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Analysis of both uni- (two mtDNA gene sequences) and bi-parentally (seven microsatellite loci)
inherited genetic markers, together with analysis of 40 morphological characters, described
Salmo ohridanus as a highly divergent member of the genus Sa/mo. Based on comparative
substitution rate differences at the cytochrome b gene, and a rough estimated age of the Salmo
trutta complex (i.e. at least 2 million years), the S. ohridanus and Salmo obtusirostris clade
probably split from a common ancestor of brown trout Salmo trutta >4 million years ago,
overlapping with minimum age estimates of the formation of Europe’s oldest freshwater
habitat, Lake Ohrid. Comparative analysis with Lake Ohrid brown trout (known regionally
as Salmo letnica), supported the notion that these fish have more recently colonized the lake
and phylogenetically belong to the Adriatic lineage of brown trout. It is further suggested that
species-specific saturation in the mtDNA control region underestimated the divergence between
S. ohridanus and S. trutta. Evidence of rare hybridization between S. ohridanus and Lake Ohrid
brown trout was seen at both mtDNA and microsatellite markers, but there was no support for
extensive introgression. © 2006 The Fisheries Society of the British Isles

Key words: Adriatic drainage; belvica; cytochrome b gene; microsatellies; mtDNA control
region; Salmo trutta.

INTRODUCTION

The genus Salmo contains two of Europe’s most economically important and
well-researched fishes, brown trout Salmo trutta L. and Atlantic salmon Salmo
salar L. Numerous additional taxa in the genus have been recognized (Kottelat,
1997), but nearly all belong to what some consider the S. frutta species complex
(Bernatchez et al., 1992; Bernatchez, 2001). Recently, two highly distinct salmo-
nid taxa, clearly divergent from this complex, were reclassified as species within
the genus Salmo: Salmo obtusirostris (Heckel) and Salmo ohridanus Steindachner
(Phillips, et al., 2000; Snoj et al., 2002). Both species are endemic to the Adriatic
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drainage system, which has received little attention in terms of salmonid phylo-
genetic studies. The Balkan region is considered a global ‘hotspot’ of biodiversity
(Conservation International, http://www.conservation.org/xp/CIWEB/home).
The Adriatic drainage in the Balkans served as a refuge for freshwater fishes
during the Messinian crisis (Bianco, 1990) and throughout the Pleistocene when
periodic glaciations affected most other European river systems. Moreover, the
region contains one of the most unique yet understudied bodies of fresh water in
Europe, Lake Ohrid, Republic of Macedonia. Lake Ohrid is Europe’s oldest lake
and is believed to have been formed as early as during the Tertiary period (4-10
million years ago; Banarescu, 1991) as a result of tectonic shifts. Due to its
southern geographic location, it was not directly affected by Pleistocene glacia-
tions and hence is characterized by unique flora and fauna distinct to a pre-
glaciation period (Stankovi¢, 1960; Banarescu, 2004; Frogley & Preece, 2004;
Korniushin, 2004). Ancient primary lake fauna and more recent elements of the
Adriatic or even Danubian freshwater fauna meet in Lake Ohrid (Stankovic,
1960; Sori¢, 1990; Banarescu, 1991; Martens et al., 1994; Griffiths & Frogley,
2004). Among salmonids, Lake Ohrid brown trout Salmo letnica (Karaman)
represents an element of the Adriatic freshwater fauna as it was clearly placed
into the Adriatic cluster of a S. trutta mtDNA phylogeny (S. trutta, Bernatchez,
2001 and Apostolidis, et al. 1997; S. letnica, Sell & Spirkovski, 2004). The study
of Sell & Spirkovski (2004) also presents some support for the existence of two
reproductively isolated units within this taxon. In contrast to this presumably
modern lineage, S. ohridanus represents a lineage highly divergent from S. trutta.
Salmo ohridanus, known locally as belvica (white fish), has had a varied taxo-
nomic history. It was placed in the same genus (Sa/mothymus) (Berg, 1910) as the
Adriatic endemic softmouth trout (S. obtusirostris), later placed in a monotypic
genus as Acantholingua ohridana (Hadzisce, 1961), recently reclassified by
Phillips et al. (2000) as Salmo ohridana (properly S. ohridanus, thus completing
a ‘cycle’ as it assumes the original name given by Steindachner), and now viewed
as a sister species to softmouth trout Salmo obtusirostris (Snoj et al., 2002).
Salmo ohridanus inhabits deep parts of the lake (4060 m). It is characterized
by a relatively elongated body form with a silver colour, little or no spotting, and
a deeply forked tail. Apart from the phylogenetic analyses of the same two
individuals in Phillips et al. (2000, 2004) as well as Snoj et al. (2002) and the
morphological notes of Hadzisce (1960, 1961) no characterization of this highly
unique Salmo species exists in the modern literature. The aim of the present
study was to characterize S. ohridanus and its potential relation to the congeneric
Lake Ohrid brown trout, using both bi-parentally and uni-parentally inherited
molecular markers as well as meristic and morphometric measurements.

