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Abstract: Brown trout populations living in the limit of the distribution of the species face challeng-
ing environmental conditions. In islands, this vulnerable situation is exacerbated by geographical
isolation. Sicilian trout persist only in the south-eastern part of the island and, based on their morpho-
logical characteristics, they have been recognized as a distinct species named Salmo cettii. We present
the most extensive genetic study on Sicilian trout, based on 213 individuals from nine different
streams in four basins. Sequencing of the mitochondrial control region and genotyping of the LDH-C*
locus and eight microsatellite markers were carried out to evaluate hatchery introgression from past
stocking practices in natural populations and to estimate the gene diversity distribution in popula-
tions. Results showed that only trout from the Tellesimo River remained free of hatchery introgression.
Gene diversity was low in this native population, but increased in the rest of the samples, probably
because of the introduction of hatchery genes. Despite the high level of introgression, the distribution
of gene diversity depicted a clear natural pattern of population structure related to the hydrographic
hierarchy. Because they represent long evolutionary histories, Sicilian trout populations should be
considered of high conservation priority and managed according to at least four different genetic
units.

Keywords: gene diversity; introgression; microsatellites; mtDNA; Salmo cettii; Sicily

1. Introduction

Trout populations living in Mediterranean peninsulas and surrounding islands belong
to old evolutionary lineages that persisted during Quaternary glaciations. Apart from the
inestimable interest that they represent to elucidate the evolutionary history of this species,
their genetic diversity contributes to enriching the Mediterranean basin’s biodiversity.
Nevertheless, many of these populations inhabit marginal areas along the southern limit of
the distribution of the species, where they face difficult environmental conditions (drought,
high temperatures and sudden shifts in water flow) that could become worse due to
anthropogenic activities and climate change [1,2]. In islands, this vulnerable situation is
exacerbated by geographical isolation.

In Sicily, autochthonous brown trout populations inhabit only the eastern part of
the island, probably due to the differences in topography and hydrology between the
western and the eastern areas. Although, historically, the species was distributed both in
the north and in the south, currently, Sicilian brown trout are confined to the southeast, in
a few rivers of the Hyblean Plateau, in the Ragusa and Siracusa provinces [3]. Based on
their morphological characteristics, these populations have been recognized as a distinct
species named Salmo cettii Rafinesque 1810 [4–6]. Despite previous genetic (mitochondrial
and nuclear) data that clearly related Sicilian brown trout with Atlantic brown trout from
Morocco and the Iberian Peninsula [7–11], recently, Hashemzadeh et al. [12], combining
SNPs genotyping and mitochondrial DNA sequences, supported the recognition of S. cettii
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as a distinct species. In any case, molecular analyses indicate high genetic singularity for
Sicilian trout, as they are the unique Italian trout populations naturally derived from a
South Atlantic lineage [7,8,13,14].

Salmo cettii is considered near-threatened in the IUCN Red List [15], and reported as
critically endangered in Freyhof et al. [16] and the Italian Vertebrate Red List [17]. Apart
from water abstraction, poaching, overfishing or pollution, one of the main threats to
Sicilian populations is stocking with non-native brown trout [5,6,14]. As has occurred
in other Mediterranean regions, stocking with hatchery-reared brown trout of Northern
European origin has been a common practice to counteract the effects of overfishing in
Sicilian rivers [8,18,19], which has inevitably lead to genetic consequences [7,8]. In the
Ragusa province, the most studied area, stocking with hatchery brown trout of Northern
European origin stopped at the end of the 1980s, when the artificial breeding of local
trout was started at a local hatchery [19,20]. Bobbio et al. [21] were the first to describe
the genetic distinction between Sicilian and other trout of Atlantic origin. Ten years later,
Schöffmann et al. [7] showed the native Atlantic origin of Sicilian trout and found that
native Sicilian populations harbor the *100 allele fixed at the lactate dehydrogenase locus
(LDH-C*), as with other brown trout populations from the Mediterranean basin. These
authors found the presence of the exogenous LDH-C1*90 allele in a single heterozygous
individual in the Anapo and Irminio Rivers and detected mitochondrial DNA haplotypes
of Northern European origin in Cassibile, confirming the stocking practices reported by
Duchi [18]. Posteriorly, hatchery introgression related to high morphological variability
was also indicated by Fruciano et al. [8] in brown trout from the Cassibile and Anapo
Rivers.

None of the previous genetic studies assessed genetic diversity and its distribution in
Sicilian trout populations. Only the recent study by Berrebi et al. [13] included two Sicilian
trout populations (Anapo and Cassibile) to evaluate genetic diversity in brown trout around
the Tyrrhenian Sea using microsatellite genotyping. Their results failed to detect hatchery
introgression beyond a single heterozygous specimen in Anapo, and described high genetic
diversity within Sicilian populations and high genetic differentiation between Anapo and
Cassibile trout.

