

different clusters were identified. The most probable K for

analyzed samples given in arrows is based on DK method; no

further structures were detected in subsequent rounds and within

sampling locations (K = 1)
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southern Balkan grayling was also evident (Fig. 5, 1st

hierarchical level). This suggests that the grayling

population in the Neretva River was formed not only

of the Northern Sava population as generally pre-

sumed, but also of geographically much closer pop-

ulations from Bosnia–Herzegovina.

Aside from having been stocked and introgressed

with nearby northern Sava population from Slovenia,

grayling population from the Tolminka River has been

introgressed even with geographically very distant

populations as evidenced by the presence of haplotype

Da27 in this river, which is clearly of southern Balkan

origin (Figs. 2, 3). Our results (STRUCTURE and

DAS) support previous observation of widespread

introgression of grayling in the Soča River basin

(Sušnik et al., 2004) and are also congruent with the

results of wild male genotyping being annually

performed in a frame of Adriatic grayling action plan

(Jesenšek & Šumer, 2004), which have revealed only

hybrid individuals with varying proportion of parental

alleles (D. Jesenšek, personal communication). The

Adriatic grayling conservation programme in Slovenia

thus relies upon hybrid conservation, because this

appears to be the only available option to avoid the

complete loss of the hybridized native population.

Lower part of the Drina River also suffered from

significant stocking with the material from the Sava

River in Slovenia (Marić et al., 2011). However, as

inferred from microsatellite DNA analysis of the

present study, the upper part has not been affected and

that native population appears to remain pure (Figs. 4,

5); however, the presence of haplotype Da33 should be

born in mind, as its origin is not clear.

Implications for conservation and management

strategies in the region

Based on the results, introduction of non-native

grayling into the rivers of the Western Balkans has

been confirmed only on a small number of locations.

The remaining unaffected populations certainly

deserve a protection from possible stocking with

non-native material in the future.

For the effective conservation and management of

biological resources, assigning evolutionary signifi-

cant units (ESUs) and management units (MUs) is

very important (Waples, 1991; Moritz, 1994). How-

ever, already assigned ESUs in grayling should be

considered with caution; namely, only one ESU has

been recently proposed for the entire Danube grayling

population (see Gum et al., 2009). Taking into account

at least three rather distinct clades within the basin

(i.e., from the Danube Northern Alps, Danube South-

ern Alps and the Balkan, Fig. 2) and having in mind

conservation and management strategies within the

basin, introducing a single ESU does not seem to be an

acceptable approach for effective conservation of the

Danube grayling diversity and its phylogeographic

structure in the area. Therefore, on the basis of current

phylogeographic information, available for the Dan-

ube grayling, we propose to define at least three

grayling ESUs: Danube Northern Alps, Danube

Southern Alps and Balkan. Balkan ESU could further

be divided into MUs associated with populations from

the northern Sava and at least three MUs associated

with populations from the Una River basin, Bosna

River basin and Drina River basin, representing the

middle and the southern Sava River system (Figs. 4,

5). In addition, there is no doubt that the Adriatic

grayling should be considered a separate ESU, as first

described in Sušnik et al. (2004). The assignment of

the proposed categories would certainly help to sustain

diversification of grayling populations in the region

and preserve unique, autochthonous genetic resources.
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