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Abstract: The reintroduction of the extinct beluga sturgeon (Huso huso L.), an anadromous species
with economic and traditional relevance, is a priority in next conservation strategies in Northern
Italy. The EU-LIFE NATURA project aims to reintroduce the beluga sturgeon in the Po River basin
through a captive breeding program. Critical requirements for the success of the program are
river connectivity and knowledge of genetic diversity of the selected broodstocks to ensure self-
sustainability of reintroduced populations. Here, the four broodstocks used for the reintroduction of
beluga sturgeon have been genetically screened, genotyping 13 loci and sequencing mitochondrial
DNA cytochrome b (Cyt b) gene and the entire mitochondrial DNA control region (D-Loop). The
four broodstocks showed a medium-high level of nuclear genetic variability and the presence of
two sub-populations, evidencing a total level of inbreeding coefficients able to sustain the good
potential as future breeders. Mitochondrial analyses showed a genetic variability comparable to wild
populations, further strengthening the positive potential of the investigated broodstock. Therefore,
this study, showed how the degree of genetic diversity found within the four broodstocks used for
H. huso reintroduction in the Po River basin could be suitable to ensure the success of the program,
avoiding the inbreeding depression associated with founder effect and captive breeding.
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1. Introduction

A major factor in the global biodiversity crisis is the loss of habitat connectivity in river-
ine environments that has been driven by the unprecedented expansion of anthropogenic
infrastructure in the last 150 years [1]. This loss of connectivity in riverine environments
impedes the upstream spawning migrations of anadromous fishes and has been a major
factor in the population declines of many species [2–4]. Through fragmenting the riverine
environment and preventing access to spawning grounds upstream of impassable barriers,
previous ecological barriers to gene flow are eroded [5], potentially leading to greater
spatial and temporal overlap in the spawning of previously divergent populations.

Sturgeons (order Acipenseriformes) represent one of the most important marine and
freshwater natural resources, both scientifically and commercially. Most sturgeon species
are anadromous, spending much of their life at sea and then ascending rivers for spawning.
Typically, sturgeons are slow growing and mature very late in life, depending on the species
it can take up to 20 years, and do not spawn every year [6]. Generally, sturgeon species have
diminished in numbers, and beluga sturgeon (Huso huso L.) is currently in the most critical
state due to decrease in numbers of adult individuals, leading to local extinctions [7,8].
Currently, the distribution of beluga sturgeon is confined to a few Eastern Europe areas:
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the Black Sea, the Azov Sea, the Caspian Sea, and their main tributaries (Danube, Don
and Kuban, Volga and Ural rivers) [7,9]. Its presence in the Adriatic Sea and Po River was
recorded until 60 years ago, and it is now considered extinct [10]. Even though an accurate
historical population assessment is not available [11], a massive decline became evident in
the catches since the early 1920s, mostly due to overfishing. The population was completely
extirpated from the Adriatic Sea approximately 10 years after the impoundment of the
Isola Serafini Dam (Piacenza) was built in the middle of the Po River, which acted as a
major barrier for fish movement [12]. Due to the long lifecycle and anadromous status,
sturgeons are very susceptible to over-exploitation, pollution, and especially to habitat
fragmentation [13]; among sturgeons, beluga sturgeon is known to undertake the longest
upstream migration. Consequently, dams and embankments have strongly impacted
this species [14], even though river fragmentation is not the only driving cause of H. huso
decline [13]. Beluga sturgeon is, thus, listed as critically endangered under the International
Union for Conservation of Nature (IUCN) World Red Data Book [15]; it is also included in
appendixes II and III of the Bern Convention (CE 1979) and in the annex V of the European
Habitat Directive 92/43/CEE [16].

