Biological Journal of the Linnean Society, 2007, 90, 139—152. With 5 figures

Reticulate evolution: ancient introgression of the Adriatic
brown trout mtDNA in softmouth trout Salmo
obtusirostris (Teleostei: Salmonidae)
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Two populations of softmouth trout (Salmo obtusirostris) from the rivers Neretva (Bosnia and Herzegovina) and
Jadro (Croatia), along with two neighbouring populations of brown trout (Salmo trutta) were analysed with a suite
of genetic markers (two mtDNA genes, two nuclear genes, and nine microsatellites) as well as morphological char-
acters. The Jadro softmouth trout were fixed for a brown trout mtDNA haplotype of the Adriatic lineage, which is
1.7% divergent from a previously described haplotype characteristic for the Neretva softmouth trout. All other
genetic markers, as well as morphological analysis, supported the clear distinction of softmouth trout from the rivers
Neretva and Jadro from brown trout in neighbouring populations, and thus a mtDNA capture event is assumed.
Population specific microsatellite allele profiles, as well as a high number of private alleles for both populations of
softmouth trout, support the hybridization between brown trout and the Jadro softmouth trout most likely being
of ancient origin, thus leading to a reticulate evolutionary pattern of mtDNA in this taxon. © 2007 The Linnean
Society of London, Biological Journal of the Linnean Society, 2007, 90, 139-152.
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INTRODUCTION haps most common among fishes (Hubbs, 1955; Scrib-
ner, Page & Bartron, 2001), presumably due to the
lack of physical reproductive barriers in aquatic envi-
ronments, but also due to increasing environmental
disturbance and translocations (Seehausen, Alphen &
White, 1997; Allendorf et al., 2001). Dowling & Secor
(1997) provide a review of putative hybrid animal
taxa, in which fishes are the most common. One
example is Gila seminuda, a riverine cyprinid from
the south-western USA, which allegedly originated
through introgressive hybridization between Gila
robusta robusta and Gila elegans (DeMarais et al.,
1992; Dowling & DeMarais, 1993). Among the radia-
tions of African cichlids, two recent studies demon-
strate the role of interspecific hybridization and
*Corresponding author. E-mail: ales.snoj@bfro.uni-lj.si reticulate evolution in generating new diversity

Interspecific hybridization is a well accepted evolu-
tionary force in plants (Rieseberg, 1997), but its
importance in animal evolution has always been a
subject of debate (Arnold, 1992; Seehausen, 2004).
However, the widespread application of genetic mark-
ers has increasingly revealed patterns of reticulate
evolution at the molecular level across many animal
taxa, indicating that various modes of hybridization
and degrees of introgression are common also in ani-
mals. Thus, the recognition that hybridization may be
a major evolutionary mechanism in animals is
increasing. Among vertebrates, hybridization is per-
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(Salzburger, Baric & Sturmbauer, 2002; Smith, Kon-
ings & Kornfield, 2003).

Similar to the situation for Cyprinidae and Cichl-
idae, natural events of interspecific hybridization are
common in Salmonidae, occurring frequently within
the genus Salvelinus in north America (Bernatchez
et al., 1995; Baxter et al., 1996; Redenbach & Taylor,
2002) and among coastal species of Oncorhynchus
(Young et al., 2001; Ostberg, Slatton & Rodriguez,
2004), and between brown trout and Atlantic salmon
Salmo salar (Jansson et al., 1991; Gephard, Moran &
Garcia-Vazquez, 2000). Natural interspecific hybrid-
ization often occurs in so-called hybrid zones, where
formerly allopatric lineages come into secondary con-
tact. Such regions exist throughout Europe, but can be
particularly plentiful within major peninsula refugia
such as Iberia (Gomez & Lunt, 2006). Interestingly,
compared with the other two major peninsulas (Ibe-
rian and Italian), the Balkan Peninsula has not
received the same degree of attention in terms of
molecular-based studies and, thus, suspected hybrid
events are not well documented. However, the Balkan
Peninsula represents one of the major glacial refugia
and also one of the 17 biodiversity hotspots of the
world (Conservation International, 2004). As such, the
Balkans serve as an evolutionary arena, whereby evo-
lutionary lineages repeatedly undergo periods of
expansion and contraction, promoting zones of second-
ary contact, hybridization, and introgression across
many taxa (KrysStufek & Reed, 2004). This is presum-
ably the case for the genus Salmo, which is especially
diverse in the Balkans, exhibiting both putative