Our work represents the most comprehensive genetic study including most of the
distribution of brown trout in Sicily. Based on the genetic analyses of 213 trout specimens
in four river basins of the Ragusa and Siracusa provinces (Sicily), the main aims were (i) to
evaluate whether past stocking practices have led to introgression in natural populations
and whether there is any native population remaining, (ii) to estimate gene diversity and
(iii) to elucidate the possible pattern of the population structure and its determining factors.

2. Methods
2.1. Studied Area and Sampling

Trout were sampled in nine streams from four river basins: Irminio (the main river
and its tributaries, San Giorgio, Volpe, Mastratto, Ciaramite and S. Leonardo), Tellaro (its
main tributary Tellesimo), Manghisi (upstream course of Cassibile) and Anapo (Figure 1).
Fishing is allowed everywhere except in Tellesimo and in a stretch of the main Irminio River
approximately 2 km downstream of the S. Rosalia Dam. Fishing is allowed in Cassibile
and Anapo, but there are two natural reserves where angling is forbidden, downstream of
these two sampling sites. Most sampling sites from Irminio tributaries were separated from
the main river by dams, weirs or natural waterfalls. All Sicilian trout are resident, which
implies that migration through the sea is impossible. The entirety of Irminio (main river
and tributaries) has been stocked with fry produced in the hatchery using local Irminio
breeders. This activity was started in 1992–1993, but the stocking activity with local fry
was not continuous (e.g., from 1994 to 1999, no artificial breeding was produced). The last
stocking activity with local breeds was in the winter of 2011–2012.
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Figure 1. Geographical location of Sicilian trout samples analyzed.

Most locations were sampled in 2021, but Tellesimo, San Leonardo and the Irminio
Main River were sampled in 2008–2011. Fish were captured mainly by electrofishing, and
baited hoop nets were also used in some rivers. After being anaesthetized with tricaine
methanesulphonate, specimens were measured to the nearest mm and a piece of the caudal
fin was removed and preserved in 96% ethanol for DNA extraction. All fishes were released
into the river after recovering from anesthesia. In Mastratto, Anapo and Manghisi, fish
were captured by anglers. Fin samples from Irminio in 2010 and 2011 (IR10 and IR11) and
from San Leonardo in 2011 (SL11) were from wild breeders (mainly females) from the S.
Rocco local hatchery (Ragusa).

2.2. Microsatellites and LDH-C Genotyping

Total DNA was extracted from the caudal fin tissue with the Realpure Genomic DNA
Extraction Toolkit (Durviz SL, Valencia, Spain). Eight commonly used microsatellite loci
(Str15, Str73, Str591, Ssa85, SsHaeIII14.20, SsoSL417, SsoSL438 and SSsp2213) were amplified
and genotyped with two PCR multiplexes, as explained in Sanz et al. [22]. The LDH-C*
locus was genotyped in all individuals using the RFLP method described by McMeel
et al. [23], running the electrophoresis gel for an hour to separate the obtained fragments.

2.3. Data Analysis from Genotyping

To test for large allele dropout and null alleles, microsatellite data were analyzed
using Micro-checker v 2.2.1 [24]. Allele frequencies and unbiased genetic diversity within
samples were quantified based on the number of alleles and the expected heterozygosity
(HS) with FSTAT 2.9.3 [25]. The software HR-RARE [26] was used to estimate the allelic
richness (Ar) and the private allelic richness (PAr) in each sample by using the rarefaction
method that standardizes the number of alleles to the smallest population sampled in
our dataset. Rarefaction was also used to compare Ar and PAr values per river basin,
standardizing the number of populations sampled per basin. Genotypic distributions at
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each location were tested for conformance to Hardy–Weinberg expectations by the exact
test implemented in GENEPOP 4.0 [27]. The unbiased composite linkage disequilibrium
measure provided by this software reveals putative gametic disequilibria for paired loci
in each population. Significance levels were adjusted by the sequential Bonferroni tech-
nique [28]. Excess heterozygosity was tested for evidence of recent population bottlenecks
with the BOTTLENECK software [29] using a two-phased model of mutation (TMP) with
default values (70% single-step mutation and 30% multiple-step mutation).

Differences in allele frequencies among samples were evaluated with the exact proba-
bility test of GENEPOP 4.0. In addition, pairwise FST values and their significance were
tested by randomizing genotypes between pairs of samples, performing 1000 permutations
with FSTAT 2.9.3. Pairwise multilocus comparisons between samples were computed by
Cavalli-Sforza and Edwards chord distance (CS) in MSA 4.05 [30]. Isolation by distance
was tested within the Irminio basin by computing regression between both FST/(1-FST)
statistics and CS genetic distance and hydrographical distances (distance between samples
following the river trajectory) in a Mantel test with 1000 permutations in Genepop. Con-
temporary migration rates between populations within the Irminio basin were estimated
by the BAYESASS 1.3 software [31].

