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Simple Summary: The pikeperch Sander lucioperca (Linnaeus, 1758) is an important fish species
in the development of European aquaculture. The aquaculture of a fish species can be facilitated
by knowing the genetic variability within and among populations. Here, we assessed the genetic
background of 8 wild populations along with 13 broodstocks (i.e., from fish farms) of pikeperch
through a combination of genetic markers. We underlined that current broodstocks have a genetic
diversity similar to wild populations. When focusing on genetic differentiation, we highlight that
check for European pikeperch populations are divided into two groups: one predominantly present in Northern
updates Europe and around the Baltic Sea and another mainly in Central Europe. Broodstocks appear to
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contain fish of a single origin with only a few exceptions. Ultimately, we have proposed baseline
information about genetic diversity of pikeperch along with a genetic tool that can help pikeperch

) e producers manage and improve their fish stock.
Assessing Genetic Variation in Wild
and Domesticated Pikeperch

Populations: Implications for Abstract: The pikeperch is a freshwater/brackish water fish species with growing interest for Euro-

Conservation and Fish Farming. pean aquaculture. Wild populations show signs of decline in many areas of the species natural range

Animals 2022, 12, 1178. https:// due to human activities. The comparative evaluation of genetic status in wild and domesticated
doi.org/10.3390/ani12091178 populations is extremely useful for the future establishment of genetic breeding programs. The main

objective of the present study was to assess and compare the genetic variability of 13 domesticated
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multiplex tool for genotyping. Partial cytochrome b gene sequences were also used to infer phylogeo-
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significantly lower levels of genetic diversity compared to the wild ones and do not suffer from
inbreeding. Nuclear data provide evidence that pikeperch populations in Europe belong to at least
Publisher’s Note: MDPIstays neutral ~ two genetically differentiated groups: the first one is predominantly present in Northern Europe
with regard to jurisdictional claims in  and around the Baltic Sea, while the second one comprises populations from Central Europe. In
published maps and institutional affil-  this second group, Hungarian origin populations constitute a differentiated stock that needs special
iations. consideration. Aquaculture broodstocks analyzed appear to contain fish of a single origin with only a
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few exceptions.
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conditions of the Creative Commons 1. Introduction

Attribution (CC BY) license (https:// The pikeperch (Percidae, Sander lucioperca) is a temperate predatory freshwater fish
creativecommons.org/ licenses/by / species that tolerates brackish waters [1]. After the end of the last Ice Age, the species spread
40/). from the Black—Caspian Sea region to the Aral, Baltic, North, and Aegean Sea basins [2].
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From the 19th century, the species was introduced in many surrounding areas such as
Anatolia, Central Asia, Siberia, Western Europe, and Western Mediterranean regions [1,3].
This expansion was fostered by both human-made canals connecting ancestral ranges with
novel drainages and human-mediated translocations [3]. Currently, several pikeperch
populations are declining due to natural habitat destruction and overfishing [4]. Indeed,
S. lucioperca is particularly prized for its filets by European consumers and anglers [1]. Hu-
man demand for pikeperch has risen steadily in recent decades. According to FAO [5], the
total pikeperch catches from the wild declined from 50,000 tons in 1950 to only 20,000 tons
in 2019 as a result of overfishing [6]. This decline has promoted fish stocking on both its
native and non-native ranges [3,7,8] and the development of pikeperch aquaculture [1]. In
the past two decades, extensive outdoor farming and intensive indoor production increased
with the actual level of RAS (Recirculating Aquaculture System) production estimated
between 1000 and 2000 tons in Europe.

Population genetic structure and the phylogeography of S. lucioperca have been par-
tially investigated in Europe. In some part of the native range, microsatellite-based analyses
highlighted an uneven distribution of genetic diversity as well as genetic differentiation
between allopatric populations (i.e., geographic differentiation) [9-13]. In the studied
areas where the species has been introduced (i.e., south of France and west of Germany),
populations display an unexpected high genetic diversity (i.e., similar to native areas; [3,7]),
although it would have been lower due to founder effects and genetic bottleneck often
happening during species introduction [14]. This is most likely a consequence of significant
gene flow between allopatric populations through individuals” dispersion or human-made
stocking [3,7] as observed in Northern European populations [8,15]. Despite these previ-
ous studies, the genetic structure and diversity of pikeperch populations over the species
distribution range remain for the most part unknown. This lack of knowledge is even more
acute for domesticated stocks (i.e., farmed fish populations) since their genetic specificity
and diversity have received far less attention to date [15].

Aquaculture development requires species domestication that shapes genetic speci-
ficities in farmed fish stocks [16]. These stocks are often characterized by a lower genetic
diversity and a genetic divergence compared to the neighboring wild populations [10,11,17].
The former is due to genetic drift and the founder effect during fish stock establishment
and subsequent management. The latter results from (i) the use of non-native allopatric
genetically differentiated populations to form fish stocks, (ii) hybridizations in farming
systems between allopatric genetically differentiated populations, and/or (iii) genetic al-
terations in domesticated stocks due to a specific selective regime. Genetic differentiation
can also be observed between stocks from different fish farms simply because founding
individuals in industrial stocks originate from genetically differentiated wild populations
or from stocks experiencing a different selection background.

Assessing the genetic diversity and potential differentiation of wild and farmed S. lu-
cioperca is an important prerequisite to further develop pikeperch aquaculture. Knowledge
of the genetic variability is key to selective breeding programs to limit deleterious in-
breeding depression or highlight genetic pools with remarkable features for farming [18].
Considering a long-term breeding program, it is fundamental to ensure sufficient genetic
variation within broodstock populations, as this determines the potential for the selection
of desired traits or the adaptation to indoor and inexperienced rearing conditions. Thus,
genetic diversity is a valuable piece of information for fish farmers to use to improve and
manage their fish stocks [18].

From a conservation point of view, when farmed stocks are genetically distinct from
wild neighboring populations, deliberate releases or accidental escapes can lead to issues
of outbreeding, genetic homogenization, or competition issues threatening genetic intraspe-
cific variability [19-23]. Therefore, information on the genetic specificity of domesticated
stocks can be advantageous for developing management strategies to hamper potential
genetic issues in neighboring wild populations (e.g., [24]).



Animals 2022, 12,1178

30f16

The present study aims at filling the gap in knowledge for pikeperch population
genetics by developing a highly informative and efficient microsatellite multiplex tool for
the species. We further use this tool with mitochondrial marker information to evaluate
and compare the genetic diversity and divergence of domesticated stocks from European
commercial farms and wild populations.

2. Materials and Methods
2.1. Biological Material and DNA Extractions

We sampled 8 wild populations of pikeperch from its native and introduced range
and 13 domesticated populations from farms that are using recirculating aquaculture
systems (RAS) (Figure 1 and Table 1). Information about the origin of the domesticated
fishes was obtained from fish farmers (Table 1). Fin clips were collected without killing
the fish and stored in absolute ethanol. Sample providers complied with institutional,
national, and international guidelines and regulations as well as the Nagoya protocol to
obtain the fish samples. No ethics committee approval was necessary for the collection
of fin clips. All fish treatments used for sampling were in accordance with the guidelines
of the European Directive (2010/63/EU) on the protection of animals used for scientific
purposes. In addition, S. lucioperca is neither an endangered species nor a species at risk
of extinction according to the IUCN (Red List category: Least Concern). DNA extractions
were performed following a standard salt precipitation protocol [25]. In total, DNA was
successfully extracted and analyzed from 958 fish samples (Table 1).
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Figure 1. Sampling locations (numbers as in Table 1) of wild (dots) and domesticated populations
(stars) of pikeperch (Sander lucioperca).
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Table 1. Basic population genetic parameters of pikeperch (Sander lucioperca). For microsatellite
loci analysis, the following are indicated: number of samples analyzed (N), mean number of alleles
per locus (Na), observed (Hp) and unbiased expected heterozygosity (uHg), allelic richness (A;),
and inbreeding coefficient (Fis). For cytochrome b analysis, the following are indicated: number
of samples analyzed (N), number of haplotypes (1h), haplotype (gene) diversity () and nucleotide
diversity (77). Asterisks indicate significant deviations from Hardy-Weinberg equilibrium (p < 0.05
after Bonferroni correction). Red corresponds to domesticated and blue to wild populations. The
symbol int corresponds to populations introduced out of the native species range.