archaic and derived forms. One particularly enigmatic
taxon, the softmouth trout, is endemic to the Adriatic
river system of Western Balkans and was first
described from the rivers Zrmanja, Jadro, and Vrljika
as Salar obtusirostris Heckel (1851). Subsequently,
morphological differences gave rise to the description
of three additional putative subspecies of Salar obtu-
sirostris (Mrakov¢i¢ & Misetic, 1990; Kottelat, 1997):
Salar oxyrhynchus (Steindachner, 1882) from the
River Neretva, Bosnia, and Herzegovina (Fig. 1),
Salar salonitana from the rivers Jadro and Krka
(Croatia), and Salar krkensis, also from the River
Krka (Karaman, 1927). Salmo zetensis (Hadzisce,
1961) from the River Zeta (Montenegro) is also some-
times regarded as a subspecies of S.obtusirostris
(Maric¢, 1995). (Phenotypic distinctness between the
softmouth trout subspecies is available at: http://
www.balkan-trout.com.) Historically softmouth trout
has been considered as an archaic salmonid in the
genus Salmothymus Berg, 1908. With the notable
exception of Stearley & Smith (1993), more recent
comparative studies place S. obtusirostris as close to
or even within Salmo (Svetovidov, 1975; Dorofeyeva,
1999; Sanford, 2000) and, based on molecular data
from material collected in the River Neretva, soft-
mouth trout was recently re-classified as Salmo obtu-
sirostris (Snoj et al., 2002).

Initial field observations of S. obtusirostris from the
rivers Jadro and Neretva, together with notes on their
morphology (Karaman, 1927; Behnke, 1965), raised
questions concerning the evolutionary origin of the
Jadro softmouth trout because some characters (e.g.
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Figure 1. The map of sampling locations.
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coloration and mouth shape) appear intermediate
between other softmouth populations and brown
trout. Softmouth trout spawn in the spring (Karaman,
1927), but they have been shown to successfully
hybridize with brown trout in captivity, when late
spawning brown and early spawning softmouth trout
are used (Kosori¢ & Vukovi¢, 1969). Natural hybrid-
ization is also reported from the Neretva basin (Vuk-
ovié, 1982). In light of these observations, we sought to
evaluate the evolutionary origin of the softmouth
trout from the River Jadro.

We applied both maternally and bi-parentally
inherited molecular markers to samples from the
River Jadro, as well as softmouth trout from the
Neretva basin, and samples from two brown trout
populations from neighbouring locations. For addi-
tional nonmolecular support of our inferences, we also
analysed the available morphological data from soft-
mouth specimens from the rivers Jadro and Neretva,
as well as brown trout from one sympatric (Neretva)
and one nearby population (Krka). Because there is no
rigid and reliable classification of softmouth and
brown trout, we use informal names (e.g. ’Jadro soft-
mouth trout’ and ’Adriatic brown trout’) throughout
the text.

MATERIAL AND METHODS

SAMPLES AND DNA EXTRACTION

Sixty-seven fish were caught by electrofishing across
four locations from 1999 to 2003. Nineteen individuals
came from the River Jadro, assumed to contain only
softmouth trout; 16 softmouth trout came from the
River Neretva, and the remaining samples were
brown trout from the rivers Krka (IN=20) and
Zrmanja (N = 12) (Table 1, Fig. 1). Total DNA was iso-
lated from fin clips, preserved in ethanol, using the
Wizard Genomic DNA Purification Kit (Promega).

MTDNA AMPLIFICATION AND SEQUENCING

Two mtDNA [control region and cytochrome & (cyt b)]
and two nuclear gene regions (LDH-C1* and ITS1),
which were shown to be informative in differentiating
softmouth and brown trout (Snoj et al., 2002; Susnik,

Schoffman & Snoj, 2004) were chosen for analysis.
Polymerase chain reaction (PCR) amplification of an
approximately 2400-bp mtDNA fragment spanning
the entire cyt & gene and control region (CR) was
performed using primers HN20 (Bernatchez &
Danzmann, 1993) and C-Glu (Cronin, Spearman &
Wilmot, 1993). The PCR conditions were: initial DNA
denaturation (95 °C for 3 min) and 30 successive
cycles of strand denaturation (94 °C for 45 s), primer
annealing (52 °C for 45 s) and DNA extension (72 °C
for 2 min). Primers Ldhxon3F and Ldhxon4R were
used for amplifying approximately 440 bp of the LDH-
C1* gene, as previously described (McMeel, Hoey &
Ferguson, 2001). Primers KP2 and 5.8S were used to
amplify approximately 630 bp of the ITS1 region
according to Phillips et al. (2000).