MATERIAL AND METHODS

SAMPLES AND DNA EXTRACTION

In 2004, 54 fish (30 S. ohridanus and 24 Lake Ohrid brown trout) were purchased
through commercial fisherman on the Macedonian shores of Lake Ohrid. According to
fisherman, the Lake Ohrid brown trout samples represented the winter form (known
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locally as S. letnica typicus). Total DNA was isolated from fin clips, preserved in ethanol,
using a high-salt extraction technique (Miller et al., 1988).

MTDNA ANALYSIS

The complete mtDNA control region (CR) was amplified in 30 S. ohridanus and 24
Lake Ohrid brown trout using primers 28RIBa (Snoj ef al., 2000) and HN20 (Bernatchez
& Danzmann, 1993). A part of the cytochrome b gene (cyt b) was amplified in 11
S. ohridanus and four Lake Ohrid brown trout using the primers H15149 and L14841
(Kocher et al., 1989). Polymerase chain reactions (PCR) were carried out in 25 pL
volumes. Each reaction contained 0-5 uM of each primer, 0-2 mM dNTP, 1-5 mM
MgCl,, 1X PCR buffer, 1 U of Tag polymerase (PE Applied Biosystems Fostercity,
CA, U.S.A)) and 50-100 ng of genomic DNA. The PCR conditions were as follows:
initial denaturation at 94° C for 3 min, followed by denaturation at 94° C (45 s), anneal-
ing at 53° C (for CR) or 52° C (for cyt b) (30 s) and extension at 72° C (45 s) repeated for
30 cycles.

Amplified DNA fragments were run on a 1-5% agarose gel, were cut out of the gel,
and purified using the QIAEX II Gel Extraction Kit (QIAGEN, PE Applied Biosystems).
Approximately 100 ng of purified PCR product was used in cycle sequencing reactions
following ABI PRISM BigDye Terminator protocols (PE Applied Biosystems).
Sequences were visualized on an ABI-3100 automated capillary sequencer and aligned
using the computer programme ClustalX (Thompson et al., 1994). New mtDNA
sequences generated in this study have been deposited in GenBank (Table I).

Aligned sequences were imported into the programme PAUP Version 4-0b10
(Swofford, 2000) for phylogenetic analysis. Neighbour-Joining (NJ), maximum parsi-
mony (MP) and maximum likelihood (ML) were used for phylogenetic reconstruction.
For NJ, a Kimura 2-parameter model was chosen. For MP, insertions or deletions
(indels) were included as a fifth character. A heuristic search (10 replicates) with tree-
bisection-reconnection (TBR) branchswapping was employed to find the most parsimo-
nious trees. For ML, a sequence evolution model was first chosen using the programme
Modeltest Version 3-06 (Posada & Crandall, 1998) incorporated into PAUP. After a
model was chosen, a heuristic search (10 replicates) was used to estimate the most likely
topology. Support values for the nodes were obtained with 1000 bootstrap replicates for
MP, NJ or ML analysis, whereby the fast stepwise addition method was used for ML.
Pairwise divergence between haplotypes and net divergence among groups of haplotypes
was calculated using a Kimura 2 parameter algorithm in MEGA2 (Kumar et al., 2001).