Microsatellite Analyses Cyt b Analysis
Population Origin N Na Ho uHg Ar HWE Fis N nh h %
1 Hungary-2 Hungary 49 7.8 0.676 0.726 5.4 ns 0.070 10 2 0.356 0.125
2 Denmark-1 Netherlands 54 2.6 0.680 0.472 2.4 * —0.446 10 1 0 0
3 Denmark-2 Czech Rep. 38 3.3 0.488 0.468 2.7 ns —0.044 11 1 0 0
4 Denmark-3 Netherlands 14 2.8 0.410 0.355 2.6 ns —0.162 10 1 0 0
5 Denmark-4 Hungary 73 8.2 0.717 0.725 5.5 ns 0.011 10 2 0.200 0.105
6 Denmark-5 Denmark 19 3.1 0.398 0.428 2.7 ns 0.072 10 1 0 0
7 Germany Germany 46 5.7 0.550 0.563 3.9 ns 0.023 9 B 0.667 0.214
8 Finland-1 Finland 31 3.7 0.582 0.534 3.1 ns —0.091 11 1 0 0
9 Finland-2 Finland 20 2.8 0.603 0.487 2.6 * —0.248 10 1 0 0
10 France-1 France 63 54 0.591 0.599 3.9 ns 0.013 10 1 0 0
11 Belgium-1 Germany 100 7.2 0.810 0.726 5.1 * —0.116 11 2 0.182 0.099
12 Belgium-2 Netherlands 100 47 0.646 0.619 3.6 ns —0.045 10 2 0.200 0.035
13 Sweden Sweden 30 44 0.582 0.534 3.6 ns —0.090 9 1 0 0
14 Hungary-1 Hungary 53 6.2 0.747 0.690 4.9 ns —0.084 12 2 0.409 0.143
15 Tunisia™* Unknown 59 3.7 0.359 0.405 2.7 ns 0.115 14 1 0 0
16 France-2nt Unknown 51 4.6 0.671 0.598 4.0 * —0.122 13 2 0.154 0.027
17 Czech Rep. Czech Rep. 70 3.8 0.438 0.473 2.9 ns 0.074 10 1 0 0
18 Poland-1 Poland 14 4.6 0.564 0.598 42 ns 0.058 6 3 0.600 0.234
19 Poland-2 Poland 11 4.2 0.676 0.644 41 ns —0.052 4 2 0.500 0.350
20 Finland-3 Finland 32 4.8 0.600 0.604 3.6 ns 0.008 11 1 0 0
21 Finland-4 Finland 31 47 0.534 0.613 3.9 ns 0.131 11 1 0 0
Total /overall 958 15.4 0.611 0.760 * 0.198 212 5 0.544 0.249

2.2. Microsatellite Genetic Markers and Population Genetics Analyses

To access the genetic variability of the wild and domesticated populations and perform
standard population genetic analyses in pikeperch, we optimized and used two highly
informative and efficient multiplex panels (a 4-plex and a 7-plex) of 11 microsatellite loci
for genotyping fish samples (Table S1). Microsatellite loci were selected from a wide range
of already developed loci for other percids: PflalL3 and PflaL9 from the yellow perch (Perca
flavescens, [26], Svi4 and Svil8 from walleye (Stizostedion vitreum, [27]), Za024, Za038, Zal38,
Zal44, Zal199, Za207, Za237 from the Rhone streber (Zingel asper, [28]). All these loci had
been previously successfully checked for pikeperch and found highly polymorphic [11,28].

Polymerase chain reactions (PCR) were performed in 12.5 uL total volume using a
QIAGEN Multiplex PCR Plus Kit with the following cycling conditions: for Multiplex1,
an initial denaturation step at 95 °C for 5 min, 35 cycles of 30 s at 95 °C, 90 s at 59 °C, 90 s
at 72 °C and a final extension for 30 min at 68 °C; for Multiplex2, an initial denaturation
at 95 °C for 3 min, 30 cycles of 15 s at 95 °C, 30 s at 58 °C, 90 s at 72 °C and a final
extension for 10 min at 72 °C. For each microsatellite locus, the reverse primer in a PCR
mix was fluorescently labelled with dyes (6-FAM, Atto-565, Atto-550 or HEX) that conform
to ABI 3730 sequencing technology (Table S1). PCR products were run on an ABI PRISM
3730 sequencer (Applied Biosystems) along with GeneScan 500 LIZ dye size standard,
and raw allele sizes were scored from fluorograms using the STRand software (v.2.4.59
http:/ /www.vgl.ucdavis.edu/STRand, accessed on 15 November 2018).

MICRO-CHECKER v.2.2.3 [29] was used to detect genotypic errors and test for null
alleles. Deviations from Hardy—Weinberg equilibrium (HWE) across all the populations
were characterized by estimating inbreeding coefficient Fig values with FSTAT 2.9.4 [30].
In principle, positive Fig values indicate that individuals in a population are more related
than expected under a model of random mating, whereas negative Fig values indicate that
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individuals in a population are less related than expected under a model of random mating,.
FSTAT 2.9.4 was also used to test for linkage disequilibrium (LD).

Basic genetic diversity indices such as the mean number of alleles per locus (Na),
observed (Hp) and unbiased expected heterozygosity (uHg) were estimated for each
population with GENALEX v. 6.5 [31]. To account for variation in sample sizes, we also
estimated allelic richness (A;) with the program FSTAT 2.9.4 [30]. The differentiation
among populations was quantified by pairwise Fgr values using the software ARLEQUIN
3.5.1.3 [32]. The test for statistical significance was based on 10,000 permutations.

STRUCTURE 2.3.2 [33] was used to infer the most likely population structure based on
microsatellite data of the 21 pikeperch populations. The analysis was performed assuming
an admixture model and correlated allele frequencies (default models) without a priori
population information, using a burn-in period of 250,000 and 1,000,000 subsequent MCMC
repeats for each K value between 1 and 25. Analysis was replicated 10 times. STRUCTURE
runs were implemented on a high-performance computing cluster (IMBBC/HCMR: zorba)
using PARASTRUCTURE Perl script [34], and STRUCTURE plots were constructed using
DISTRUCT [35]. The most likely number of groups was evaluated using the AK crite-
rion [36] as implemented in STRUCTURE HARVESTER 0.9.94 [37] as well as by calculating
the posterior probability for each K.

To visualize broad-scale population genetic structure, we also conducted a discrim-
inant analysis of principal components (DAPC) for all loci and samples using the dapc
function in the R package ADEGENET [38]. DAPC is a model-free multivariate statistics-
based clustering method that does not rely on a particular population genetics model and is
thus free of assumptions about Hardy-Weinberg equilibrium or linkage disequilibrium [38].