Due to its anadromous characteristics, river longitudinal connectivity remains a critical
point for the success of beluga sturgeon reintroduction, for allowing spawning migration
from the sea up to suitable spawning grounds. In the last decade, restoration interven-
tions, which are critical for the success of the sturgeon reintroduction, were implemented
along the Po River basin (Northern Italy). In 2017, the major embankment, Isola Serafini
(Piacenza), was modified with the construction of a double fish pass, re-establishing river
connectivity (EU-LIFE project ConFluPo, 2012–2017). In the upper part of the fish pass,
a monitoring station was realized, constantly working, which allows direct observations
of fish movements, migrating both upstream and downstream. Throughout this major
engineered construction joined to other relevant defragmentation actions (e.g., along Ticino
and Tresa River), longitudinal connectivity from Adriatic Sea up to Lake Lugano, passing
through Po River, Ticino River, Lake Maggiore, and Tresa River, has been completely
established, becoming a promising factor for the successful reintroduction of sturgeons [17].
Along the restored Po River basin, another LIFE NATURA project—“Enhancing Biodiver-
sity by Restoring Source Areas for Priority and Other Species of Community Interest in
Ticino Park” (Life Ticino BIOSOURCE)—has been carried out specifically with the aim to
reintroduce the beluga sturgeon in the Po River basin through a captive breeding program.
This strategy has been adopted for years because of increasing environmental impacts from
human activity to recover endangered species and/or populations from extinction [18,19].
In general, captive breeding programs use hatcheries to maintain populations that are
unable to survive in the wild, aiming to restore extirpated or endangered populations [20].
The ultimate goals of these programs focus on maintaining genetic diversity and fitness
within populations, allowing self-sustaining of reintroduced populations [21]. Genetic
variability offers, indeed, raw material for adaptation and this is especially important
in fish reintroduction where post-stocking mortality may lead to significant losses of ge-
netic variation [18,20]. Therefore, molecular characterization of the breeding stocks of
future reintroduced individuals is necessary for establishing a suitable genetic diversity,
imperative to enhance the ability to survive and adapt to the new environment of future
generations. Accordingly, the IUCN directive for reintroductions [22], the Pan European
action plan for sturgeon approved by the Bern Convention [13], the WSCS “Vienna” and
“Ramsar declarations on global sturgeon conservation” [23,24], and the Italian Guidelines
for the introduction of fauna species [25] indicate as a priority that reintroduced individuals
are “as genetically similar as possible” to the extinct population. However, the beluga
sturgeon, in Northern Italy, is exclusively reared and reproduced for caviar production
by aquaculture facilities, and these individuals do not descend from the extinct Italian
population [9].

In this study, brood stocks for the reintroduction program, started thanks to the
EU-LIFE project, were selected from different hatchery farms descended from Eastern
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European populations. According to this, the aims of this study were to (i) establish genetic
variability of the broodstocks, (ii) identify possible sub-populations, and (iii) establish their
phylogeographic context. The genetic analyses then included genotyping at 13 loci and
sequencing of mitochondrial DNA cytochrome b (cyt b) gene and the entire mitochondrial
DNA control region (D-Loop).

2. Materials and Methods
2.1. Broodstocks Description

A total of 82 samples of H. huso from four brood stocks were used. Specifically, 47 in-
dividuals were young beluga sturgeon (≥2 years old, stock S1) (bought from hatchery
“Fattoria del Pesce Fantinato”, Novara, Italy); 12 were fry (0+, stock S2) coming from a
second purchase batch (bought from hatchery “Pisano Dossi”, Milano, Italy); 9 individuals
were purchased from Hungary, stock S3 (bought from “Neptun BT 2451”, Adòszàm, Hun-
gary) and 14 individuals were purchased from a hatchery close to Mantova, S4 (bought
from hatchery “L’Avannotto S.S.”, Mantova, Italy) (Supplemental Material S1). All individ-
uals, except for the fry, were pit-tagged. Individuals from stock S3 and S4 originated from
fertilized eggs (Krasnodar, Russia) and belonged to a stock intended for restocking the
Sea of Azov and the Don and Kuban rivers (Russia). Out of the 47 individuals from stock
S1, 42 individuals were already released in the Po River system (Ticino River) between
March 2019 and May 2020, during the first effort of the reintroduction program. Specifically,
35 individuals were released at Cassolnovo (Pavia, Italy, Figure 1 site T1) and the others
further downstream, at Lanca Ayala (Vigevano, Italy, Figure 1 site T2) and at San Lanfranco
(Pavia, Italy) (Figure 1, Site T3). During this first effort, a total of 963 individuals, all
tagged, coming from stocks S1, S3, and S4 were released (Parco Ticino and GRAIA srl,
personal communication).
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DNA control region (D-Loop). Each sample was genotyped at 13 loci that were previously 
designed for other sturgeon species (Acipenser naccarii, A. fulvescens, A. oxyrinxhus, A. guel-
denstaedtii, Scaphirhynchus platorynchus) and tested on H. huso [27–31] (Supplementary Ma-
terial S2). Subsets of the 13 loci were combined in four “multiplexes” for polymerase chain 
reaction (PCR). The primer pairs for each locus and the annealing temperatures used in 
each PCR multiplex can be found in Supplementary Material S2. The Type-it® Multiplex 
PCR Master Mix (Qiagen, Hilden, Germany) was used for all PCR according to the man-
ufacturer’s instructions in 10 µL total volume reaction using about 20 ng DNA and 0.25 
µL of each primer pair. The following protocol was used: after a preliminary denaturation 
at 95 °C for 15 min, each of the 30 cycles consisted of denaturation at 94 °C for 30 s, an-
nealing at 60 °C (at 58 °C for Mix 4) for 90 s, and primer denaturation at 72 °C for 60 s, and 
a final extension at 60 °C for 30 min. Negative controls were included in each PCR to 
control for DNA contamination. Multiplexed PCR products were analyzed by Macrogen 
Europe B.V. (Amsterdam, The Netherlands) and allele size was measured using Peak 
Scanner™ Software v.1.0 (Applied Biosystem 2006, Foster City, CA, United States). 