MICROSATELLITES

Seven microsatellite loci, isolated and characterized from other salmonid species were
chosen for analysis. The names of these loci, there GenBank accession numbers and
literature references are given as follows: BFRO001, U90327 (Snoj et al., 1997); Ssal197,
U43694 (O’Reilly et al., 1996); Strutta 58, U60223 (Poteaux et al., 1999); Ssosl438,
749134 (Slettan et al., 1996); Ssa85; U43692 (O’Reilly et al., 1996); OMMI1064,
AF352744 (Rexroad et al., 2002); SsoSL417, Z48598 (Slettan et al., 1995).

All forward primers were fluorescently labelled. Polymerase chain reactions were
performed in 10 pl reaction mixtures containing 0-5 pM of each primer, 0-2 mM
dNTP, 1-5mM MgCl,, 1x PCR buffer, 0-5 U of Taq polymerase (PE Applied
Biosystems) and 50 ng of genomic DNA. PCR profile comprised initial DNA denatura-
tion (95° C, 3 min), and 30 successive cycles of strand denaturation (94° C, 45 s), primer
annealing (54° C, 15s) and DNA extension (72° C, 5s). Aliquots of fluorescently
labelled amplified DNA were mixed with formamide and GENESCAN-350 ROX Size
Standard (PE Applied Biosystems) and genotyped on the ABI-3100 using the
GeneScan™ Analysis Software 3-7.

Microsatellite allele frequencies, the number of alleles per locus (A), observed
and expected heterozygosities and exact probability tests for deviations from
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TaBLE I. GeneBank accession numbers for mtDNA control region and cytochrome b
gene haplotypes used for phylogenetic analysis

GeneBank Accession number

Taxon/haplotype Control region Cytochrome b gene
Salmo ohridanus
Haplol AY926564 AF053590
Haplo2 AY926560 AF053590
Haplo3 AY926568 AF053590
Haplo4 AY926561 AF053590
Haplo5 AY926569 AF053590
Haplo6 AY926559 AF053590
Haplo7 AY926563 AF053590
Haplo8 AY926567 AF053590
Haplo9 AY926565 AF053590
Haplo10 AY926562 AF053590
Haplol1 AY926566 AF053590
Lake Ohrid brown trout
Haplol12 AY926570 U63892
Haplo13 AY926573 U63892
Haplo14 AY926571 U63892
Haplo15 AY926572 U63892
Salmo trutta
MAcsl AY836365 X76251
MEcsl AY836350 X76248
MEcs2 AY836351 X76249
ADcsl AY836330 X76250
ADcs2 AY836331 X76251
ADcs3 AY836332 X76251
DAla AY 185568 X76252
DA2 AY 185570 X76252
ATI AF273086 X76254
AT2 AF273087 X76254
Salmo obtusirostris AF488535 AF488534
Salmo salar AF133701 AF133701
Oncorhynchus mykiss NC_001717 NC_001717

Hardy-Weinberg equilibrium (HWE) and deviations from genotypic linkage equilibrium
(LE) were performed using the programme GENETIX 4-04 (Belkhir ez al., 1996-2004).
All tests were conducted using 10000 permutations. The frequency of potential null alleles
was estimated using the approach of Brookfield (1996). Locus specific and overall Ry
(following Rousset, 1996 and Goodman, 1997) and pairwise Fy, values were calculated in
FSTAT 2.9.3.2 (Goudet, 2001) and a sequential Bonferoni-type correction (Rice, 1989)
was applied for multiple significance tests.