The minimum number of homogeneous units (testing k = 1–12) was estimated using
the Bayesian Markov chain Monte Carlo approach method of STRUCTURE v. 2.3.4 [32]. A
second run was performed for each of the previously identified clusters to detect possible
substructures. The optimal k value was selected following the recommendations of Falush
et al. [32] and according to the method of Evanno et al. [33], implemented in STRUCTURE
Harvester [34]. Analyses of admixtures with the optimal k value were then performed with
the admixture model and correlated allele frequencies without prior population information
and with a burn-in period of 200,000 steps followed by 1,000,000 Monte Carlo replicates.

We used the package Adegenet 2.1.3 [35], implemented in R 4.0.3 [36], to perform a
discriminant analysis of principal components (DAPC) [37]. The a-score index was used
to find the optimal number of principal components (PCs) that should be retained in the
DAPC analysis to avoid over-fitting of the model.

Analysis of the molecular variance (AMOVA) was carried out with Arlequin3.1 [38] by
testing different hierarchical models: grouping temporal samples, following a hydrographic
pattern and assuming groups defined by STRUCTURE analyses.

2.4. Mitochondrial DNA Sequencing

The complete sequence of the mitochondrial DNA control region (mtDNA-CR) was
obtained by 122 individuals. Amplifications and sequencing were carried out with primers
described in Cortey and García-Marín [39], but PCRs were performed with the GoTaq Hot
Start Colorless Master Mix (Promega, Madison, WI, USA) and PCR conditions modified
accordingly. PCRs had a total volume of 25 µL with two µL of DNA extraction, 12.5 µL of
Master Mix, 9.5 µL of nuclease-free water, 0.5 µL of forward primer and 0.5 µL of reverse
primer 10 µM. Thermal cycling conditions consisted of four min of initial denaturation
at 95 ◦C, followed by 30 cycles of 95 ◦C for 30 s, 59 ◦C for 1 min and 72 ◦C for 1 min,
plus a final step of 72 ◦C for five minutes. The PCR products were purified with 1 U of
Exonuclease I (Fermentas, Leon-Rot, Germany) and 0.5 U of Thermosensitive Alkaline
Phosphatase (FastAPTM), Fermentas, Germany). Sequencing was then performed with both
forward and reverse PCR primers at the Macrogen Company (Seoul, Republic of Korea).
Sequences were manually edited, aligned and concatenated in the Geneious software,
version 5.6 [40]. The length of the final alignment contained 984 base pairs (bp). We used
the DnaSP v5 program [41] to estimate the number of variable sites and the number of
different haplotypes.
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3. Results
3.1. Hatchery Introgression and Gene Diversity within Populations

The exogenous hatchery allele LDH-C*90 was detected in all but the Tellesimo popula-
tions. Its frequency (q) ranged from 0.125 in Manghisi up to 0.409 in Ciaramite (Irminio).
Hardy–Weinberg equilibrium was detected at this locus in all populations and no linkage
disequilibrium was observed between LDH-C* and any microsatellite loci.

Micro-checker did not detect null alleles at any microsatellite loci. Deviation from
Hardy–Weinberg equilibrium was only detected in the Irminio 2008 sample, but it was
minimally significant (p = 0.0103) and disappeared after Bonferroni correction. Significant
gametic disequilibrium was only found in Ciaramite, in two out of the 21 performed tests,
but significance was low (0.001 < p < 0.01) and disappeared after Bonferroni.

Values of allelic richness (Ar) and gene diversity (Hs) ranged from 1.763 to 4.092 and
from 0.228 to 0.607, respectively (Table 1). Allelic richness standardized by the number of
populations sampled in each river basin was clearly lower in Tellesimo than in the rest of
the streams, and an ANOVA test indicated that both Hs and Ar values differed significantly
among the main rivers (Tellesimo, Irminio, Anapo and Manghisi) (0.001 < p < 0.05). The
lowest Hs value also coincided with the lack of the exogenous hatchery allele LDH-C*90,
and the gene diversity values and the frequency of this allele were significantly correlated
among samples (0.001 < p < 0.05) (Table 1). In all populations, the heterozygosity excess
test did not find any signal of recent bottlenecks.

Table 1. Sample collections, geographic and genetic characterization.

Sample (Code) N A
(S.E.)

Ar
(S.E.)

PA
(freq > 0.1)

PAr
(S.E.)