All DNA-amplifications were performed in a pro-
grammable thermocycler GeneAmp® PCR System
9700 (AB Applied Biosystems). A total volume of 30 puLi
contained 1 uM of each primer, 0.2 mM dNTP, 1.5 mM
MgCl,, 1 x PCR buffer, 1 U of Taqg polymerase (PE
Applied biosystems) and 100 ng of genomic DNA.
Amplified DNA fragments were run on a 1.5% agarose
gel and were isolated from the gel using QIAEX II Gel
Extraction Kit (Qiagen).

The analysis of gene fragments was done by either
cycle sequencing using BigDye Terminator Ready
Reaction Mix (PE Applied Biosystems) according to
manufacturer’s recommendations, or via the develop-
ment of diagnostic restriction fragment length poly-
morphism (RFLP) protocols. For sequencing, primer
28RIBa (Snoj et al., 2000) was used for the 5-end of
mtDNA CR, C-Glu for the 5-end of the cyt & gene,
Ldhxon3R for the LDH-C1* fragment, and KP2 and
5.8S for the ribosomal ITS1. Termination PCR-s were
performed under the conditions: 10 s denaturation at
96 °C, 5 s annealing at 50 °C and 4 min extension at
60 °C, repeated for 30 cycles. Sequences were analysed
on an ABI PRISM 310 automated sequencer.

MICROSATELLITES

Seven di-nucleotide and one tetra-nucleotide micro-
satellite loci isolated and characterized from other
salmonid species were chosen for analysis. The loci

Table 1. Description of sampling localities, species name, number of individuals analysed (N), number of sequenced
samples (N,), the year of sampling, and haplotype designation

Population Location Taxon

Jadro Croatia Softmouth trout
Neretva Bosnia and Herzegovina Softmouth trout
Krka Croatia Adpriatic brown trout
Zrmanja Croatia Adpriatic brown trout

N N., Year of sample collection MtDNA haplotypes
19 7 2003 Ad11

16 16 1999 Soxy

20 10 2003 AdBoz

12 12 2002, 2003 Ad4, Ad12
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names, literature reference and GenBank accession
numbers are: BFRO001 (Snoj, Pohar & Dove, 1997),
U90327; BFRO002 (Susnik et al., 1997), AF005074;
Ssal97 (OReilly et al., 1996), U43694; Str24 and
Str58 (Poteaux, Bonhomme & Berrebi, 1999), U60225
and U60223; Str591INRA (Presa & Guyomard, 1996),
ABO001064; Ssosl438 (Slettan, Olsaker & Lie, 1996),
749134; and Onep2: (Scribner, Gust & Fields, 1996),
U56700. An additional locus, Str-LDH4 (GenBank no.
AY365467), located in the fourth intron of the LDH-
C1* gene, was amplified using the primers Str-LDHF
(5-TCATCAAACACTCCCCCAACTGC-3") and
LDH1R (McMeel, Hoey & Ferguson, 2001). All forward
primers were fluorescently labelled. PCR were per-
formed in 10 puL reaction mixtures containing 0.5 um
of each primer, 0.2 mM dNTP, 1.5 mMm MgCl,, 1 x PCR
buffer, 0.5 U of Taq polymerase (PE Applied biosys-
tems), and 50 ng of genomic DNA. PCR profile com-
prised initial DNA denaturation (95 °C for 3 min), and
30 successive cycles of strand denaturation (94 °C for
45 g), primer annealing (52 °C for all loci, except 60 °C
for BFROO002 and 62 °C for Str-LDH4; 15 s) and DNA
extension (72 °C for 5 s), in programmable thermocy-
cler GeneAmp PCR System 9700 (AB Applied Biosys-
tems). Aliquots of fluorescently labelled amplified
DNA were mixed with formamide and GENESCAN-
350 (TAMRA or ROX) Size Standard (PE Applied Bio-
systems) and genotyped on the ABI Prism 310 Genetic
Analyser using GeneScan Analysis Software, Version
2.1.