MORPHOLOGICAL ANALYSIS

Thirty-tree individuals of S. ohridanus and 16 of Lake Ohrid brown trout were
included in morphological analyses. Morphological characterization was based on 12
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meristic and 28 morphometric characters. The meristic characters were: (i) pores along
the lateral line, (i) unbranched dorsal rays, (iii) branched dorsal rays, (iv) total number of
rays, (v) branched pectoral rays, (vi) ventral rays, (vii) unbranched anal rays, (viii)
branched anal rays, (ix) gill rakers on the first left branchial arch, (x) branchiostegal
rays, (xi) vertebrae (with central and haemal spines) and (xii) pyloric ceaca. All counts
were made on fixed material following the methodology in Pravdin (1966) with the
following modifications: vertebrae count does not include the urostyle; gill raker and
lateral line pore counts are all-inclusive aided by a x 8-16 binocular microscope; the last
branched ray in the dorsal and anal fins, which looks like two separate rays, is counted as
one. A description and body position of the 28 morphometric measurements are
described in Fig. 1. To control for allometric effects all morphometric measurements
were transformed into a per cent of the standard length (Lg) prior to all analyses. Means,
s.0. and minimum and maximum values for all measurements and counts are reported.
Uni-variate statistical differences between these values for the two taxa were assessed
with a Mann—Whitney U-test using the SPSS software package.

A principal component analysis (PCA) was performed on the covariance matrix of
morphometric and meristic characters separately, and all principal components with
eigenvalues >1 were saved as new variables. These variables were then used as input
for a canonical discriminant analysis (CDA) to quantify the discriminatory power of
these factors (for meristic and morphometric separately) in delineating the two taxa.
Prior probabilities of inclusion were considered equal for both groups.

RESULTS

MTDNA

Length variation of the mtDNA control region was observed within S. ohri-
danus. This variation was due to an 82 bp repeat unit in the 3’ region. There were
one to three copies of this repeat in addition to a shorter homologous unit of
66 bp at the 5 end of the repeat region in all samples (Table II). Higher

FiG. 1. Position and description of the 28 morphometric characteristics based on the lettered landmark
positions: ac, length up to the end of the lateral line scales; ic, trunk length; ad, snout length; de,
horizontal eye diameter; ei, postorbital part of head; ai, head length; jj’, head length at occiput; kk’,
head length at eye; forehead width (landmark position not seen on figure); af, length of upper jaw;
hh’, width of upper jaw; ag, length of lower jaw; nn’, the greatest body depth; oo’, the least body
depth, body thickness (landmark position not seen on figure); al, antedorsal distance; mc, post-
dorsal distance; ap, anteanal distance; aq, anteventral distance; sc, caudal peduncle length; rq,

pectoventral distance; qp, ventroanal distance; Im, length of dorsal fin base; 1I’, depth of anterior
part of dorsal fin; pt, length of anal fin base; pp’, anal fin depth; rr’, pectoral fin length; qq’, ventral
fin length.
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homology was observed among the first repeats in different S. ohridanus CR
haplotypes than between the first and subsequent repeats within the same CR
sequence (Table II). The 66 bp sequence of the shorter units were identical or
very similar to the analogous base pairs in the other repeat units (Table II). In all
samples of Lake Ohrid brown trout, only one copy of the 82 bp repeat and the
shorter unit was found.

Excluding the repeat units, the final alignment for all 54 individuals was
921 bp. There were a total of 15 haplotypes based on 21 variable sites, 17 of
which were parsimony informative (Table III). The transition: transversion ratio
for the combined data set of S. ohridanus and Lake Ohrid brown trout was 2-6,
whereas it was 7 : 1 within S. ohridanus, and no transversions were found among
Lake Ohrid brown trout haplotypes. Twelve haplotypes were found in S. ohri-
danus, and four in Lake Ohrid brown trout. Phylogenetic analysis revealed that
all but one of the S. ohridanus haplotypes clustered into a well-supported clade,
containing haplotypes that were 0-9 to 1:4% divergent from those found in Lake
Ohrid brown trout (Fig. 2). Within this clade, the 11 haplotypes differed by one
to four nucleotides (pairwise distance of 0-1-0-4 %). The remaining haplotype
was shared between S. ohridanus (Haplo15; n = 1) and Lake Ohrid brown trout
(n = 2; Table III). This haplotype differed from the common Adriatic (Adl,
AY260516) haplotype of brown trout by four transitions, two of which were
detected in first 310 bp analysed in Sell & Spirkovski (2004), and therefore, most
probably represents haplotype Ad-s10 described therein. The remaining three
haplotypes found in Lake Ohrid brown trout differed from the Adl haplotype
by one to seven mutations (0-1 to 0-8%; Table I1I).