HS
(S.E.) q HAT

mtDNA*

Tellesimo (TE) 24 2.125 (0.398) 1.763 (0.257) 0 0.12 (0.092) 0.228 (0.077) 0 0 (13)

Irminio 08 (IR08) 10 4.5 (0.681) 3.749 (0.523) 0 0.23 (0.096) 0.582 (0.096) 0.350 no data

Irminio 10 (IR10) 33 6.125 (1.202) 3.798 (0.524) 1 (0) 0.07 (0.031) 0.575 (0.090) 0.167 0.150 (20)

Irminio 11 (IR11) 23 5.25 (0.921) 3.788 (0.533) 1 (0) 0.1 (0.090) 0.587 (0.094) 0.196 0.176 (17)

Ciaramite (CIA) 22 3.25 (0.526) 2.832 (0.387) 3 (0) 0.02 (0.013) 0.536 (0.082) 0.409 0 (10)

Mastratto (MST) 25 5.375 (0.905) 3.611 (0.506) 3 (0) 0.27 (0.157) 0.558 (0.091) 0.333 0.25 (12)

San Leonardo 11 (SL11) 6 3.25 (0.590) 3.250 (0.590) 0 0.02 (0.012) 0.465 (0.105) 0.167 0 (5)

San Leonardo 21 (SL21) 17 4.25 (0.559) 3.701 (0.375) 1 (0) 0.05 (0.044) 0.507 (0.082) 0.176 0 (7)

Volpe (VO) 21 3.25 (0.559) 2.666 (0.373) 2 (0) 0.13 (0.133) 0.458 (0.085) 0.265 0 (12)

San Giorgio (SG) 13 3.25 (0.13) 2.923 (0.260) 1 (1) 0.15 (0.121) 0.512 (0.064) 0.385 0.3 (10)

Irminio River 170 4.80
(0.37) 3.299 (0.393) 10 (1) 0.55 (0.185) 0.531 (0.0116) 0.272 0.129 (93)

Anapo (ANA) 11 4.625 (0.498) 3.839 (0.374) 6 (4) 0.73 (0.299) 0.607 (0.061) 0.227 0 (9)

Manghisi (MAN) 8 4.625 (0.754) 4.092 (0.613) 3 (1) 0.43 (0.229) 0.567 (0.070) 0.125 0 (7)

N: sample size, A: average number of alleles per locus, Ar: allelic richness, PA: private alleles, PAr, private allele
richness, HS: gene diversity, q: frequency of the exogenous hatchery allele LDH-C*90, HAT mtDNA*: proportion
of mtDNA haplotypes of hatchery origin and sample size in parentheses.

3.2. Temporal Genetic Differentiation

Neither pairwise FSTs nor exact probability tests were significant between paired
temporal samples from the Irminio Main River (Table 2). The analyses of molecular
variance grouping temporal samples from Irminio (2008–2010–2011) assigned 2.18% of the
total variance to differences among temporal samples (FSC = 0.025), and this value had a
low but significant contribution to the total genetic variance (0.001 < p < 0.01) (Table 3).
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Table 2. Pairwise genetic differentiation. Above diagonal: CS [30]. Below diagonal: FST and its
significance in the permutation test. ***: p < 0.001, **: 0.001 < p < 0.01, *: 0.01 < p < 0.05 and ns: not
significant. Sample codes refer to Table 1. Grey shading: comparisons between samples from the
Irminio basin.

TE IR208 IR10 IR11 CIA MST SL11 SL21 VO SG ANA MAN
TE - 0.395 0.398 0.412 0.418 0.388 0.428 0.402 0.388 0.432 0.566 0.691

IR08 0.215
*** - 0.225 0.215 0.278 0.235 0.402 0.324 0.306 0.401 0.534 0.600

IR10 0.169
***

0.005
ns - 0.146 0.251 0.203 0.337 0.244 0.281 0.366 0.492 0.548

IR11 0.186
***

−0.012
ns

0.004
ns - 0.273 0.209 0.340 0.240 0.270 0.386 0.519 0.586

CIA 0.293
*** 0.042 * 0.051

***
0.053

*** - 0.306 0.418 0.279 0.328 0.433 0.556 0.646

MST 0.184
***

−0.001
ns 0.013 * 0.012

ns
0.077
*** - 0.363 0.307 0.291 0.390 0.533 0.601

SL11 0.361
***

0.134
**

0.079
***

0.095
***

0.178
***

0.117
*** - 0.332 0.353 0.404 0.590 0.614

SL21 0.237
***

0.056
**

0.033
***

0.025
**

0.068
***

0.065
***

0.112
*** - 0.282 0.370 0.523 0.595

VO 0.258
***

0.063
**

0.068
***

0.066
***

0.124
***

0.074
***

0.142
***

0.097
*** - 0.367 0.575 0.669

SG 0.294
***

0.090
***

0.060
***

0.080
***

0.137
***

0.098
***

0.107
**

0.093
***

0.119
*** - 0.512 0.527

ANA 0.453
***

0.253
***

0.240
***

0.253
***

0.267
***

0.273
***

0.306
***

0.280
***

0.356
***

0.259
*** - 0.483

MAN 0.571
***

0.326
***

0.300
***

0.317
***

0.347*
**

0.334
***

0.338
***

0.350
***

0.428
***

0.284
***

0.159
*** -

Table 3. AMOVA results of possible structures tested. Grouped samples are indicated in parentheses.
Significance in the permutation test: ***: p < 0.001, **: 0.001 < p < 0.01; ns: not-significant.