2.3. Mitochondrial DNA Sequencing, Sequence Diversity and Phylogeographic Analyses

Following a previous pikeperch phylogeographic study by [13], we performed a DNA
analysis using cytochrome b (cyt b) mitochondrial gene as a marker. A fragment of the gene was
amplified with PCR using primers L15162 (5'-GCAAGCTTCTACCATGAGGACAAATATC-
3’) [39] and H15926 (5'-AAGGGKGGATTTTAACCTCCG-3') [40]. The 10 uL PCR mix
included 20-50 ng of template DNA, 1x Taq buffer, 0.2 uM of each primer, 0.2 mM dNTP
mix, 1 U of Taq polymerase, 2.5 mM MgCl, and ultrapure water. The PCR cycling protocol
consisted of an initial step of 3 min at 95 °C, followed by 30 cycles of 45 s at 94 °C, 45 s at
60 °C, and 1 min at 72 °C and a final extension step at 72 °C for 10 min. Purification of
PCR products was performed according to a standard ethanol precipitation protocol, and
sequencing reactions were carried out using the BigDye Terminator version 3.1 Cycle Se-
quencing Kit (Applied Biosystems, Inc.). PCR products were sequenced for both directions
(on an ABI PRISM 3730 sequencer (Applied Biosystems)) following the manufacturer’s
instructions.

Derived sequences were edited with MEGA 6.06 [41], re-examined manually by visual
inspection of raw fluorogram data and then aligned with ClustalW (as implemented in
MEGA 6.06). Finally, all sequences were submitted in GenBank, and unique haplotypes
were identified with DAMBES [42]. Basic diversity indices such as the number of haplotypes
(nh), nucleotide diversity (77; [43]) and haplotype (gene) diversity (h) were estimated for
each sampled population using ARLEQUIN 3.5.1.3 [32]. With the same software, we
also estimated pairwise ®gt values among populations and performed AMOVA (analysis
of molecular variance) [44] to examine distribution of genetic variation among various
hypothetical groups of populations. The test for statistical significance was based on
10,000 permutations.

To assign our haplotypes to the haplogroups previously identified, we integrated in
our data pikeperch cyt b sequences already available in GenBank using MEGA 6.06 [41].
All haplotypes resulting from the final multiple alignment (Table S2) were used to in-
fer geographically meaningful groupings by constructing a haplotype network with the
median-joining network method [45] and default settings as implemented in the program
PopArt (http://popart.otago.ac.nz).
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3. Results
3.1. Polymorphism of Microsatellites

All microsatellite loci showed relatively high levels of polymorphism exhibiting from 8
(PflaL9) to 23 (Svi4) alleles across the whole data set (Table S1). The mean number of alleles
per locus for the 21 populations ranged from 3.5 to 5.7 (Table S3). The polymorphism of the
microsatellite loci in our study seems to be related to the species these loci first described.
The most polymorphic were the loci from S. vitreum (Zvi, 2 loci with average number across
the total dataset of 21 alleles and 5.5 alleles per population), followed by those from Z. asper
(Za, 7 loci with average number of 14.85 alleles and 4.7 alleles per population), and last from
P. flavescens (Pfla, 2 loci with average number of 8.5 alleles and 3.6 alleles per population).
Locus PflaL3 was the only one that showed statistically significant signs of “null alleles”
(p < 0.05) with high frequencies (>20%) in 5 out of 21 populations and thus excluded from
all downstream analyses. No significant linkage disequilibrium between any of the rest of
the loci was detected across all populations.

3.2. Population Genetics Analyses

Basic population genetics parameters (allelic richness, heterozygosity indices, inbreed-
ing coefficients) were calculated for both wild and domesticated stocks (Table 1, Figure S1).
The lowest mean number of alleles (Na) was encountered in domesticated stocks and
namely in Denmark-1 (2.6), Denmark-3, Finland-2 (2.8), and Denmark-5 (3.1). The highest
number of alleles was also found in domesticated populations: two of them originating
from Hungary (Denmark-4: 8.2, Hungary-2: 7.8) and one from Germany (Belgium-1: 7.2).
The same pattern (lowest-highest) in domesticated stocks is observed in allelic richness
values (Table 1, Figure S1). Concerning the wild stocks, Na ranged between 3.7 in Tunisia
and 6.2 in Hungary-1. On average, domesticated stocks exhibited a slightly higher Na (4.75
vs. 4.58) and a slightly lower A; (3.63 vs. 3.78) compared to wild stocks; however, values
were not significantly different for both Na and A, after an F-test (Figure S1).

Unbiased expected heterozygosity (uHg) ranged from 0.355 in Denmark-3 to 0.726 in
Hungary-2 and Belgium-1. Denmark-4 of Hungarian origin showed a comparable value
(0.725). The highest value among wild stocks was estimated in Hungary-1, and on average,
estimates were slightly higher in wild populations (0.578 vs. 0.557 in domesticated) but
again not significantly different after an F-test (Figure S1). Inbreeding coefficient (Fis)
values varied considerably among populations (from —0.446 to 0.131). They were positive
in 48% of the populations (10/21) and negative in the rest (11/21), pointing out both cases
of heterozygotes deficit and excess (Table 1). However, negative Fig values were statistically
significant in only four populations (Denmark-1, Finland-2, Belgium-1, France-2) indicating
deviations from Hardy-Weinberg equilibrium due to heterozygotes excess.

Differentiation among populations was highlighted by statistically significant pairwise
Fgr values ranging from 0.01 to 0.484 (Figure 2, Table S4). Small pairwise Fgt values (<10%)
were estimated between wild populations of geographic proximity or between wild and
domesticated populations from the same origin. A close relationship was observed, for
example, between the two domesticated populations of Hungarian origin (Hungary-2 and
Denmark-4) and between the wild Hungarian population (Hungary-1) and the domesti-
cated Hungary-2. Low differentiation was also observed in Fennoscandian populations:
between the two wild Finnish populations (Finland-3 and Finland-4), between Finland-1
(domesticated) and Finland-3 (wild) and between Finland-4 (wild) and Sweden (domesti-
cated). Lastly, a close relationship was observed between the two populations of Czech
origin (wild and domesticated) and between the two French populations (wild and domes-
ticated). In contrast, the highest Fst values (>40%) were mainly observed in pairs of the
domesticated population Finland-2 with several wild (Tunisia, Czech) and domesticated
populations (Denmark-1,2,3).
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Figure 2. Matrix of pairwise Fst values among pikeperch (Sander lucioperca) populations calculated
from microsatellite data with ARLEQUIN (distance method: number of different alleles). All values
are statistically highly significant (p < 0.05).

Population structure analysis suggested a K value of two as the most likely number of
existing genetic clusters based on the AK criterion (Table S5). The first cluster (light blue in
Figure 3 for K = 2) comprised domesticated populations originating from the Netherlands
(Belgium-2), Denmark (Denmark-5), Finland (Finland-1,2) and Sweden as well as wild
populations from Finland (Finland-3,4) and will be referred as “Fennoscandian” from now
on. The second cluster (orange in Figure 3 for K = 2) consisted mainly of populations
originating from Hungary (Hungray-1,2, Denmark-4), the Czech Republic (Czech Rep.,
Denmark-2) and the Netherlands (Denmark-1,3) and will be referred as “Central European”.
All the abovementioned populations showed high membership coefficients (Q > 95%) to the
corresponding clusters. The rest of the populations showed different levels of admixture
(64% < Q < 93%) or even included individuals of both clusters (e.g., France-1).
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Figure 3. Bayesian individual assignment implemented in STRUCTURE for K = 2, 3 and 16 clusters
without using geographical area as a priori. The y-axis represents the proportions of membership
of pikeperch (Sander lucioperca) individual genotypes to each K inferred cluster. Assignment of each
population to cyt b haplogroups (A or B) is also depicted with greyscale pie diagrams.