The D-Loop was amplified on a subsample of 59 individuals (Supplementary Mate-
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2.2. Molecular Methods

Extraction of genomic DNA from fin clips was completed through a proteinase K
digestion followed by sodium chloride extraction and ethanol precipitation [26]. DNA
was eluted in 100 µL MilliQ water and stocked in freezer until next used. The genetic
analyses then included (i) genotyping at 13 loci (Supplementary Material S1), sequencing
of (ii) mitochondrial DNA cytochrome b (cyt b) gene, and (iii) the entire mitochondrial
DNA control region (D-Loop). Each sample was genotyped at 13 loci that were previously
designed for other sturgeon species (Acipenser naccarii, A. fulvescens, A. oxyrinxhus, A.
gueldenstaedtii, Scaphirhynchus platorynchus) and tested on H. huso [27–31] (Supplementary
Material S2). Subsets of the 13 loci were combined in four “multiplexes” for polymerase
chain reaction (PCR). The primer pairs for each locus and the annealing temperatures
used in each PCR multiplex can be found in Supplementary Material S2. The Type-it®

Multiplex PCR Master Mix (Qiagen, Hilden, Germany) was used for all PCR according
to the manufacturer’s instructions in 10 µL total volume reaction using about 20 ng DNA
and 0.25 µL of each primer pair. The following protocol was used: after a preliminary
denaturation at 95 ◦C for 15 min, each of the 30 cycles consisted of denaturation at 94 ◦C
for 30 s, annealing at 60 ◦C (at 58 ◦C for Mix 4) for 90 s, and primer denaturation at 72 ◦C
for 60 s, and a final extension at 60 ◦C for 30 min. Negative controls were included in
each PCR to control for DNA contamination. Multiplexed PCR products were analyzed by
Macrogen Europe B.V. (Amsterdam, The Netherlands) and allele size was measured using
Peak Scanner™ Software v.1.0 (Applied Biosystem 2006, Foster City, CA, United States).

The D-Loop was amplified on a subsample of 59 individuals (Supplementary Material S1)
using the primer pair ProF-PheR [32], whilst the cyt b with the primer pair Cyt-f-Cyt-r [14]
was analyzed on a smaller subsample of 14 individuals (Supplementary Material S1).
PCR reactions were performed using Multiplex PCR Master Mix (QIAGEN) according to
the manufacturer’s instructions, using about 20 ng of DNA and 0.25 µL of each primer
pair in 10 µL total volume reaction. The following protocol was used after a preliminary
denaturation at 95 ◦C for 15 min, each of the 35 cycles consisted of denaturation at 94 ◦C
for 30 s, annealing at 53 ◦C (both primer pairs) for 90 s, and primer denaturation at 72 ◦C
for 90 s, and a final extension at 72 ◦C for 10 min. The PCR products were purified
before sequencing using EuroSAP (EuroClone, Pero, MI, Italy) enzymatic kit, following
the manufacturer’s instruction. The purified products were then sent to Macrogen Europe
B.V. (Amsterdam, The Netherlands) for sequencing, using only forward strand. Sequences
were then manually aligned and manipulated using BioEdit v.7.0.5 [33] and Chromas Lite
v.2.1 (Technelysium P. L.).