Structure Tested
(Samples Grouped) Variance Component % of Total Fixation Index

Temporal
(IR08 + IR10 + IR11)

Among groups 0.324 15.41 FCT = 0.154 ***

Within groups 0.052 0.38 FSC = 0.005 ns

k = 3, STRUCTURE
(Irminio basin; ANA + MAN)

Among groups 0.512 19.05 FCT = 0.191 **

Within groups 0.159 5.93 FSC = 0.073 ***

k = 4, STRUCTURE
(Irminio basin)

Among groups 0.556 20.52 FCT = 0.205 **

Within groups 0.139 5.16 FSC = 0.065 ***

3.3. Genetic Differentiation and Population Structure

The overall genetic differentiation among samples was highly significant for all loci
(p = 0.000). Overall, FST was 0.186, and the Str591 locus was the one that most contributed
to the genetic differences (FST = 0.720). Pairwise FST resulted in high significance (p < 0.001)
in all comparisons, except when temporal samples from Irminio were compared and when
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some samples from the Irminio basin were compared with Mastratto and San Leonardo
(Table 2). The highest pairwise FST and CS distance values were found when comparisons
included the Manghisi or Anapo Rivers, and the highest differentiation was found between
Tellesimo and Manghisi (FST = 0.571, CS = 0.691). In the Irminio basin, low genetic differenti-
ation occurred when pair-wise comparisons included samples from the main river (IR), but
differentiation increased when samples from different Irminio tributaries were compared
(Table 2). The Mantel test indicated a positive but non-significant correlation between the
hydrographical and genetic distances between populations from Irminio (p = 0.177 and
0.125, by linearized FST and CS distance, respectively). Contemporary migration rates
were low and occurred mainly downstream. The proportion of migrants only overpassed
10% from Ciaramite and Mastratto to Irminio and from Irminio to San Leonardo locations
(Figure 2).

Figure 2. Gene flow direction and migration rate (m) estimates, with its standard deviation in
parentheses. Blue and black: downstream and upstream direction, respectively. Only values of
m > 0.01 are indicated, and m > 0.1 are highlighted in bold. * Estimates from/to these locations could
be highly biased because of its reduced sample size, and m rates were summarized in these cases
(note that a low migration rate to San Giorgio (n = 13) comes from all but Volpe locations, whereas
San Leonardo 2011 (n = 6) receives migration from all the other locations). A scheme of the Irminio
River basin and the putative barriers to gene flow is also shown.

For overall samples, STRUCTURE Harvester yielded a model of four genetically ho-
mogeneous units that separated Tellesimo and grouped samples from Anapo and Manghisi.
The other two clusters distributed equally among most individuals from the Irminio basin
and did not depict a clear population structure within Irminio. However, when temporal
samples from Irminio were pooled, STRUCTURE Harvester identified three genetically ho-
mogeneous units (k = 3) that separated Tellesimo, the Irminio basin and Anapo + Manghisi
(Figure 3). In both cases (not pooling and pooling temporal samples), at a low level of
hierarchy, all samples from the Irminio basin remained in a single cluster (k = 1), and two
clusters separated Anapo from Manghisi (k = 2) (Figure 3). Therefore, we considered four
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genetically homogeneous units overall samples, which clearly related with a hydrographic
pattern of genetic diversity distribution. This pattern was also supported by the DAPC
analyses (Figure 4) and the hierarchical analysis of molecular variances (AMOVA), which
assigned the highest genetic variance among groups when a hydrographic model was
considered (Table 3).

Figure 3. Admixture analyses by STRUCTURE (a) at the highest level of hierarchy (k = 3) and (b) at
the low level of hierarchy (Manghisi + Anapo k = 2; all samples k = 4). Each individual is represented
as a vertical bar partitioned into segments according to the proportion of the genome belonging to
each of the clusters identified (k).

3.4. mtDNA-CR Sequencing

Sequencing of the entire control region comprised only six variable sites that defined
four haplotypes among the 122 sequenced individuals. All haplotypes have been described
in previous studies. The most abundant haplotype was found in all but Manghisi popula-
tions and corresponded to the native Atlantic haplotype AtSic (JF297974), already described
by Shöffmann et al. [7] and Snoj et al. [11] in the Anapo, Tellesimo and Irminio Rivers. All
analyzed individuals from Manghisi showed a second native haplotype that corresponded
to the South Atlantic JE1 haplotype (AF253557), described by Suárez et al. [42] in the At-
lantic basin of the Iberian Peninsula and already found by Berrebi et al. [13] in the Manghisi
River. The two remaining haplotypes were characteristic of Northern European brown
trout populations, and therefore of hatchery origin: Atcs3 (AF274574 Cortey et al. [39]),
found in some samples from the Irminio Main River and the tributaries of Mastratto and
San Giorgio, and Atcs4 (AF274575 Cortey et al. [39]), found in a single individual from the
Irminio 2010 sample.
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Figure 4. (a) Discriminant analysis of principal components (DAPC) of the 213 trout individuals. The
right inset displays the DA eigenvalues in relative magnitude. (b) Probability of the cluster assignment
for the DAPC with all individuals considering 11 populations. Each individual is represented as a
vertical bar partitioned into segments colored according to its population ancestry.