Two more models of clustering (with K = 3 and K = 16) exhibited high AK values
(Table S5) and thus could be considered likely to describe the genetic structure of the
sampled populations. Moreover, the posterior probability for K = 16 was the highest among
all K (1-25) that were tested with STRUCTURE analysis. In the bar plot for K = 3 (Figure 3),
the “Fennoscandian” cluster retained its outline (now depicted with yellow), while the
“Central European” cluster was further divided into two clusters: the first one (orange)
consisted only of the Hungarian origin populations (wild and domesticated), while the
second one (light blue) comprised the rest of the populations. If we consider 16 genetic
clusters, a higher degree of admixture is generally observed in most populations, but
interesting groupings still remained evident. Domesticated populations of Hungarian
origin (Hungary-2, Denmark-4) were assigned to the same cluster and showed signs of
admixture only with the cluster that wild Hungarian population was assigned to. The same
pattern was also observed in Finnish domesticated populations that were both assigned
to the same cluster that was also dominant in wild Finnish populations. The Swedish
population was assigned to a different cluster but showed signs of admixture only with the
Finnish cluster.

A DAPC scatter plot (Figure 4) indicated the existence of three groups in our dataset.
A group consisting of the population of Hungarian origin and the “Fennoscandian” group
were clearly segregated along the first axis, while all the remaining populations constituted
a third group with an intermediate position.
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Figure 4. Discriminant analysis of principal components (DAPC) scatter plot. Dots represent individ-
uals of pikeperch (Sander lucioperca) with colors denoting sampling population (A) or origin (B) and
inclusion of 95% inertia ellipses. Site numbers in A correspond with Table 1.

3.3. Cytochrome b Diversity and Phylogeographic Analysis

Mitochondrial DNA polymorphism analysis was based on cyt b sequences derived
from a subsample of each population due to funding and time shortage. A total of
212 pikeperch individuals were sequenced (Table 1; GenBank accession numbers: ON245529
to ON245740). Sequence length was 571 bp, and after alignment, 5 haplotypes were identi-
fied (5 variable sites in total). Both global nucleotide diversity 7t and haplotype diversity
h were low (7r = 0.0025, h = 0.5444), indicating low levels of genetic diversity (Table 1).
Most populations (12) showed a single haplotype for the fish analyzed (k = 0), and in only
2 populations (Germany, Poland-1) were more than 2 haplotypes identified.
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Differentiation between sampled populations was in some cases high and statistically
significant, as indicated by pairwise ®gt estimations (Figure 52). Genetic structure at a
higher geographical scale was investigated by AMOVA analysis and testing of different
alternative hypotheses (Locus by locus AMOVA, Tamura—Nei distance matrix, 10,000 per-
mutations). Four scenarios were checked: three of them were based on groupings of
populations following the population clusters identified in microsatellite analysis, and one
was based on pairwise ®gt values (Table S6). The largest component of variation among
groups (FCT) was estimated in the fourth scenario (FCT = 0.8559, p < 0.05), which seems to
better describe the population division according to polymorphisms in cyt b. The first group
consisted of Hungarian and German origin populations (wild and domesticated) and the
Tunisian wild population, while the second group included all the remaining populations.

For the phylogeographic analysis in S. lucioperca, 21 more sequences available in
Genbank were added in our alignment (Table S2, [2,3,13,46-48]). Final alignment resulted
in eight haplotypes that were used to construct the median-joining haplotype network
(Figure 5). Among the haplotypes identified, most were located in more than one site, while
only a small part of them were site-specific. The network (Figure 5) supported the existence
of two haplogroups (such as AMOVA): one found predominantly in Germany, Hungary,
Serbia and Tunisia (haplogroup B) and a second one found mostly in Western and Northern
Europe (haplogroup A). The partition of haplogroups in each sampled population of this
study is depicted in Figure 3.

Haplogroup A Haplogroup B

HO7
O

HO2

HO1
(82)

Ho4
(A1)

HO8 O sweden

HO6 O russia
(A2) @ -

Figure 5. Median-joining haplotype network for cyt b (571 bp) of pikeperch (Sander lucioperca). Each
disc represents a haplotype, and its size is proportional to haplotype frequency. Colors indicate
geographic origin. In parentheses are the original names of haplotypes described by Kohlman et al. [13].
The dashed line delimits the two haplogroups based on the analysis of the complete cyt b [13].

4. Discussion
4.1. Genetic Diversity of Wild and Domesticated Populations

Wild populations analyzed in this study show moderate levels of genetic diversity for
microsatellite loci (average Ar:3.8 and uHg:0.58) close to values previously referred for other
wild populations of pikeperch in Europe. Kanainé Sipos et al. [15], for example, reported
values of Ar ranging 3.5-4.0 and Hg ranging 0.46-0.59 in three natural water populations
from the Danube catchment area. Sdisd et al. [11] compared three coastal and five freshwater
populations of pikeperch in the northern part of the Baltic Sea drainage basin and reported
average values of Hg 0.34 (for coastal samples) and 0.42 (for the lake samples) and allelic
richness of 3.6 (coastal) and 4.6 (lake samples). Eschbach et al. [3] estimated average values
over populations of the native and invaded ranges of the species in Germany and found
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higher values of genetic diversity in invading populations (Ar:5.0 vs. 4.3; heterozygosity
Hs:0.67 vs. 0.60). The aforementioned genetic studies were performed with different sets
and numbers of microsatellite loci and in some cases used different estimators to describe
genetic diversity levels (e.g., Hg instead of uHg); thus direct comparison with our results
should be made with caution.

Analysis of cyt b also revealed low levels of diversity (haplotype and nucleotide) in
wild populations (h: 0-0.6 and m: 0-0.0035) with half of them showing no diversity at
all. The same pattern of modest mitochondrial genetic diversity of S. lucioperca has also
been reported in previous studies [2,13] and was attributed to the isolation of the species
in a single glacial refugium in the Ponto-Caspian region during the last Ice Age. The
experienced genetic bottlenecks and subsequent founder effects lowered species genetic
diversity [2].

Among wild populations, those from Tunisia and the Czech Republic exhibited the
lowest values for all genetic diversity indices (Na < 3.8, A; <2.9, uHg <0.47, h =0, © = 0).
Both populations also showed signs of heterozygosity deficiency (although not statistically
significant). The Tunisian population was introduced from Europe, and the most obvious
explanation for low genetic diversity could be the consequences of translocation and
subsequent founder effects (see also [49]). The studied Czech population is probably
suffering from a recent bottleneck, and this should therefore be taken into account for
future conservation and management.