2.3. Genetic Admixture and Substructure

Genotyping artefacts were assessed using Microchecker v.2.2.3 [34]. Inbreeding coeffi-
cient (FIS) [35], expected heterozygosity (HE), observed heterozygosity (HO), and number
of alleles (NA) were calculated using GENETIX v.4.05 [36]. Genetic substructure was ex-
plored using STRUCTURE v.2.3.4 [37], varying the number of clusters (K) between 1 and
7, using the admixture model, without using locations as prior with default parameters.
Ten replicates of STRUCTURE were run per K using a burn-in of 100,000 iterations fol-
lowed by 500,000 additional iterations. Each K was evaluated using the likelihood [37] and
∆K [38] method and the outputs were visualized using STRUCTURE HARVESTER [39].
Populations pairwise FST values [35] and a factorial correspondence analysis (FCA), based
on their multi-locus allele frequencies, were performed using GENETIX to visualize the
relationship among individuals.

2.4. Phylogenetic and Phylogeographic Relationship

Phylogenetic analyses were carried out on the partial mitochondrial cyt b gene (843 bp).
In order to establish phylogenetic and phylogeographic relationships with other sympatric
sturgeon species, 45 sequences were retrieved from GenBank and added to the dataset
(Supplementary Material S3). Computations of phylogenetic reconstruction of haplotypes
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were performed using two different optimality criteria: maximum likelihood (ML) and
Bayesian inference (BI). The ML analysis was performed through GARLI v.1.0 [40] using
K2P model of sequence evolution [41], as estimated with ModelTest v.3.7 [42]. Bayesian
analysis was performed using MrBayes v.3.1.2 [43], with a Markov chain Monte Carlo
algorithm (MCMC): four simultaneous and independent Markov chains from random
trees were started and run for 1,000,000 generations, with the first 25,000 generations
(2500 trees) discarded as the burn-in (p < 0.01). Phylogenetic trees were rooted using two
species belonging to Poliodontidae group, a sister group of Acipenseridae: Polyodon spahula
(AY510086) and Psephurus gladius (AY571339).

Genetic diversity values (i.e., haplotype, H, and nucleotide diversity, π) were estimated
for each group for the control region D-Loop (1023 bp) using DnaSP v.5 [44].

In the wild, three subspecies of H. huso are described, the differentiation of which
might be due to geological history of their distribution [45]. Specifically, H. h. maeoticus is
described in the Azov Sea, H. h. ponticus in the basin of the Black Sea, and H. h. caspicus
is indigenous to the Caspian Sea (Supplementary Material S3). Gene genealogy was then
estimated on the D-Loop extended dataset (based on mtDNA D-Loop 656 bp length)
using statistical parsimony criteria in TCS v.1.21 [46] and graphically adjusted using TCS
Beautifier (tcsBU) [47].

3. Results
3.1. Genetic Admixture and Substructure

Out of 13 loci, 12 resulted polymorphic with 60 as total number of alleles (Supple-
mentary Material S4) and a mean number of 4.2, ranging between 2 for the less poly-
morphic loci (AoxD165 and Spl101) and 9 for the more polymorphic ones (Anac_c31601
and Anac_c12159). Expected heterozygosity (HE) ranged between 0.10 (Spl101) and 0.73
(Anac_c31601), whilst observed heterozygosity (HO) ranged between 0.13 (Spl101) and 0.88
(Anac_tag71527) (Supplementary Material S5). Significant FIS value was reported only for
Anac_c15214 locus (FIS = 0.33, p < 0.05). Within the four stocks, genetic variability indexes
showed level of genetic variability higher than 0.4 (i.e., 0.45 < HO < 0.60, 0.42 < He < 0.46)
(Table 1). Inbreeding coefficient (FIS) was not significant only considering the four stocks
as one population and for the stock S1 (Table 1). Nonetheless, all values are closed to zero,
showing an acceptable inbreeding level.