For the cytochome b gene, a total of 295 bp were sequenced, and two haplo-
types were resolved, one corresponding to each of the two taxon analysed, and
both representing previously reported haplotypes in S. ohridanus (accession
number AF053590; Phillips et al., 2000) and brown trout (accession number
U63892, Apostolidis et al., 1997).

PHYLOGENETIC ANALYSES

Exploratory phylogenetic analysis using the entire CR revealed evidence of a
high degree of homoplasy, or other mechanism responsible for confounding the
phylogenetic signal in the 3’ end of the CR, especially the repeat region, and
perhaps some adjacent sites as well. In the first repeat there were no synapo-
morphic sites relating to the differentiation between S. trutta (including Lake
Ohrid brown trout) and either S. ohridanus or S. obtusirostris; in subsequent
repeats there was little variation and no correspondence to taxa (Table II). For
this reason, phylogenetic analysis was limited to the 5’ end of the control region
(480 bp) together with the 295 bp-long cyt b gene fragment. For all reconstruc-
tion approaches (NJ, MP and ML) there was high support for one clade contain-
ing S. ohridanus and S. obtusirostris and the relationship of this clade was
reciprocally monophyletic to brown trout using the NJ and MP approaches,
while maximum likelihood displayed a polychotomy for brown trout (Fig. 2).
Regardless of the approach, haplotypes from Lake Ohrid brown trout appeared
as an unsupported cluster most closely related to other brown trout haplotypes
typically found in the Adriatic basin.
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Haplo14 Lake Ohrid

Haplo12 brown trout| Salmo trutta species complex
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Salmo ohridanus

Salmo obtusirostris

Salmo salar

Oncorhynchus mykiss

0-005 substitutions/site

FiG. 2. Neighbour-joining (NJ) tree for Salmo based on 480 bp of 5'-end mtDNA control region and
295 bp of cytochrome b gene, based on a Kimura 2-parameter substitution model. Bootstrap
support values from top to bottom refer to NJ, maximum parsimony and maximum likelihood
(HKY + I + G model, transition: transversion = 4-0465; o = 0-6782; per cent invariable
sites = 0-6643) methods. 1, values <50.

MICROSATELLITES

All individual loci were in HWE for S. ohridanus and five of seven for Lake
Ohrid brown trout after correcting for multiple tests (Table 1V). In Lake Ohrid
brown trout, there was a borderline significant departure from HWE across all
loci. For the loci in Lake Ohrid brown trout exhibiting lower observed than
expected heterozygosity, the expected frequency of null alleles ranged from 2-3
(Struttas8) to 7 (BFR0001) %. One locus combination (Ssa85 + Struta58) in
S. ohridanus (in Lake Ohrid brown trout Ssa85 was monomorphic) revealed
significant departure from linkage equilibrium after correction for multiple tests
(P = 0-005). Four S. ohridanus individuals showed a duplicated pattern at four
loci (Ssal97, OMM1064, Ssosl417 and Struta58). The duplicated pattern (three
or four alleles) was detected on all four loci in each of these four individuals.
These four individuals were removed from further microsatellite analyses.

The mean number of alleles (A4) in S. ohridanus was 7-71 (4-15), and for Lake
Ohrid brown trout 10-28 (1-18). Average expected heterozygosity in both taxa was
high; 0-5820 for S. ohridanus and 0-6781 for Lake Ohrid brown trout. Highly distinct
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allelic profiles were observed for S. ohridanus and Lake Ohrid brown trout across all
loci analysed (Fig. 3), reflected in highly significant Fy (0-1517 to 0-5513, Table V)
or Ry (0-579 to 0-895) values between the taxa. One S. ohridanus individual,
however, had ‘Lake Ohrid brown trout specific’ alleles at five microsatellite loci.