In domesticated populations, allelic richness and heterozygosity varied significantly
(Ar: 2.4-5.5; Hy: 0.40-0.81; uHg: 0.43-0.73), indicating different levels of genetic diversity
between farms, probably as a consequence of various stock establishment or subsequent
management regimes. Overall, diversity estimates and values of an inbreeding coefficient
show that domesticated stocks do not suffer from inbreeding. On the contrary, in three
populations, statistically significant deviations from the Hardy-Weinberg equilibrium were
observed (Denmark-1, Finland-2, Belgium-1). This was due to heterozygosity and not
homozygosity excess. If heterozygosity is higher than expected, an isolate-breaking effect
(e.g., the mixing of two previously isolated populations) could be the reason. The Belgium-1
population is probably such a case. It seems that it was created by genetically differentiated
stocks as indicated by the admixed origin of most of its individuals in STUCTURE analysis
(Figure 3). High number of alleles per locus, high value of allelic richness and the highest
value of observed heterozygosity among all populations further support this scenario.
In Denmark-1 and Finland-2 in which no sign of admixture is evident (even in K = 16),
heterozygosity excess could be the result of the small founding population size [50,51].
Low values of allelic richness (2.4-2.6) and number of alleles per locus in both populations
are also indicative of this explanation.

4.2. Differentiation and Genetic Structure

Our phylogeographic analysis clearly supports the existence of two haplogroups of
cyt b in pikeperch (Figure 5) in concordance with Kohlman et al. [13]. The first haplogroup,
which corresponds to type “A” haplotype of Kohlman et al. [13], is predominantly present
in most populations of Europe (Netherlands, Finland, Sweden, France, Czech Rep., Poland)
but has been also located [2] in Asian populations (Russia, Azerbaijan, Iran). This distribu-
tion provides evidence that the Ponto-Caspian region was the main refugium of pikeperch
in Southeastern Europe from where the species recolonized adjacent regions [2]. The second
haplogroup, which corresponds to type “B” of Kohlman et al. [13], seems to be geographi-
cally more restricted and dominant in the Danube drainage (Germany, Hungary, Serbia).
This Danubian lineage of pikeperch has also been demonstrated by Eschbach et al. [3] who
hypothesized that the Danube region could have been an additional significant refugium
during glacial periods from which recolonization and subsequent development of distinct
genetic lineages could have possibly happened. Danubian lineages have been also reported
for a range of European freshwater fish ([52] and references therein). Haplogroup B is also
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present in Poland and Russia, where a natural secondary contact zone of both lineages
might exist, and in Tunisia, where pikeperch was introduced from European stocks.

Microsatellite analysis provides a more comprehensive view of the contemporary
genetic structure of pikeperch in Europe, which is the outcome not only of ancient vicariant
differentiation, but also the result of complex processes that happened during the natural
or artificial dispersal of populations and the human manipulation of breeding stocks.
Our results provide evidence that European pikeperch populations are divided in at least
two genetically differentiated groups: the “Fennoscandian” and the “Central European”
(Figures 3 and 4). Wild and farmed Finnish populations and domesticated stocks reported
to originate from Denmark and Sweden are clearly assigned to the first genetic group,
while Hungarian and Czech origin populations (wild and domesticated) and the French
wild population are clearly assigned to the second (Figures 3 and 4).

However, most of the currently analyzed wild populations except for Polish pop-
ulations that showed significant admixture were assigned using microsatellites to one
group. A secondary contact of the two divergent lineages in this region or undocumented
human-mediated translocations of allopatric stocks may explain this finding. Some domes-
ticated stocks (e.g., Germany, Belgium-1, Denmark-3) contain fish with admixed genotypes,
suggesting that mixing of breeders from different geographic locations has happened in
specific fish farms, or the source wild population that was used for breeding programs
was already admixed. In the domesticated stock France-1, this practice of fish farmers is
even more obvious since individuals that are fully assigned to either genetic cluster (and
not admixed) are present at the same time in the population. Three domesticated stocks
(Denmark-1, Denmark-3, Belgium 2) originate from the Netherlands. Our results show that
individuals or wild populations assigned to different genetic groups should coexist in this
region, since Denmark-1 and 3 are clearly assigned to the Central European group, while
Belgium-2 is attributed to Fennoscandian one.

The populations of Hungarian origin (both wild and farmed) have a series of char-
acteristics that put them in a key position concerning the conservation and management
of European pikeperch. They exhibit high levels of genetic diversity (the highest among
populations for some indices). All three populations (Hungary-1,2, Denmark-4) are as-
signed to the same genetic cluster that seems to be differentiated from the rest of the Central
European group in case we accept three clusters as the most likely scenario of genetic
clustering (Figure 3). The same pattern of genetic structure is also supported from DAPC
analysis that clearly outlines the Hungarian and the Fennoscandian groups from all the
rest of the populations (Figure 4). The Hungarian group might be another stock associated
with Hungarian lakes as opposed to all other populations (Central European) that prob-
ably dispersed through the Danube River west and southward. Wild and domesticated
populations of Hungarian origin constitute a significant management unit for the species
that should be protected from genetic decay or admixture.

4.3. Guideline for Future Pikeperch Aquaculture Development

The multiplex panels of this study provide a valuable tool for the development of
pikeperch aquaculture since it can be implemented to optimize the creation of initial fish
stock by fish farmers. Indeed, understanding population structure and genetic diversity is a
prerequisite for decision making in broodstock management and development of selective
breeding programs (e.g., [53,54]). Multiplex panels can serve as a tool to assess (i) potential
inbreeding, which can result in inbreeding depression, and (ii) genetic divergence between
broodstocks, an important piece of information since crossing and/or comparing differenti-
ation of groups of individuals is useful information in selective breeding programs.

For the studied domesticated pikeperch populations, our results show that current
fish stocks do not seem to suffer from inbreeding nor strong genetic diversity loss. This
means that (i) current broodstock management methods seem to allow maintaining genetic
diversity within stocks, and (ii) current domesticated fish stocks could provide a solid basis
for future selective breeding programs.
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The present overview of genetic background in wild and domesticated pikeperch pop-
ulations could be further supported by complementary analyses, including higher sample
sizes and stocks originating from a broader distribution area as well as a higher number
of genetic markers (such as SNPs) coming from whole genome or reduced representation
sequencing methodologies.

Current results already provide valuable insight for fish farmers. First, knowing
genetic divergences between domesticated fish stocks paves the way (i) to develop accurate
pedigree assignment (e.g., [55]) and (ii) to compare genetic specificities and aquaculture
potential (sensu [56]; e.g., growth rate, filet yielding), which can ultimately lead to genome-
based selection (e.g., [57]).

Second, fish farmers could consider exchanging breeders between genetically differen-
tiated fish stocks. Indeed, this crossbreeding strategy aims at having progeny with better
performances than parents through complementarity of advantages of the two parent bio-
logical units and heterosis (i.e., hybrid vigor). Nevertheless, this can result in outbreeding
depression (e.g., [58]). Indeed, fish in a given (wild) population/strain possess a particular
arrangement of alleles at different loci (coadapted gene complexes). Crossing (hybridiza-
tion) between the reared strains may potentially lead to a breakdown of these complexes,
resulting in reduced fitness.