Table 1. Genetic variability of the four Huso huso stocks calculated at the 13 microsatellite loci.
Number of individuals analyzed, mean number of alleles (NA), observed heterozygosity (HO),
expected heterozygosity (HE), and estimated fixation indices (FIS) are detailed. Genetic differences
(FST) and statistical significance (upper matrix) between the stocks.

Genetic Variability FST Matrix

Stock N NA Ho He FIS Stock S1 S2 S3 S4

S1 47 3.5 0.45 ± 0.32 0.42 ± 0.26 −0.05 S1 - 0 0.2 0
S2 12 2.6 0.57 ± 0.41 0.45 ± 0.31 −0.22 S2 0.28 - 0 0
S3 9 2.6 0.57 ± 0.39 0.43 ± 0.28 −0.26 S3 0.09 0.21 - 0
S4 14 2.6 0.61 ± 0.32 0.46 ± 0.22 −0.30 S4 0.21 0.25 0.19 -
Tot 82 4.5 0.50 ± 0.26 0.50 ± 0.23 0.00

Bold are significant values p ≥ 0.01.

Calculation of FST revealed significant genetic differences between all stock compar-
isons (Table 2) ranging between 0.09 (S1 vs. S3) and 0.28 (S2 vs. S1). Factorial corre-
spondence analysis (FCA) supported FST results (Figure 2a); the analysis showed a close
genetic proximity between stocks S2 and S4, mainly highlighted on axis 2, whilst a closer
genetic proximity between stocks S1 and S3 is highlighted on both axis 1 and axis 2 and
explained by the 46.7% and 38.6% of the observed variance, respectively. All four stocks
further present internal genetic variability, indeed individuals do not group closely together.
(Figure 2a). These results are partly supported by Bayesian analysis (Figure 2b), which
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suggested K = 2 as the most probable number of genetic pools (∆K = 797.805), grouping in
one pool S1 and S3, and S2 and S4 in the second one.

Table 2. Haplotype distribution and genetic diversity based on D-Loop mtDNA sequence (1023 bp) between the four Huso
huso reintroduction stocks. The number of analyzed specimen (N) and genetic diversity (* haplotype, H, and nucleotide, π)
is indicated.

Stock N Hap1 Hap2 Hap3 Hap4 Hap5 Hap6 Hap7 Hap8 Hap9 Hap10 Hap11 Hap12 Hap13 H ± s.d. π ± s.d.

S1 47 21 3 1 1 1 0.39 ± 0.11 0.0005 ± 0.0002
S2 12 12 0.00 0.00
S3 9 5 1 0.33 ± 0.21 0.0003 ± 0.0002
S4 14 9 1 1 1 1 1 0.60 ± 0.15 0.0011 ± 0.0003

Total 82 21 3 1 1 1 12 14 1 1 1 1 1 1 0.78 ± 0.03 0.0079 ± 0.0007

* GenBank Acc. Num.: MW600964–MW600976.
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3.2. Mitochondrial Control Region Variability

The 1023 bp region of the 3′ end of the mtDNA control region (D-Loop) was aligned
for 59 individuals; 13 haplotypes were identified, of which 5 were unique of stock S1
and 5 unique of S4 stock, Hap6 retrieved only in the S2 stock, and Hap8 only in S3 stock
(Table 2). The only shared haplotype (Hap7) was between S3 and S4 stocks (Table 2). Seven
variable nucleotide positions were detected, of which two were singletons and five were
parsimony-informative sites. Haplotype diversity (H) ranged between 0 (S2 stock) and 0.60
(S4 stock) and nucleotide diversity (π) between 0 (S2 stock) and 0.001 (S4 stock) (Table 2).

The 843 bp cyt b gene was aligned for 14 individuals and 5 haplotypes were identified.
S1 and S2 stocks were represented by a unique haplotype, Huso_1 and Huso_2, respectively.
S3 and S4 stock shared one haplotype, Huso_3, plus a unique haplotype, Huso_4 and
Huso_5, respectively (GenBank Accession Number: MW602945–MW602949).