4. Discussion
4.1. Hatchery Introgression and Disruption of Gene Diversity

Disentangling the proportion of native and exogenous hatchery genomes in wild
populations is necessary to develop management strategies. This task becomes virtually
impossible when stocking practices have been in place for a long time and hence intro-
gression has occurred. In the Ragusa province, stocking with hatchery fish of Northern
European origin stopped almost thirty years ago (1993), but these practices took place in
Sicily for more than forty years [43]. In this situation, one may estimate an approximate
level of introgression per population but can hardly distinguish pure hatchery/native and
hybrid fish, as most of the individuals can be admixed to some degree [22].

According to records of stocking practices [18,44], and as Schöffmann et al. [7] and
Fruciano et al. [8] indicated, our results confirmed that only Sicilian trout from the Tellesimo
River remain completely free of hatchery introgression. In contrast, the present data showed
an important level of introgression in all the other analyzed populations. In the Anapo
River, the introgression rate was comparable to that detected by Fruciano et al. [8], who also
found 20–30% of introgression in the Cassibile Main River and in the San Marco tributary.
In Irminio, there are no previous genetic data on introgression in this basin, apart from
one analyzed specimen from the main river that was a hybrid for the LDH-C* locus [7].
Our extensive sampling in this basin found an important level of hatchery introgression in
both the Irminio Main River and all its tributaries (q = 0.167–0.409), which agrees with the
intensive stocking practices reported [19].

Contrasting the above results, and based on nuclear and mitochondrial markers,
Berrebi et al. [13] failed to detect introgression in the Anapo and Cassibile Rivers. Inter-
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estingly, these authors used data from a French hatchery (Isère) as a baseline to estimate
hatchery introgression through microsatellite genotyping. They assumed that the hatchery
fish released in Sicilian rivers should be similar to the Atlantic strain used in France, and
then, based on the genetic differences between Sicilian populations and this hatchery stock,
they concluded that trout in the Cassibile and Anapo Rivers were representative of pure
native trout. Our present data demonstrate that this conclusion is wrong, as we have
detected notable introgression in Manghisi (the uppermost course of the Cassibile) and
Anapo using the LDH-C* locus. When using microsatellites, we also assumed that all
hatchery stocks used along the Mediterranean region could have the same origin, and tried
to estimate hatchery introgression using data from two Spanish hatcheries as a baseline.
As with Berrebi et al. [13], using this incorrect approach, we also detected large genetic
differences between our hatcheries and the introgressed Sicilian samples (Supplementary
Figure S1). In conclusion, despite having only sampled eight individuals in Manghisi, we
can confirm the hatchery introgression in Manghisi (Cassibile) and Anapo, as observed
Fruciano et al. [8], and we can reject the hypothesis that populations from these rivers are
pure native, as Berrebi et al. [13] suggested. Based on the above observations, we also
advise the use of alternative hatchery baselines to estimate introgression by microsatellite
data when no data about the true hatchery strain used to stock rivers are available, as this
can lead to false conclusions.

Sequencing of the CR displayed limited power in estimating hatchery introgression in
our samples. In most of the studied populations, mtDNA introgression was clearly lower
than values from the LDH-C* locus, to the extent that we failed to find exogenous hatchery
haplotypes in many of the introgressed samples (Table 1). Apart from Fruciano et al. [8],
who detected the hatchery haplotype Atcs3 in the Cassibile River, previous studies from
Shöffmann et al. [7] and Berrebi et al. [13] also failed to find hatchery haplotypes in Sicilian
trout populations. Discrepancies in the introgression estimates from different markers
might be due to the small sample sizes used for mtDNA analyses, but large discrepan-
cies were also observed in collections with similar sample sizes for both markers (e.g.,
ANA, MAN). Genetic drift, due to the smaller mitochondrial effective population size, and
sex-biased introgression could explain the lower performance of mitochondrial markers
compared to nuclear data to estimate introgression [45–48]. In resident trout populations,
such as the Sicilian ones, the lower contribution of female domestic trout to interbreeding
has been related to differences in spawning times between Mediterranean and hatchery
trout, which largely occur in hydrologically unstable southern streams [46]. Interestingly,
introgression found in IR10 and IR11 samples, mainly composed of female breeders, would
support the hypothesis of sex-biased introgression. Alternatively, lower introgression in
Irminio breeders could also be the consequence of the morphological selection carried out
before breeding stocks, which is performed with the aim of choosing native individuals [6].
Although we mostly failed to find a concordance between morphological and genetic clas-
sification at the individual level (Supplementary Table S1), the morphological classification
carried out could have avoided breeding the most introgressed (or hatchery) individuals,
which would result in a bias towards a major representation of native (or less introgressed)
individuals among samples of breeders.