Third, considering genetic divergences between wild and domesticated populations
can potentially improve the prevention of environmental risk near farming locations.
Special attention should be paid to the risk of escapees in areas where farmed stocks and
wild neighboring populations are genetically distinct to avoid nuisances observed in other
fish species (e.g., [59,60]). Within the native distribution range of pikeperch, using local
populations or at least populations belonging to the same broader genetic group should
thus be favored since, even for indoor aquaculture (e.g., RAS), escapees’ risk cannot be
excluded (e.g., [61]).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani12091178/s1, Figure S1: Graphical representation of mean
number of alleles per locus (Na), unbiased expected heterozygosity (uHEg), and allelic richness
(Ay) in wild and domesticated populations; Figure S2: Matrix of pairwise ®gy values; Table S1:
Characteristics of the 11 microsatellite loci used in Sander lucioperca in this study; Table S52: Cyt
b haplotypes used in the phylogeographic analysis; Table S3: Number of alleles per locus per
population; Table S4: Pairwise Fs; values calculated for microsatellites with Arlequin; Table S5:
Structure Harvester results; Table S6: AMOVA results based on mtDNA polymorphism

Author Contributions: Conceptualization, P.F. and C.S.T.; methodology, D.T. and C.S.T.; software,
D.T. and C.S.T,; validation, D.T., T.L., PE. and C.S.T.; formal analysis, D.T. and C.S.T.; investigation,
D.T.,, D.K, K.O. and C.S.T.; resources, T.L. and P.F,; data curation, D.T.; writing—original draft prepa-
ration, D.T., TL., PF. and C.S.T.; writing—review and editing, D.T., T.L., P.F. and C.S.T.; visualization,
D.T.; supervision, C.S.T.; project administration, PF. and C.S.T.; funding acquisition, PF. and C.S.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This study has received funding from the European Union’s Seventh Framework Pro-
gramme for research, technological development and demonstration (KBBE-2013-07 single stage, GA
603121, DIVERSIFY).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Z. Bokor, T. Glasser, Neila Hamza, A. Miiller-
Belecke, O. Oberg, Julia Overton, M. Salminen, Stefan Teerlinck and Daniel Zarski for providing
samples and S. Darivianakis for laboratory assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.


https://www.mdpi.com/article/10.3390/ani12091178/s1
https://www.mdpi.com/article/10.3390/ani12091178/s1

Animals 2022, 12,1178 14 of 16

References

1.  Kestemont, P.; Dabrowski, K.; Summerfelt, R.C. Biology and Culture of Percid Fishes: Principles and Practices; Kestemont, P.,
Summerfelt, R.C., Dabrowski, K., Eds.; Springer: Dordrecht, The Netherlands, 2015; ISBN 9789401772273.

2. Haponski, A.E.; Stepien, C.A. Phylogenetic and biogeographical relationships of the sander pikeperches (percidae: Perciformes):
Patterns across North America and Eurasia. Biol. |. Linn. Soc. 2013, 110, 156-179. [CrossRef]

3. Eschbach, E.; Nolte, A.W.; Kohlmann, K.; Kersten, P; Kail, J.; Arlinghaus, R. Population differentiation of zander (Sander lucioperca)
across native and newly colonized ranges suggests increasing admixture in the course of an invasion. Evol. Appl. 2014, 7, 555-568.
[CrossRef] [PubMed]

4. Mustamdki, N.; Bergstrom, U.; Adjers, K,; Sevastik, A.; Mattila, J. Pikeperch (Sander lucioperca (L.)) in Decline: High Mortality of
Three Populations in the Northern Baltic Sea. Ambio 2014, 43, 325-336. [CrossRef] [PubMed]

5. FAO. Global Capture Production; FAO FishStat, Fisheries and Aquaculture Department: Electronic Database, 2019.

6. Colchen, T.; Gisbert, E.; Krauss, D.; Ledoré, Y.; Pasquet, A.; Fontaine, P. Improving pikeperch larviculture by combining
environmental, feeding and populational factors. Aquac. Rep. 2020, 17, 100337. [CrossRef]

7.  Poulet, N.; Balaresque, P; Aho, T; Bjorklund, M. Genetic structure and dynamics of a small introduced population: The pikeperch,
Sander lucioperca, in the Rhone delta. Genetica 2009, 135, 77-86. [CrossRef] [PubMed]

8.  Salminen, M.; Koljonen, M.L.; Séisd, M.; Ruuhijarvi, J. Genetic effects of supportive stockings on native pikeperch populations in
boreal lakes—Three cases, three different outcomes. Hereditas 2012, 149, 1-15. [CrossRef]

9.  Bjorklund, M.; Aho, T.; Larsson, L.C. Genetic differentiation in pikeperch (Sander lucioperca): The relative importance of gene flow,
drift and common history. J. Fish Biol. 2007, 71, 264-278. [CrossRef]

10. Khurshut, E.; Kohlmann, K. Application of nine species-specific microsatellite loci to characterize three pike-perch (Sander
lucioperca) populations from the Aral Sea basin in Uzbekistan. Environ. Biotechnol. 2009, 5, 3-10.

11. Sdisd, M.; Salminen, M.; Koljonen, M.L.; Ruuhijérvi, J. Coastal and freshwater pikeperch (Sander lucioperca) populations differ
genetically in the Baltic Sea basin. Hereditas 2010, 147, 205-214. [CrossRef]

12.  Mirza Ahmadj, F; Norouzi, M.; Samiei, M.H.; Behrouz, M. Study of Genetic structure and variation of pikeperch (Sander lucioperca)
in Lake of Aras dame and Anzali Wetland. Wetl. Ecobiol. 2015, 6, 83-92.

13. Kohlmann, K.; Poulet, N.; Louati, M.; Kersten, P; Ben Hassine, O.; Bahri-Sfar, L. Detection of two major cytochrome b lineages in
pike-perch, Sander lucioperca, and first data on their distribution in European populations. Environ. Biotechnol. 2013, 9, 1-5.

14. Frankham, R.; Ballou, ].D.; Briscoe, D.A. Introduction to Conservation Genetics, 2nd ed.; Cambridge University Press: Cambridge,
UK, 2010.

15. Kanainé Sipos, D.; Kovécs, G.; Buza, E.; Csenki-Bakos, K.; Osz, A.; Ljubobratovi¢, U.; Cserveni-Sziics, R.; Bercsényi, M.; Lehoczky,
I; Urbanyi, B.; et al. Comparative genetic analysis of natural and farmed populations of pike-perch (Sander lucioperca). Aquac. Int.
2019, 27,991-1007. [CrossRef]

16. Teletchea, E; Fontaine, P. Levels of domestication in fish: Implications for the sustainable future of aquaculture. Fish Fish. 2014, 15,
181-195. [CrossRef]

17.  Larson, G.; Burger, J. A population genetics view of animal domestication. Trends Genet. 2013, 29, 197-205. [CrossRef]

18.  Mignon-Grasteau, S.; Boissy, A.; Bouix, J.; Faure, J.-M.; Fisher, A.D.; Hinch, G.N,; Jensen, P.; Le Neindre, P.; Mormede, P; Prunet,
P; et al. Genetics of adaptation and domestication in livestock. Livest. Prod. Sci. 2005, 93, 3-14. [CrossRef]

19. Rhymer, ].M.; Simberloff, D. Extinction by hybridization and introgression. Annu. Rev. Ecol. Syst. 1996, 27, 83-109. [CrossRef]

20. Danancher, D.; Garcia-Vazquez, E. Genetic population structure in flatfishes and potential impact of aquaculture and stock
enhancement on wild populations in Europe. Rev. Fish Biol. Fish. 2011, 21, 441-462. [CrossRef]

21. Champagnon, J.; Elmberg, J.; Guillemain, M.; Gauthier-Clerc, M.; Lebreton, ].-D.D. Conspecifics can be aliens too: A review of
effects of restocking practices in vertebrates. J. Nat. Conserv. 2012, 20, 231-241. [CrossRef]