SEQUENCE ANALYSIS

Mitochondrial gene sequences were aligned using the
computer program, Clustal X (Thompson, Higgins &
Gibson, 1994). To depict the basic genetic relation of
the combined CR and cyt b sequences, a statistical
parsimony network (Templeton, Crandall & Sing,
1992) was constructed using the program TCS 1.3
(Clement, Posada & Crandall, 2000). To gain a broader
picture of the relation of these haplotypes to published
data, we also compared a portion of the CR sequence
with several already described haplotypes from each
of the five major mtDNA lineages (Atlantic, Danubian,
Mediterranean, Adriatic, and Salmo marmoratus).

MICROSATELLITE DATA

Microsatellite allele frequencies (displayed with bub-
ble graphs), the number of alleles per locus (A) and
probability tests for deviations from Hardy—Weinberg
equilibrium (HWE) and deviations from genotypic
linkage equilibrium were performed using program
GENETIX 4.04 (Belkhir et al., 1996-2004). All tests
were conducted using 10000 permutations. Program
FSTAT 2.9.3.2 (Goudet, 2001) was used for calcula-

tion of allelic richness and pairwise F; values. Cor-
rections for multiple significance tests were made
with a sequential Bonferoni-type correction (Rice,
1989).

Genetic relationships between all individuals were
estimated based on the proportion of shared alleles at
each locus (i.e. D,g distances; Bowcock et al., 1994).
This distance assumes no explicit mutation model,
and allows a relatively robust approach to evaluate
individual relationships, without a priori designation
of an individual to a specific population, or taxon. A
matrix of D,y distances was used to construct a tree of
individuals using a Neighbour-joining algorithm. The
distance matrix and corresponding tree was obtained
using the program POPULATIONS (Langella, 2002).
Statistical support estimates for major nodes in the
tree were obtained with 1000 bootstrap replicates both
across loci and individuals. Global values of D,g dis-
tances are also reported within and between popula-
tions and taxa.

MORPHOLOGICAL ANALYSIS

Independent of our sampling for genetic tissue, pre-
served specimens (Museum material; See Supplemen-
tary Material) of softmouth trout from the rivers Jadro
(N=6) and Neretva (IN=12), as well as Adriatic
brown trout from the rivers Krka (N=12) and
Neretva (IN=21) were available for morphological
analysis (specimens were fixed in formalin, and thus
DNA was not available). A total of 29 morphometric
and 15 meristic characters were analysed on all spec-
imens following the procedures outlined in Delling
(2002). All morphometric characters are given in per-
cent of standard length to correct for allometry. Means
and standard deviations are reported for each charac-
ter, and a Mann—Whitney U-test was applied to test
for significant differences between each taxon. To
depict the general relationship of the phenotype for all
taxa, a principal components analysis (PCA) was car-
ried out in two steps using a covariance matrix on log-
transformed measurements and a correlation matrix
on square-rooted counts. Extracted factors of the most
informative principal components in each data set
were plotted to visualize their effectiveness in delin-
eating populations.

RESULTS

MTDNA

A total of 410 bp of the CR and 276 bp of the cyt b gene
were resolved with sequence analysis in 45 individu-
als (seven softmouth from Jadro, 16 from Neretva, and
22 brown trout). For softmout trout, two haplotypes
were found: one in the River Jadro and one in the
River Neretva. The Neretva haplotype corresponded

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 90, 139-152



ANCIENT INTROGRESSION IN SOFTMOUTH TROUT 143

to that previously published for softmouth trout (Snoj
et al., 2002). However, in the River Jadro, a previously
undescribed haplotype is revealed (Ad11; GenBank
No. AY653218; following nomenclature in Bernatchez,
2001), which falls clearly within the group of brown
trout specific haplotypes (Fig. 2). For the brown trout
samples, three haplotypes were found, two in the
River Zrmanja and one in the Krka (AdBoz;
DQ318128). In the Zrmanja, one haplotype corre-
sponds to Ad4 (Gene Bank No. AY260520), whereas
the other is previously unpublished but bears close
relation to other haplotypes of the Adriatic lineage and
thus is given the name Ad12 (AY653216). New haplo-
types differ from previously known Adriatic haplo-
types by 2 bp in the CR; 95 and 280 (Ad12) and 194
and 278 (Ad11). By contrast, there was no variation
found in the cyt b sequence, which corresponds to the
previously described Ad3-4 haplotype (Acc. No.
X76251). The haplotype found in the River Jadro dif-
fers from the Neretva softmouth haplotype by a total
of seven substitutions and one indel in the CR, and
seven substitutions in the cyt b sequence.