Another important finding in our data is the significantly lower gene diversity in the
non-introgressed Sicilian trout population (Tellesimo). We found a positive and significant
correlation between the frequency of the exogenous hatchery allele (LDH-C*90) and both
HS and Ar values. Gene diversity increasing in proportion to hatchery introgression has
been observed repeatedly in stocked populations because of the introduction of exogenous
hatchery alleles into the native gene pools [22,49,50]. For instance, gene diversity values in
Corsica populations were doubled in local domestic strains and introgressed samples com-
pared to native Mediterranean ones [50]. In our region, this could mean that the extremely
low diversity found in Tellesimo could be representative of the real value of diversity for na-
tive Sicilian trout, as diversity in the rest of the populations (Irminio, Anapo and Manghisi
basins) is putatively over-estimated by the introduction of exogenous hatchery alleles.
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Certainly, the increase in the Hs values that we have detected (of two tenths approximately)
has been reported in previous studies comparing values from native and introgressed trout
populations [11,49,51]. Despite its Atlantic origin, intra-population diversity in Sicilian
trout is more similar to that observed in Mediterranean populations inhabiting unstable
streams than the diversity found in their phylogenetically closer Iberian Atlantic popula-
tions [49,52]. Similar, even lower genetic diversity values have been reported in Talembote
(Morocco), an Atlantic population draining to the Mediterranean Sea [11], and in Cor-
sica [13], and this is probably related to small population sized conditioned by the small
sizes of streams under unstable environment conditions.

Additionally, extremely low gene diversity is also reported in the mtDNA data, with
only two native haplotypes found among the 122 analyzed specimens. These results
confirm the analyses of Berrebi et al. [13] using 12 specimens of Sicilian trout. However,
they greatly contrast the 57 native haplotypes described by Fruciano et al. [8] from the
analyses of 100 specimens in the Tellesimo, Anapo and Manghisi Rivers. Differences in
the number of haplotypes cannot be the consequence of different sampling sizes, as we
analyzed more individuals from more streams than Fruciano et al. [8]. Then, if the data
from these authors are reliable, the immediate conclusion is that Sicilian trout has lost
most of its gene diversity in the last seven years. In fact, the low number of haplotypes
and its distribution resembles the situation described in trout populations from other
Mediterranean islands [13].

4.2. Population Structure beyond Hatchery Introgression

The introgression of the same exogenous hatchery genes and the difference in the
persistence of these genes in stocked brown trout populations have been related to the
homogenization of populations and genetic differentiation among populations, respec-
tively [45,52–56]. In this situation, the possibility to depict a natural pattern of population
structure remains a challenge, as most trout populations have hatchery introgression. The
lack of stocking in Tellesimo and the moderate hatchery introgression in all the remaining
populations could explain the high level of differentiation between this sample and those
from the Irminio, Anapo and Manghisi Rivers. However, similar, even higher genetic
differentiation was found between Anapo and Manghisi samples, both with a compara-
ble level of introgression, or between these two samples and the rest of the populations
from the Irminio basin, which showed a similar proportion of exogenous hatchery genes.
Thus, beyond introgression, a native pattern of population structure that differentiates
populations from different river basins seems a more plausible framework for the Sicilian
trout. Additionally, the high frequency (>0.1) of private alleles (which are presumably
native as they were not found in other similarly introgressed populations) in the Anapo
and Manghisi Rivers would support the existence of this native pattern of structure. The
distribution of the genetic diversity according to a hydrographic pattern of structure was
supported by all analyses of genetic differentiation, and similar FST values have been
reported among populations from different river systems in previous studies [54,57]. This
pattern is not surprising in resident trout because of the physical isolation among the
different river basins [58].

Beyond the hydrographic pattern of population structure, we also found that the
most important genetic differences occurred between the western (Tellesimo and Irminio)
and the eastern rivers (Anapo and Manghisi) (Table 2 and Figures 3 and 4). This stronger
differentiation between regions could reflect the recent evolutionary history of Sicilian trout.
Even if microsatellites are considered unsuitable for describing ancient evolution, they are
useful to elucidate the recent genetic diversification of trout lineages [10,12,48]. Surprisingly,
we observed the genetic isolation of the uppermost tributary of Irminio (San Giorgio) that
showed some genetic relationship with Manghisi and Anapo (Table 2; Figures 3 and 4).
These observations could be explained by inland migration (headwater stream captures)
during Quaternary climatic oscillations, but this could only be confirmed by extending
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sampling in these rivers. Otherwise, the uncontrolled translocation of fish from Manghisi
or Anapo to San Giorgio cannot be ruled out.