MORPHOLOGY

Nine of the 12 meristic characters were significantly different between taxa
(P < 0-05; Table VI), five of which (total dorsal rays, branched pectoral rays,
gill rakers, vertebrae and pyloric caeca) were highly significant (P < 0-001). No
meristic, however, character displayed non-overlapping ranges. Of the 28 mor-
phometric characters, 21 showed significant differences between taxa, 14 of
which were highly significant (Table VII). Of these, four characters revealed

TaBLE IV. Number of alleles (4), expected and observed heterozygosity, and F;; values
for the two analysed taxa. N, the number of individuals genotyped in each taxon

Salmo Lake Ohrid Lake Ohrid
ohridanus brown trout S. ohridanus brown trout
Ssosl438 Ssa85
N 26 24 N 26 24
A 4 13 A 4 1
Hexp 0-2277 0-8663 Heyp 0-618 0
H e 0-25 0-7917 Hpe 0-6429 0
Fi —0-08 0-1073* F; —0-0221
Ssal97 OMMI1064
N 26 24 N 26 24
A 8 12 A 6 18
Hexp 0:6996 0-8429 Hexp 0-6084 0-9036
H 0-7143 0-7917 H 0-6296 0-9583
F, —0-0028 0-0819 F —0-0161 —0-0393
Ssosl417 BFRO001
N 26 24 N 26 23
A 15 6 A 4 10
Hexp 0-8909 0-4783 Hexp 0-2532 0-776
H e 0-9286 0-5417 H e 0-2143 0-6522
F, —0-0241 —0-1115 F, 0-1714 0-1811%*
Struta58
N 26 24
A 13 12
Hexp 0-7761 0-8793
H 0-8571 0-875
Fi —0-0863 0-0262
A 7,71 10,28
Hexp 0-5820 0-6781
H 0-6053 0-6586
Fy —-0-0217 0-0501*

(*, significant at P < 0-05 after correction for multiple tests).
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TaBLE V. Locus specific and overall Ry, and pairwise Fy, values

Locus Ry Fy
Ssosl438 0-793 0-4532
Ssa85 0-581 0-5513
Ssal97 0-895 0-2068
OMMI106 0-848 0-2285
Ssosl417 0-579 0-2890
BFRO001 0-873 0-4823
Struta58 0-774 0-1517
Overall 0-8149 0-32930

non-overlapping ranges (snout length, horizontal eye diameter, postorbital part
of head and length of lower jaw).

A PCA on the 28 morphometric characters extracted eight factors explaining
84% of the variance in the data, while analysis of the 12 meristic characters
extracted five factors explaining 72% of the variance in the data. A bi-variate
scatter plot of the first principal component of each analysis revealed highly
distinct groups representing the two taxa (Fig. 4). Based on the CDA using
components from the morphometric PCA, all individuals could be assigned to
their respective taxon with a 100% probability of inclusion. In the CDA based
on components from the meristic PCA, however, two S. ohridanus individuals
were misclassified, although probabilities of inclusion were still quite high
(mean + s.p. for S. ohridanus 93-6 + 22-0%; Lake Ohrid brown trout
99-9 + 0-2%). Removal of these two misclassified individuals did not alter the
results with respect to the lack of non-overlapping meristic characters, although
the individual probability of inclusion was raised to 99-1 £+ 2-8%.

DISCUSSION

All genetic data from the mitochondrial and nuclear genome as well as the
morphological data (morphometric and meristic characters) revealed an unam-
biguous distinction between S. ohridanus and Lake Ohrid brown trout, both
from Lake Ohrid, Macedonia. Furthermore, phylogenetic analysis incorporating
30 S. ohridanus individuals is congruent with results based on the same two
individuals (Phillips et al., 2000; Snoj et al., 2002), in placing S. ohridanus as a
sister taxon to S. obtusirostris, and grouping these two taxa in a clade that
reveals a sister-clade status to the S. trutta complex. However, unambiguous
evidence of hybridization and introgression, however, is seen in one, phenotypi-
cally characterized S. ohridanus that carries a typical brown trout haplotype
(Haplo15), as well as a “mixture” of taxon-specific microsatellite alleles.
Whether or not this evidence of hybridization stems from natural gene flow, or
escapees from a cross-breeding experiment is impossible to determine. Successful
artificial hybridization between female S. ohridanus and male Lake Ohrid brown
trout has been reported (Rakaj & Flloko, 1995).