To analyse the additional samples (N =22) at the
CR, we digested the CR-Cyt b PCR product with
Eco1301, which cut the CR at position 278 and thus
distinguishes the newly-described Jadro haplotype
from all other brown trout haplotypes, as well as the
previously published softmouth haplotype found in
the Neretva basin. All individuals (N = 19) from the
River Jadro were characterized with this CR mutation
and thus the population is considered to be fixed for
the mtDNA haplotype Ad11.

RiBosoMAL DNA ITS-1 AND LDH-C1*

Sequencing of 22 softmouth trout (six from River
Jadro and 16 from River Neretva) for the ITS-1
(574 bp) and LDH-C1* (380 bp) genes revealed no
variation, and a haplotype corresponding to that pre-
viously found in softmouth trout from the River
Neretva (Snoj et al., 2002; AF488540; Susnik, Schoff-
man & Snoj, 2004, AY260509). Ten brown trout sam-
ples from the rivers Zrmanja (N = 4) and Krka (INV = 6)
were sequenced and characterized by haplotypes pre-
viously found in the Adriatic mtDNA lineage (Snoj
et al., 2002; Susnik, Schoffman & Snoj, 2004; Gen-
Bank no. AF498756 and AY260507). One minor excep-
tion was the presence of one allele in one individual
from the River Krka, differing only in the number of
cytosines in the poly C stretch located in the LDH-C1*
intron. All other individuals were homozygous across
both genes. A total of three substitutions and one indel
in the LDH-C1%*, and eight substitutions in the ITS-1
region distinguish the softmouth haplotype and those
of the Adriatic clade of brown trout. For the remaining
35 individuals, an RFLP protocol was developed

(Hin1I for ITS1 and Rsal for LDH) to cut two sites
that were diagnostic for softmouth trout. Based on
this protocol, all individuals from the rivers Jadro and
Neretva carried the alleles characteristic for soft-
mouth trout and this allele did not occur in the two
brown trout populations sampled.

MICROSATELLITES

Allele number (A), allele richness, observed and
expected heterozygosity and departure from Hardy—
Weinberg equilibrium are listed in the Supplementary
Material. The softmouth trout population from the
River Jadro exhibited a significant deviation from
HWE at two loci but, over all loci, no deviation was
detected. After correction for multiple tests, there was
no evidence of significant linkage disequilibrium in
the softmouth trout from the River Jadro
Non-overlapping allele size ranges between soft-
mouth trout from the Neretva and brown trout
(Zrmanja and Krka populations) are seen for four of
the nine loci (BFROO001 & 002; Str58, Str-LDH4), and
one additional locus would exhibit such a pattern
accept for the presence of a shared allele in a single
individual (Oneu2) (Fig. 3). In terms of private alleles,
the Neretva softmouth trout had 26 alleles not found
in brown trout, and brown trout had 59 alleles not
found in the Neretva softmouth. Although all Jadro
softmouth trout carried a brown trout mtDNA haplo-
type, their microsatellite allele size ranges were often
similar to the Neretva softmouth trout, although not
across all loci. This is reflected in the wide range of
locus-specific Fst-values (0.0063 for Oneu2 to 0.9178
for BFRO001) between the populations of the Jadro
and Neretva softmouth trout (Table 2). The population

Table 2. Locus specific pairwise and overall F; values

Pairwise comparison of Jadro population

with:

Locus Neretva Krka Zrmanja Overall F
BFRO002 0.5273 0.8937 0.8655 0.717
Ssal97 0.2616 0.3537 0.3120 0.257
Str24 0.5958 0.4891 0.5772 0.415
Str591INRA  0.0421 0.4981 0.6137 0.480
BFRO001 0.9178 0.5513 0.6153 0.612
Str58 0.8068 0.5320 0.6581 0.531
Onep2 0.0063 0.6679 0.8171 0.635
Sso0s1438 0.4058 0.3649 0.5732 0.396
Str-Ldh4 0.1911 0.6165 0.7114 0.504
Overall 0.5359 0.5521 0.6392