22. Lecocq, T.; Coppée, A.; Michez, D.; Brasero, N.; Rasplus, ].-Y.; Valterov4, I.; Rasmont, P. The alien’s identity: Consequences of
taxonomic status for the international bumblebee trade regulations. Biol. Conserv. 2016, 195, 169-176. [CrossRef]

23.  Cross, T.F. Genetic implications of translocation and stocking of fish species, with particular reference to Western Australia. Aquac.
Res. 2000, 31, 83-94. [CrossRef]

24. Vehanen, T.; Huusko, A.; Hokki, R. Competition between hatchery-raised and wild brown trout Salmo trutta in enclosures—Do
hatchery releases have negative effects on wild populations? Ecol. Freshw. Fish 2009, 18, 261-268. [CrossRef]

25. Miller, S.A.; Dykes, D.D.; Polesky, H.E. A simple salting out procedure for extracting DNA from human nucleated cells. Nucleic
Acids Res. 1988, 16, 1215. [CrossRef] [PubMed]

26. Leclerc, D.; Wirth, T.; Bernatchez, L. Isolation and characterization of microsatellite loci in the yellow perch (Perca flavescens), and
cross- species amplification within the family Percidae. Mol. Ecol. 2000, 9, 995-997. [CrossRef] [PubMed]

27. Borer, S.0.; Miller, L.M.; Kapuscinski, A.R. Microsatellites in walleye Stizostedion vitreum. Mol. Ecol. 1999, 8, 336-338. [CrossRef]

28. Dubut, V.; Grenier, R.; Meglécz, E.; Chappaz, R.; Costedoat, C.; Danancher, D.; Descloux, S.; Malausa, T.; Martin, J.F.; Pech,
N.; et al. Development of 55 novel polymorphic microsatellite loci for the critically endangered Zingel asper L. (Actinopterygii:
Perciformes: Percidae) and cross-species amplification in five other percids. Eur. J. Wildl. Res. 2010, 56, 931-938. [CrossRef]

29. Van Oosterhout, C.; Hutchinson, W.E,; Wills, D.P.M.; Shipley, P. MICRO-CHECKER: Software for identifying and correcting
genotyping errors in microsatellite data. Mol. Ecol. Notes 2004, 4, 535-538. [CrossRef]

30. Goudet, J. FSTAT (Version 1.2): A Computer Program to Calculate F-Statistics. J. Hered. 1995, 86, 485—486. [CrossRef]


http://doi.org/10.1111/bij.12114
http://doi.org/10.1111/eva.12155
http://www.ncbi.nlm.nih.gov/pubmed/24944569
http://doi.org/10.1007/s13280-013-0429-z
http://www.ncbi.nlm.nih.gov/pubmed/23918412
http://doi.org/10.1016/j.aqrep.2020.100337
http://doi.org/10.1007/s10709-008-9260-z
http://www.ncbi.nlm.nih.gov/pubmed/18360791
http://doi.org/10.1111/j.1601-5223.2011.02230.x
http://doi.org/10.1111/j.1095-8649.2007.01609.x
http://doi.org/10.1111/j.1601-5223.2010.02184.x
http://doi.org/10.1007/s10499-019-00365-7
http://doi.org/10.1111/faf.12006
http://doi.org/10.1016/j.tig.2013.01.003
http://doi.org/10.1016/j.livprodsci.2004.11.001
http://doi.org/10.1146/annurev.ecolsys.27.1.83
http://doi.org/10.1007/s11160-011-9198-6
http://doi.org/10.1016/j.jnc.2012.02.002
http://doi.org/10.1016/j.biocon.2016.01.004
http://doi.org/10.1046/j.1365-2109.2000.00439.x
http://doi.org/10.1111/j.1600-0633.2008.00343.x
http://doi.org/10.1093/nar/16.3.1215
http://www.ncbi.nlm.nih.gov/pubmed/3344216
http://doi.org/10.1046/j.1365-294x.2000.00939-3.x
http://www.ncbi.nlm.nih.gov/pubmed/10886663
http://doi.org/10.1046/j.1365-294x.1999.00534.x
http://doi.org/10.1007/s10344-010-0421-x
http://doi.org/10.1111/j.1471-8286.2004.00684.x
http://doi.org/10.1093/oxfordjournals.jhered.a111627

Animals 2022, 12,1178 15 of 16

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Peakall, R.; Smouse, P.E. GenALEx 6.5: Genetic analysis in Excel. Population genetic software for teaching and research-an
update. Bioinformatics 2012, 28, 2537-2539. [CrossRef]

Excoffier, L.; Lischer, H.E.L. Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under
Linux and Windows. Mol. Ecol. Resour. 2010, 10, 564-567. [CrossRef]

Pritchard, J.K.; Stephens, M.; Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 2000, 155,
945-959. [CrossRef]

Lagnel, J. ParaStructure. 2015. Available online: https://github.com/jacqueslagnel /parastructure (accessed on 2 December 2019).
Rosenberg, N.A. distruct: A program for the graphical display of population structure. Mol. Ecol. Notes 2004, 4, 137-138.
[CrossRef]

Evanno, G.; Regnaut, S.; Goudet, ]. Detecting the number of clusters of individuals using the software structure: A simulation
study. Mol. Ecol. 2005, 14, 2611-2620. [CrossRef] [PubMed]

Earl, D.A.; von Holdt, BM. STRUCTURE HARVESTER: A website and program for visualizing STRUCTURE output and
implementing the Evanno method. Conserv. Genet. Resour. 2012, 4, 359-361. [CrossRef]

Jombart, T.; Devillard, S.; Balloux, F. Discriminant analysis of principal components: A new method for the analysis of genetically
structured populations. BMC Genet. 2010, 11, 94. [CrossRef] [PubMed]

Taberlet, P; Meyer, A.; Bouvetv, ]. Unusual mitochondrial DNA polymorphism in two local populations of blue tit Parus caeruleus.
Mol. Ecol. 1992, 1, 27-36. [CrossRef] [PubMed]

Wilson, A.B.; Vincent, A.; Ahnesjo, I.; Meyer, A. Male Pregnancy in Seahorses and Pipefishes (Family Syngnathidae): Rapid
Diversification of Paternal Brood Pouch Morphology Inferred From a Molecular Phylogeny. J. Hered. 2001, 92, 159-166. [CrossRef]
Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 2013, 30, 2725-2729. [CrossRef]

Xia, X. DAMBES: A comprehensive software package for data analysis in molecular biology and evolution. Mol. Biol. Evol. 2013,
30, 1720-1728. [CrossRef]

Nei, M.; Li, W.-H. Mathematical model for studying genetic variation in terms of restriction endonucleases. Proc. Natl. Acad. Sci.
USA 1979, 76, 5269-5273. [CrossRef]

Excoffier, L.; Smouse, P.E.; Quattro, ]. M. Analysis of molecular variance inferred from metric distances among DNA haplotypes:
Application to human mitochondrial DNA restriction data. Genetics 1992, 131, 479-491. [CrossRef]

Bandelt, H.J.; Forster, P.; Rohl, A. Median-joining networks for inferring intraspecific phylogenies. Mol. Biol. Evol. 1999, 16, 37-48.
[CrossRef] [PubMed]

Kalous, L.; Slechtova, V.; Petrtyl, M.; Kohout, J.; Cech, M. Do small fish mean no voucher? Using a flatbed desktop scanner to
document larval and small specimens before destructive analyses. J. Appl. Ichthyol. 2010, 26, 614-617. [CrossRef]