3.3. Phylogenetic and Phylogeographic Relationship

The phylogenetic analyses on extended cyt b dataset suggested that H. huso sequences
of our stocks fell within H. huso cluster without any internal geographic differentiation
(Figure 3). The topology of the cyt b tree obtained with the Bayesian method was concordant
with the one obtained by the ML method, supported by bootstrap values (Figure 3).
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The gene genealogy inferred on the extended D-Loop dataset (107 sequences, 656
bp) displayed an articulate connection between haplotypes and was mostly represented
by hypothetical missing haplotypes (white dots) (Figure 4). Furthermore, low haplotype
sharing exists among Caspian Sea, Black Sea, and Azov Sea populations, with only one
haplotype shared (Pont2) (Figure 4). It is possible to observe a greater haplotypic affinity
between stock S1 and subspecies H. h. ponticus (Black Sea). S2, S3, and S4 stocks are more
related to H. h. caspicus (Caspian Sea).

Environments 2021, 8, x FOR PEER REVIEW 10 of 15 
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(missing) haplotypes.

4. Discussion

To be successful in terms of biological conservation, the restoration of ecological corri-
dors needs to be coupled with plans of reintroduction and restocking of autochthonous
species and, conversely, with plans of control of exotic species, along with habitat restora-
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tion measures. As river fragmentation is considered one of the major threats for long-way
migrant fishes, huge plans of defragmentation have been carried out in recent years in
many regions worldwide [48–50], with the main goal of promoting the return of species
such as sturgeons and eels in the areas where they have been missed for many years.
Specifically, in Northern Italy, the restoration of the ecological corridor from the Adriatic
Sea to Lake Lugano is the most important case of river defragmentation in Italy [17]. By the
construction of fish passages on Tresa, Ticino, and Po rivers, a 580-km-long migration route,
precluded to the fish since the mid-1950s, was restored in recent years [17], without which
any efforts to reintroduce the extinct beluga sturgeon (H. huso) would have been wasteful.

This study was focused on the necessary preliminary genetic characterization of brood-
stocks then used for the reintroduction of one of the most important species of the study
area from both an ecological and economical viewpoint (H. huso). The four broodstocks
showed a medium–high level of genetic variability, considering they are not wild popula-
tions. Inbreeding coefficients (FIS) resulted close to zero, and the Bayesian analysis also
supported a low potential of inbreeding level among the four broodstocks, suggesting
that these broodstocks originated from two different genetic pools (S1 and S3 vs. S2 and
S4). Therefore, the presence of two possible sub-populations among the broodstocks allo-
cated for captive breeding program, and their low inbreeding coefficients (FIS), sustain the
good potential as future breeders of the selected stocks. Genetic variability showed by the
mtDNA D-Loop indicated a lower level of variability for two stocks (S1 and S2) compared
to wild populations reported in literature (H ≥ 0.98, [7,45]), whilst for S3 stock and all
breeders, the level of genetic variability is comparable. Nucleotide diversity is for all stocks
an order of magnitude lower than that of wild population (0.016 < π < 0.02 [7,45]). There-
fore, the combination of 13 polymorphic nuclear loci with additional mtDNA information
provided a positive outcome, in term of genetic variability, of the broodstocks allocated for
the reintroduction program. Captive breeding programs have been developed to restore a
species from the extinction [51], thus it is pivotal to ensure genetic variability, as limited as it
may be, to try to reduce inbreeding depression and maintain fitness within population [52].
Numerous studies suggested regular rotation of the broodstocks during reintroduction
programs to ensure that genetic diversity is maintained within the population, helping to
reduce the founder effect [53].

The phylogeographic inference highlighted the absence of a clear genetic structure
among the different basins that H. huso populate. This pattern, concordant with previous
inferences on beluga [9,54], as well as for two other sympatric species, such as the Russian,
Acipenser gueldenstaedtii and the sterlet, A. ruthenus sturgeons [7], seems to support a
signature of past reiterated admixture. Indeed, two plausible hypotheses can justify this
absence: (i) the hydrogeography of the basins, thus their connections, might have changed
due to the geological evolution of the area [55], although besides paleogeographic changes,
human-driven translocations, which took place in the Black and Azov Sea [56], need
to be taken into account, or (ii) the first reintroduction programs, acting since the late
1960s without genetic support, might not have considered the geographic origins of the
broodstocks. No current data allowed us to firmly speculate on these two hypotheses [9],
however, the introduction of different beluga sturgeon stocks might increase the chances of
adapting to the new environment. Given the quite long generation time and anadromous
lifecycle of beluga sturgeon, only future studies, no earlier than 10 years, will provide a
testing scenario.