Pairwise F; values correspond to comparison of the Jadro
softmouth with the other analysed taxa/populations.
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Figure 2. Haplotype network relating (A) new haplotypes [297 bp of mtDNA (CR) control region] with some Salmo trutta
haplotypes from Bernatchez (2001) and (B) haplotypes with available data for mtDNA CR and cytochrome b (686 bp).
Circles represent the haplotypes, and solid lines connect each haplotype (regardless of their length) and represent, in
theory, single mutational events. Small black circles represent missing or theoretical haplotypes. The acronym ‘Soxy’
corresponds to the haplotype, characteristic for the River Neretva softmouth trout (Salmo obtusirostris oxyrhynchus). The
Soxy haplotype is beyond the parsimony limit of the network, and thus is depicted only in terms of its percent differenti-
ation (pairwise minimum and maximum) from brown trout haplotypes.
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Figure 3. Graphical representation of allele size and frequency distributions of the nine microsatellite loci in the Jadro
and Neretva softmouth trout and the Adriatic brown trout from the rivers Krka and Zrmanja. In the population denoted
with an asterisk, the three introgressed specimens (JAD13, 15, and 17) are not taken into account. The bubble area
corresponds to the frequencies of the respective alleles in each population.

Table 3. Mean individual pairwise D,g distance values within ( *) and between populations

Jadro softmouth trout

Neretva softmouth trout

Krka brown trout Zrmanja brown trout

Jadro softmouth trout 0.2084*

Neretva softmouth trout 0.7358 0.3894*

Krka brown trout 0.9877 0.9730 0.5426*

Zrmanja brown trout 0.9958 0.9966 0.7526 0.4343*

of the Jadro softmouth trout was itself distinct, exhib-
iting 12 private alleles (nine excluding samples
JAD13, 15, and 17) in the global data set and 16 pri-
vate alleles in comparison with brown trout. Nonethe-
less, there was strong support for the clustering of the
Jadro and Neretva softmouth trout in the Neighbour-
joining tree of individuals based on D,s distances
(Fig. 4), and differences both within and between soft-

© 2007 The Linnean Society of London, Biological Journal of

mouth subspecies are much smaller than between
softmouth and brown trout (Table 3).

MORPHOLOGY

Eleven of the 16 meristic characters were significantly
different between softmouth and brown trout, with
most of these being highly significant (P < 0.001)

the Linnean Society, 2007, 90, 139—-152
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Figure 4. Neighbour-joining tree of individuals based on D,g distances and nine microsatellite loci.

(Table 4). Nonetheless, only the number of scales from
the base of adipose fin to lateral line (softmouth, 12—
14; brown trout, 15-19) and the number of gill rakers
on the lower limb of first arch (softmouth, 14-21;
brown trout, 10-13) displayed non-overlapping ranges
between the species. Five characters also showed sig-
nificant differences between the Jadro and Neretva
softmouth trout (Mann—Whitney U-test: adipose-to-
lateral line scales, P = 0.010; left-branchiostegal rays,
P =0.032; gills rakers on the lower arch, P = 0.001; gill
rakers on the upper arch, P <0.001; and dorsal fin
position, P =0.024).

Nineteen of 28 morphometric characters showed
statistically significant differences between brown
trout and softmouth trout. Of these, four of the 19
body characters, and six of the nine head charac-
ters were highly significant. Only three characters
(jaw and gill raker measurements), showed non-
overlapping ranges between the species (Table 5). For
the PCA, the first factor in the meristic data set
explained 43% of the variance in the data, whereby

over 90% of the variance in the morphometric data set
was explained by the first extracted factor. A bivariate
plot of the first meristic factor and the second morpho-
logical factor delineated the two species extremely
well (Fig. 5), showing non-overlapping values on both
axes.