Kahilainen, K.K.; Teacher, A.G.F.; Kdhkonen, K.; Vinni, M.; Lehtonen, H.; Merils, J. First Record of Natural Hybridization and
Introgression between Pikeperch (Sander lucioperca) and Perch (Perca fluviatilis). Ann. Zool. Fennici 2011, 48, 39—44. [CrossRef]
Ma, Z.; Bercsenyi, M.; Yang, X.; Wei, K.; Yang, R. The complete mitochondrial genome of pike-perch, Sander lucioperca (Perciformes:
Percidae). Mitochondrial DNA Part A 2016, 27, 3135-3136. [CrossRef]

Louati, M.; Kohlmann, K.; Ben Hassine, O.K.; Kersten, P.; Poulet, N.; Bahri-Sfar, L. Genetic characterization of introduced Tunisian
and French populations of pike-perch (Sander lucioperca) by species-specific microsatellites and mitochondrial haplotypes. Czech J.
Anim. Sci. 2016, 61, 159-171. [CrossRef]

Norris, A.T.; Bradley, D.G.; Cunningham, E.P. Microsatellite genetic variation between and within farmed and wild Atlantic
salmon (Salmo salar) populations. Aquaculture 1999, 180, 247-264. [CrossRef]

Robertson, A. The interpretation of genotypic ratios in domestic animal populations. Anim. Sci. 1965, 7, 319-324. [CrossRef]
Seifertova, M.; Bryja, J.; Vysko¢ilova, M.; Martinkovd, N.; Simkova, A. Multiple Pleistocene refugia and post-glacial colonization
in the European chub (Squalius cephalus) revealed by combined use of nuclear and mitochondrial markers. J. Biogeogr. 2012, 39,
1024-1040. [CrossRef]

Li, D.; Wang, S.; Shen, Y.; Meng, X.; Xu, X.; Wang, R.; Li, ]. A multiplex microsatellite PCR method for evaluating genetic diversity
in grass carp (Ctenopharyngodon idellus). Aquac. Fish. 2018, 3, 238-245. [CrossRef]

Borrell, Y.J.; Arias-Pérez, A.; Freire, R.; Valdés, A.; Sanchez, ].A.; Méndez, |.; Martinez, D.; Lopez, J.; Carleos, C.; Blanco, G.; et al.
Microsatellites and multiplex PCRs for assessing aquaculture practices of the grooved carpet shell Ruditapes decussatus in Spain.
Aquaculture 2014, 426—427, 49-59. [CrossRef]

Xu,].; Feng,J.; Peng, W.; Liu, X,; Feng, J.; Xu, P. Development and evaluation of a high-throughput single nucleotide polymorphism
multiplex assay for assigning pedigrees in common carp. Aquac. Res. 2017, 48, 1866-1876. [CrossRef]

Toomey, L.; Fontaine, P.; Lecocq, T. Unlocking the intraspecific aquaculture potential from the wild biodiversity to facilitate
aquaculture development. Rev. Aquac. 2020, 12, 2212-2227. [CrossRef]

Orban, L.; Shen, X.; Phua, N.; Varga, L. Toward Genome-Based Selection in Asian Seabass: What Can We Learn From Other Food
Fishes and Farm Animals? Front. Genet. 2021, 12, 506754. [CrossRef] [PubMed]

Granier, S.; Audet, C.; Bernatchez, L. Heterosis and outbreeding depression between strains of young-of-the-year brook trout
(Salvelinus fontinalis). Can. J. Zool. 2011, 89, 190-198. [CrossRef]

Fleming, I.A.; Hindar, K.; Mjolnerod, 1.B.; Jonsson, B.; Balstad, T.; Lamberg, A. Lifetime success and interactions of farm salmon
invading a native population. Proc. R. Soc. B Biol. Sci. 2000, 267, 1517-1523. [CrossRef] [PubMed]


http://doi.org/10.1093/bioinformatics/bts460
http://doi.org/10.1111/j.1755-0998.2010.02847.x
http://doi.org/10.1093/genetics/155.2.945
https://github.com/jacqueslagnel/parastructure
http://doi.org/10.1046/j.1471-8286.2003.00566.x
http://doi.org/10.1111/j.1365-294X.2005.02553.x
http://www.ncbi.nlm.nih.gov/pubmed/15969739
http://doi.org/10.1007/s12686-011-9548-7
http://doi.org/10.1186/1471-2156-11-94
http://www.ncbi.nlm.nih.gov/pubmed/20950446
http://doi.org/10.1111/j.1365-294X.1992.tb00152.x
http://www.ncbi.nlm.nih.gov/pubmed/1364270
http://doi.org/10.1093/jhered/92.2.159
http://doi.org/10.1093/molbev/mst197
http://doi.org/10.1093/molbev/mst064
http://doi.org/10.1073/pnas.76.10.5269
http://doi.org/10.1093/genetics/131.2.479
http://doi.org/10.1093/oxfordjournals.molbev.a026036
http://www.ncbi.nlm.nih.gov/pubmed/10331250
http://doi.org/10.1111/j.1439-0426.2010.01471.x
http://doi.org/10.5735/086.048.0104
http://doi.org/10.3109/19401736.2015.1007300
http://doi.org/10.17221/8847-CJAS
http://doi.org/10.1016/S0044-8486(99)00212-4
http://doi.org/10.1017/S0003356100025770
http://doi.org/10.1111/j.1365-2699.2011.02661.x
http://doi.org/10.1016/j.aaf.2018.09.001
http://doi.org/10.1016/j.aquaculture.2014.01.010
http://doi.org/10.1111/are.13024
http://doi.org/10.1111/raq.12430
http://doi.org/10.3389/fgene.2021.506754
http://www.ncbi.nlm.nih.gov/pubmed/33968125
http://doi.org/10.1139/Z10-108
http://doi.org/10.1098/rspb.2000.1173
http://www.ncbi.nlm.nih.gov/pubmed/11007327

Animals 2022, 12,1178 16 of 16

60. McGinnity, P; Prodohl, P; Ferguson, A.; Hynes, R.; Maoiléidigh, N.O.; Baker, N.; Cotter, D.; O’'Hea, B.; Cooke, D.; Rogan, G.; et al.
Fitness reduction and potential extinction of wild populations of Atlantic salmon, Salmo salar, as a result of interactions with
escaped farm salmon. Proc. R. Soc. B Biol. Sci. 2003, 270, 2443-2450. [CrossRef] [PubMed]

61. Summerfelt, S.T.; Vinci, B.J. Better Management Practices for Recirculating Aquaculture Systems. In Environmental Best Management
Practices for Aquaculture; Blackwell Publishing: Ames, IA, USA, 2008; pp. 389-426.


http://doi.org/10.1098/rspb.2003.2520
http://www.ncbi.nlm.nih.gov/pubmed/14667333

	Introduction 
	Materials and Methods 
	Biological Material and DNA Extractions 
	Microsatellite Genetic Markers and Population Genetics Analyses 
	Mitochondrial DNA Sequencing, Sequence Diversity and Phylogeographic Analyses 

	Results 
	Polymorphism of Microsatellites 
	Population Genetics Analyses 
	Cytochrome b Diversity and Phylogeographic Analysis 

	Discussion 
	Genetic Diversity of Wild and Domesticated Populations 
	Differentiation and Genetic Structure 
	Guideline for Future Pikeperch Aquaculture Development 

	References