Within river basins, a pattern of isolation by distance among trout populations has
commonly been observed [49,54,59,60]. However, this pattern is often disrupted when
artificial barriers interrupt the natural gene flow [52,56,61]. Within the Irminio basin,
despite the lack of a clear pattern of population structure or isolation by distance, genetic
differentiation among most paired populations was statistically significant and the DAPC
analyses showed differences among some populations. Moreover, migration within the
basin was extremely low and occurred mainly downstream, which means that most of the
barriers (weirs, dams and waterfalls) were impassable for trout, at least upstream. This
isolation is certainly exacerbated by the climatic conditions in dry some stretches of the
Irminio tributaries throughout most of the year, restricting migration to flood episodes
(Figure 2). Episodes of water flow fluctuations and harsh climatic conditions, promoting
isolation and genetic drift, have been described in Iberian brown trout, leading to vulnerable
situations and even to local extinctions [49,62,63]. Paradoxically, as occurred in brown
trout from the Pasvik River [56], stocking along the entire Irminio basin for many years has
distorted the pattern of migration and homogenized populations, mitigating the impact of
the impassable barriers and preventing the complete isolation of populations. However,
this genetic homogenization has been accompanied by the loss of unique native gene pools.

4.3. Conclusions and Conservation Management Strategies

As with many other trout populations living at the marginal limit of trout distribution,
Sicilian trout face to two main threats: the introgression of exogenous hatchery genes be-
cause of past extensive stocking, and habitat fragmentation due to anthropogenic barriers
to gene flow, exacerbated by harsh climatic conditions. Although stocking with Northern
European brown trout stopped more than thirty years ago, an exogenous genome has
become introduced into the native gene pools of native populations and many fish could
now be admixed to some degree. Small populations living in unstable environments and
unpredictable hydrological conditions, such as those from Sicily, are particularly prone to
becoming introgressed and end up displaced by stocked hatchery trout [46,64,65]. Fortu-
nately, although introgression has left its trace, we did not find naturalized populations
entirely composed of exogenous hatchery fish, and some trout in Sicilian rivers still main-
tain native singular gene pools of S. cettii. Therefore, conservation strategies should be
focused on the sustainability of current populations by supporting breeding with local
stocks and habitat improvements. Supportive breeding should be necessarily accompanied
by genetic monitoring, to ensure that these practices do not result in inbreeding and a loss
of genetic variability [66]. The present genetic data prove a clear natural genetic distinction
among trout from different river basins. This implies that pure native trout from Tellesimo
cannot be used as a native baseline for all Sicilian trout [8]. Instead, at least four native
stocks should be considered for supportive breeding. The moderate level of hybridization
with exogenous hatchery trout in all but the Tellesimo River is another challenge to face
when breeding local ‘native’ trout, as the assisted selection of the most native individuals
would be necessary in these cases. Regarding phenotype selection as a management tool,
our first comparisons with a few individuals from Irminio failed to find a correspondence
between phenotype and the genetic identification of pure and hatchery (pure or hybrid)
individuals. Thus, even if it seems that this selection could avoid breeding the most intro-
gressed individuals, more extensive studies are necessary to prove this. Therefore, selection
by genetic markers before breeding becomes strictly necessary. After years of hybridization,
genetic markers cannot assure the identification of individuals as pure native [22], but
they are more reliable to point out native genomes in trout individuals than phenotypic
assessment [48,67,68].

Finally, habitat fragmentation due to anthropogenic barriers (dams and weirs) has
been described as a major concern in freshwater fish conservation [69–71]. Removing
these barriers, often redundant, permits us to restore connectivity, and it seems especially
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necessary when populations are subjected to persistent unfavorable conditions. Otherwise,
the recolonization of some stream sections where recurrent local extinction can occur
becomes a difficult task [52]. In the same way, a stocking program based on a single native
stock for the entire river basin would also mitigate the effect of habitat fragmentation
and reduce population isolation. Although we will have to assume some losses in the
native genetic resources that could naturally exist in some remote tributaries, these stocking
practices would maintain connectivity and hence gene diversity in trout populations,
necessary to ensure their long-term survival.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15020274/s1, Figure S1: (A) Discriminant analysis of principal
components (DAPC) including individuals from Iberian hatcheries (Escuelas and Bagà). (B) STRUC-
TURE analyses considering the most likely number of genetically homogeneous groups among wild
Sicilian samples (k = 4) and including individuals from Iberian hatcheries as hatchery baselines.
Table S1: Hatchery origin of specimens from the Irminio and San Leonardo Rivers according to genet-
ics (presence of the exogenous hatchery allele LDH-C*90) and morphology [6]. In bold, individuals of
pure hatchery or hybrid origin according to genetics or morphology. Discrepancies between the two
methods are shaded in grey.
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