DISCUSSION

All genetic data from the nuclear genome (microsatel-
lites and two coding gene regions), as well as the
morphological data (morphometric and meristic char-
acters), reveal an unambiguous distinction between
softmouth trout from the rivers Neretva and Jadro,
and brown trout from either sympatric or neighbour-
ing populations. However, the mtDNA control region
sequence from the Jadro softmouth trout reflects a
reticulate evolutionary pathway, differing by 1.7%
from a previously described softmouth trout haplotype
from the River Neretva, and only a single nucleotide
divergent (considering an abbreviated sequence of
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Table 4. Number of individuals, means and standard deviation for the 15 meristic characters analysed in the four

populations

Taxon group

Mann—-Whitney

Softmouth trout Brown trout U

Jadro Neretva Neretva Krka
Meristic characters (N =6) (N=12) (N=21) (N=12) A P
Scales: adipose-to lateral line 12.50+0.55 13.50+0.52 17.19+1.12 16.75+1.14 -5929 <0.001
Left branchiostegal rays 10.67+0.82 11.58+0.51 10.71+0.72 11.42+0.67 -1.362 0.173
Right branchiostegal rays 10.67+0.52 11.25+0.45 10.33+0.73 10.75+0.45 —2.860 0.004
Gill rakers on lower arch 1550+1.05 17.92+131 10.81+0.75 11.75+0.75 -5.956 <0.001
Gill rakers upper arch 9.00£0.63 10.83+0.83 7.24 £0.44 6.75+0.45 -6.195 <0.001
Total vertebrae 57.33+0.82 57.75+0.45 57.38+£0.59 57.08+0.67 -2.130 0.033
Abdominal vertebrae 35.83+£0.41 35.67+0.49 34.05+0.80 34.08+0.51 -5.735 <0.001
Caudal vertebrae 21.50+0.55 22.08+0.29 23.33+£0.58 23.00+£0.60 -5.508 < 0.001
Dorsal fin position 14.50£0.55 15.33+0.49 13.90+0.62 14.00+0.74 -4.573 <0.001
Anal fin position 34.33+0.52 34.00+£0.60 32.43+0.68 32.50+0.80 -5.602 <0.001
Dorsal fin pterygiophores 13.00+0.00 13.58+0.51 13.52+0.68 13.00+£0.60 -0.256 0.798
Anal fin pterygiophores 11.00+0.00 10.67+0.65 10.48+0.75 10.33+£0.65 -1.690 0.091
Caudal fin upper procurrent rays 11.67+0.52 12.33+£0.65 13.76+0.77 13.67+0.89 -5.151 <0.001
Caudal fin lower procurrent rays 10.50+0.84 11.17+0.39 12.33+0.80 11.83+0.58 -4.912 <0.001
Expanded neural spines 4.50+0.55 4.75+0.45 448 +0.51 442+0.51 -1.436 0.151
Vertebrae having expanded neural spine 4.17+0.75 4.50+£0.52 4.05+0.59 417+0.58 -1.731 0.084

Data are the results of Mann—Whitney U-test (Z-statistic and P-value) between the two groups (softmouth trout and brown

trout) for each of 15 meristic characters.

297 bp) from a previously published Adriatic brown
trout haplotype (Ad5; Fig. 2A). Thus, the mitochon-
drial genome of the Jadro softmouth trout appears to
stem from hybridization with Adriatic basin brown
trout.

The age of this hybridization event is not easy to
determine, especially considering that the population
is very small and found in a single 4 km-long stream.
It is not only fixed for a single mtDNA haplotype but
also displays a limited number of microsatellite alleles
(one to four alleles per locus). Although stocking of
brown trout has occurred in the past, there are pres-
ently none in the system and the temperature regime
is presumably not optimal for reproduction (Behnke,
1965). Nonetheless, evidence of more recent hybridiza-
tion is seen in the multilocus genotype of three
individuals (JAD13, 15, and 17), which, in the
microsatellite tree (Fig.4) are markedly divergent
from the rest of the population, and whose removal
results in HWE for the remaining individuals.
Because portions of the stream’s habitat have been
destroyed through river-bed engineering measures
and pollution, it must be assumed that recent bottle-
necks have occurred. However, such recent events may
not be related to the historical demography of the
population, nor the fixation of brown trout mtDNA.

Strong support for a more ancient origin of this intro-
gression is the fact that, despite the limited allelic
diversity, 12 of the 26 (or nine of 16 excluding samples
JAD13, 15, and 17) microsatellite alleles are private to
the global data set, suggesting that this population
has been in isolation long enough for mutation and
drift to generate a highly unique allelic spectrum. This
observation is also reflected in high pairwise Fgyp val-
ues between the Jadro softmouth and brown trout as
well as between the Jadro and Neretva softmouth for
some loci (Table 2).