Genetics investigation within reintroduction programs are essential for monitoring
many aspects, such as recruitment, genetic diversity, inbreeding, and population connectiv-
ity [57]. Continuous screening of future broodstocks is vital to keep ensuring genetic diver-
sity and fitness within the reintroduced individuals aiming to establish a self-sustaining
population [9,20,21]. Nonetheless, reintroduced populations need to be long-term moni-
tored to assure the success of the program. H. huso has a long lifecycle and do not spawn
every year, therefore, monitoring the reintroduced population in the following years is
critical to enhancing the reintroduction program. The first release of H. huso individuals



Environments 2021, 8, 25 10 of 13

in the Po River basin was carried out between March 2019 and May 2020. A total of 963
individuals (all pit-tagged) have been released in the Ticino River close to the confluence
with the Po River. The combination of genetic investigation and fish track monitoring will
be important in the next years for monitoring the success of the reintroduction program.
Currently, all released individuals have been intercepted at least once along the Po River,
down to its delta, thanks to monitoring stations along the river course. Three individuals
have been detected in the Adriatic Sea, of which one was alongside the Abruzzo (middle
Italy) coast. This confirms the tendency of this species to migrate to the sea, despite the
captive status of the individuals released. Thus, future monitoring will be useful to detect
how the released individuals migrate back in the Po River system, ultimately for spawning.

Besides the local extinction of H. huso and the adverse effects on other autochthonous
species, during the past decades, the river fragmentation has been associated with the
proliferation of exotic species. Data on fish monitoring collected from 1993 to 2006 in
the Ticino River and in the middle reach of the Po River showed the presence of a high
community richness, but only 27 out of the 50 species recorded were autochthonous [58].
In general, the fish community lacked 10 species, some locally extinct while others critically
endangered or almost extinct in the wild (i.e., besides H. huso, Acipenser sturio L., Petromyzon
marinus L., and Lampetra fluviatilis L.) [51]. Even though the restoration of a 580-km-long
migration route, from the Adriatic Sea up to the Lugano Lake, will have a primary role in
migratory species, all fish communities will be impacted. The efforts in place to monitor
the return of the beluga sturgeon will positively influence the monitoring of the local fish
community as well on both the Po and Ticino rivers.

5. Conclusions

Anthropogenic barriers commonly block or obstruct migration routes of freshwater
fishes, which may strongly affect populations, and even the persistence of a species. This
is the case of the beluga sturgeon, which is a long-way migrant, as well as being the
largest freshwater fish. Given its importance for both biodiversity conservation and the
ecosystem services it provides, huge efforts have been undertaken to ensure the return
of this species in the Po River basin. These efforts include construction of fish passages,
habitat restoration measures, control of exotic species, and a reintroduction plan. Within
this plan, the assessment of the genetic variability of the individuals to be introduced
represents a fundamental action. This study showed how the degree of genetic diversity
found within the four broodstocks used for H. huso reintroduction in the Ticino River
could be suitable to ensure the success of the program, avoiding the inbreeding depression
associated with founder effect and captive breeding. This work needs to be carried on in
order to assure the establishment of a self-sustaining population in a hydrographic network
where H. huso has been missed for at least 60 years.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/environments8040025/s1. Table S1: List of individuals of the four broodstocks used in
this study. Name of the stock, origin of the stock, genetic identification (ID), microchip number,
length and weight of adult individuals, number of microsatellite loci, fragment length of mtDNA
D-Loop and Cyt b are detailed. Table S2: Microsatellite loci used in this study; name of the locus,
primer sequence, repeat motif, annealing temperature, fluorescent probe and reference are listed.
Table S3: References sequences retrieved from GenBank. Species, origin, GenBank accession number
(code), and reference are details for both mitochondrial control region (D-Loop) and Cytochrome b
gene. Table S4: Matrix of the observed allelic dimensions of each analysed locus for each individual.
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