Another highly unique molecular character in S. ohridanus was the 82 bp
repeat region in the 3° end of the CR, first reported in Salmo by Sell &
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Spirkovski (2004). A similar analogous repeat has been reported in Thymallus
(Weiss et al., 2002) and Coregonus (Brzuzan, 2000), and this repeat has also been
found in the genus Hucho and Brachymystax (Froufe., unpubl. data). The
phylogenetic signal within the first copy of this repeat conflicts with the expecta-
tion that the S. trutta complex is monophyletic with respect to the two other
Salmo species, S. ohridanus and S. obtusirostris (Phillips et al., 2000, 2004; Snoj
et al., 2002). Furthermore, the pattern of substitution became increasingly
blurred when subsequent repeats were analysed. Parallel character-state changes
in such repeats are not unusual and if they appear in a non-random pattern, they
imply a common mechanism (Broughton et al., 1998). As recombination in
animal mtDNA is very rare, repeats are generally thought to be the result of
intramolecular processes (Buroker et al., 1990), and could occur in systems
where specific secondary structures have the potential to interfere with DNA
replication. The mechanisms evoked to generate variation in mtDNA repeats
have included slip-strand mispairing during replication (Buroker et al., 1990;
Broughton & Dowling, 1997; Savolainen et al., 2000; Mundy & Helbig, 2004),
recombination and transposition (Rand & Harrison, 1989) and unequal crossing-
over or gene conversion (Hoelzel et al., 1993, 1994). Each of these mechanisms has
been shown to fit a particular data set but a common mechanism has not been
confirmed.

© 2006 The Fisheries Society of the British Isles, Journal of Fish Biology 2006, 68 (Supplement A), 2-23



18 S. SUSNIK ET AL.

In Lake Ohrid brown trout, there was no length variation in the repeat region
(one repeat plus one incomplete repeat; Table II). Sell & Spirkovski (2004),
however, reported four length variants, involving at least 10 haplotypes,
although seven of these involved substitutions in the repeat region in individuals
that displayed a monomorphic RFLP pattern across three mtDNA regions (CR,
NADH-1 and NADH-3/4). In fact, the differentiation reported in the so-called
summer form (known locally as S. letnica aestivalis) was based on the occurrence
of a single haplotype (at ¢. 50% frequency) variant in this apparently unstable
repeat region (Sell & Spirkowski, 2004). Samples of the summer form of Lake
Ohrid brown trout are not available (sampling has been restricted on the
lake since early in 2004), but the reliability of any phylogenetic or population
genetic inferences based solely on differentiation found in this repeat, con-
sidering the present observations as well as the concerns raised above, should
be questioned.

Despite the detection of a single hybrid, microsatellite analysis did not reveal
evidence of contemporary gene flow between these taxa. While both F; and Ry
values where highly significant, Ry values, reflecting an evolutionary distance
measure based on disparate allele sizes, were especially high and relatively uni-
form among loci. As all loci for S. ohridanus were in HWE, the sample appears
to stem from a single population, with no substructure. While there was sig-
nificant linkage for loci Ssa85 and Strutta58, both loci are mapped on the
S. trutta genome and appear on different linkage groups (Ssa85 on BT4 and
Strutta on BT26; Gharbi, 2001). Potential mechanisms that could produce such a
result include pseudo-linkage of co-adapted genes, or real physical linkage via a
chromosomal rearrangement in S. ohridanus with respect to S. trutta.

The two loci that displayed a significant departure from HWE in Lake Ohrid
brown trout may have contained null alleles. For one locus (BRF0001), display-
ing the highest estimate of null alleles (7%), one individual did not amplify,
which could also be interpreted as evidence of a null allele in the form of a null
homozygote. Given the reported population structure of Lake Ohrid brown
trout, however, the relatively small differences between observed and expected
heterozygosities could also result from a slight Wahlund effect. More impor-
tantly, the differentiation indices between taxa are consistent across all loci, and
no evidence of null alleles was seen for S. ohridanus. More extensive sampling
and typing of Lake Ohrid brown trout will be necessary to draw further infer-
ences on the potential for a population subdivision.