Based on the consistency of all nDNA markers, as
well as morphological data in grouping the Jadro and
Neretva softmouth trout populations together, there is
no evidence for nDNA from brown trout in the Jadro
population. Thus, the presence of brown trout mtDNA
in the Jadro softmouth trout could be classified as so-
called 'mitochondrial DNA capture’ or nuclear replace-
ment (a purely semantical difference). This mecha-
nism, generating a reticulate evolutionary pathway
for the mitochondrial genome, is known from diverse
vertebrates such as pocket gophers (Ruedi, Smith &
Patton, 1997), tree frogs (Lamb & Avise, 1986), spar-
rows (Weckstein et al., 2001), and salamanders (Gar-
cia-Paris et al., 2003), as well as fishes (Bernatchez
et al., 1995; Ludwig et al., 2003).
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Figure 5. Bivariate scatterplot of the first principal com-
ponent derived from principal components analysis (PCA)
of 15 meristic characters, and the second principal compo-
nent derived from PCA of 29 morphometric characters.

The genetic architecture of the Jadro softmouth
trout could have developed through uni-directional
hybridization (male softmouth x female brown trout)
followed by repeated backcrossing with only soft-
mouth trout (for a schematic depicting this principle of
mtDNA capture, see Weckstein et al., 2001,). Due to
the disparate spawning times of the two species and
the more protracted period of reproductive ability in
males, the most likely scenario would involve invading
male softmouth trout (or sneak spawners) introgress-
ing into a very small population of brown trout. The
chance that stocked brown trout played a role in this
event can not be excluded, but appears less likely
because it would involve fixation of the female specific
mtDNA genome, with no success of stocked males’
introgressing the population.

Our initial investigation of the Jadro softmouth
trout reveals that it is not only fixed for brown trout
mtDNA, but also shows some morphological differ-
ences to the Neretva softmouth trout. Statistically sig-
nificant differences between the two souftmouth taxa
were seen at five meristic and seven morphometric
characters (data not shown). Variation in snout shape,
the basis for the description of a long-snouted, ‘oxy-

rhynchus’ softmouth trout from the River Neretva is
also observed in this material. However, regarding rel-
ative snout length, the material appears to approxi-
mately fall into two classes (i.e. short and long snout).
Both types are present in both rivers, with the long
snout being more common in the River Neretva. It is
also noticed, across all population pairwise compari-
sons, that the largest differences (in number of char-
acters) occurs between Neretva softmouth and
Neretva brown trout, a pattern evoking character dis-
placement, although the sample sizes are too low for
these comparisons to make firm conclusions (data not
shown). Nevertheless, from a multivariate perspec-
tive, neither softmouth population appears to be more
similar morphologically to brown trout overall (Fig. 5).

Differentiation between the two populations of soft-
mouth was detected also at highly variable microsat-
ellite loci. Clearly, from a conservation perspective, the
Jadro softmouth trout must be considered vulnerable,
but also so unique that it should under no circum-
stances be interbred with other softmouth popula-
tions, regardless of the taxon’s rarity.

Although we have no evidence of introgression of
nDNA, it must have occurred when the two species
hybridized, and we cannot exclude residual genetic
influence of the Adriatic brown trout genome on Jadro
softmouth trout, possibly demonstrated by some mor-
phological characters (e.g. gill raker counts and snout
length). Because several more putative Salmo taxa in
the Balkans (including softmouth subspecies) have yet
to be genetically investigated, it also remains to be
seen whether reticulate evolution is more widespread
in the genus across the region. Recently, an ancient
hybrid origin has been hypothesized for marble trout
(S. marmoratus) based on signals of recombination in
a nuclear gene (Templeton, 2004), and it is proposed
that phylogenetic analysis without consideration of
reticulate evolution may be inadequate for revealing
the historical development of a taxon. Clearly, verte-
brate systematists, similar to their botanical counter-
parts, are becoming increasingly challenged with
systematic revision involving complex evolutionary
pathways. Such challenges, often related to conserva-
tion interests, will further require, or benefit from,
multidisciplinary approaches, including the applica-
tion of diverse genetic markers with both uni- and
bi-parental inheritance (Roca, Georgiodis & O’Brien,
2005).
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