Within S. ohridanus samples, duplication was observed in four individuals at
four loci. Duplicated loci in salmonids are common, due to the incomplete
diploidization of this autotetraploid lineage, and anueploidy and partial geno-
mic duplication has also been reported (Allendorf & Thorgaard, 1984). It is not
clear, however, what mechanism is responsible for the duplication of four
common loci (out of seven typed), in some (n = 4), but not all individuals in
a population.

Morphological analysis of S. ohridanus reveals that this taxon is highly
divergent from Lake Ohrid brown trout. This difference appears larger for
morphometric as opposed to meristic characters, as the latter data set revealed
no non-overlapping characters. Presumably, this reflects selection on body form
related to its highly distinct deep-water niche, whereas there has been either
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insufficient time (vie random mechanisms) or insufficient selective pressure
(i.e. deterministic mechanisms) to promote similar levels of divergence in meristic
characters.

As the mtDNA (CR)-based divergence between S. ohridanus and the S. trutta
complex (0-9-1-9%) is equal or less than the total divergence within S. trutta
(1-21 to 2-19% net divergence among five mtDNA-defined lineages, Bernatchez,
2001), it might appear that morphological evolution in S. ohridanus has been
extraordinarily fast for a Salmo taxon. Pairwise divergence estimates between
S. ohridanus and S. trutta based on the cytochrome b gene (cyt b) are 2-6 to
4-2%, however, considerably greater than the divergence of cyt b within S. trutta
(0 to 1-4%; calculated from GenBank sequences, Table I). The reason for this
discrepancy between interspecific divergences based on the CR and cyt b genes
appears to be saturation (i.e. evolutionary constraints) in the CR within the
genus Salmo, an observation additionally supported by the low transition:
transversion ratio overall (2:6), compared to within taxon ratios. Species-specific
constraints on the CR, which lead to underestimated interspecific divergences
compared to coding segments have been clearly shown in the salmonid genera
Thymallus (Froufe et al., 2005a) and Hucho (Froufe et al., 2005b), a phenomena
that is not limited to fishes (Roukonen & Kvist, 2002).

Thus, the actual divergence between the S. ohridanus and S. obtusirostris clade
and S. trutta must be considerably greater than phylogenetic analyses based on,
or including the CR. For example, if it is assumed that the S. ohridanus and
S. obtusirostris lineage and S. trutta diverged from a common ancestor and that
the S. trutta complex is at least 2 million years old (Osinov & Bernatchez, 1996;
Apostolidis et al., 1997; Antunes et al., 2002), an approximation of the age of the
S. ohridanus and S. obtusirostris lineage can be derived. As the net divergence
among clades within S. trutta for the cyt b gene is 1-4%, and the net divergence
between S. trutta and the S. ohridanus and S. obtusirostris clade is 2:9%, then an
age for this split can be roughly calculated to be at least 4-2 million years, above
the lower boundary of the age of Lake Ohrid (4-10 million years; Banarescu,
1991).

While it must be assumed that S. ohridanus evolved in Lake Ohrid, adapting to
a deepwater niche, without fossil evidence it is impossible to date its colonization
or place a time frame around its morphological divergence. Considering that
there is no record of S. obtusirostris in the lake, one possible scenario involves a
lake residence of S. ohridanus roughly equalling the age of the split between the
two taxa (c. 1 million years ago). This would imply a relatively rapid evolution of
S. ohridanus morphology relative to the extant variation in the genus Salmo. An
alternative scenario involving the existence of the common ancestor of S. ohri-
danus and S. obtusirostris in the lake, however, cannot be excluded. Further
comparison of S. ohridanus with the extant sub-specific variation known in
S. obtusirostris, as well as demographic analysis of an increased sample size of
S. ohridanus might uncover a signature of recent expansion, and population
differentiation. This could lend support to estimates of the age of the taxon in
the lake. At present, it can only be concluded that the age of S. ohridanus in Lake
Ohrid lies between the estimated divergence times for the split between the
S. ohridanus and S. obtusirostris and S. trutta clades (at maximum), and the
split between S. ohridanus and S. obtusirostris (at minimum).
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