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1. INTRODUCTION AND OBJECTIVES

Crucian carp (Carassius carassius L. 1758) and tench (Tinca tinca L. 1758) are cyprinid fish native
European waters (Brylinska et al., 1999; Copp et al., 2008). They are highly adaptable to a wide
range of temperatures and low oxygen content in the water in both summer and winter. This ability
to survive in anoxic conditions and at high densities in small bodies of water (Sollid, 2005; Kottelat
& Freyhof, 2007) may allow tench and crucian carp to outcompete native species that are more
sensitive to oxygen depletion and hence unable to thrive in such habitats when moved outside their
native ranges. These characteristics make these species ideal candidates for adaptability to a wide
range of environmental conditions. Because of their many advantages for aquaculture and also
because of their taste and popularity among sport anglers (Szczerbowski & Szczerbowski, 2002;
Cirkovi¢ et al., 2012), their production has increased in Europe. Nowadays, the entire economic
value and contribution of these species to the fisheries sector are still limited. Nevertheless,
climatic change may make these species ideal for future Hungarian aquaculture production. The
numbers of these fishes are declining in Europe, and the main reasons for their decline are habitat
loss and anthropogenic factors (Copp, 1991; Sayer et al., 2011; Simic et al., 2013). However,
hybridization with closely related fish species that are not native, has also contributed to the decline
in the number of crucian carp populations (Copp & Sayer, 2020). Well-documented data has
shown that gibel carp (Carassius gibelio Bloch, 1782) competes with native fish and threatens the
reproductive capacity of native crucian carp, causing species displacement (Smartt, 2007; Copp et
al., 2010; Mezhzherin et al., 2012; Wouters et al., 2012). Furthermore, the identification of pure-
bred Carassius carassius and hybrids using external morphological investigation is challenging,
making these threats a concern throughout Europe (Hanfling et al., 2003). This significant
morphological similarity between these species has hampered important insights into their
taxonomic, biogeographic, and introduction histories (Rylkova et al., 2013). However, despite the
fact that these non-native species may cause the decline of native species or even their extinction
(Pysek et al., 2017; Dueiias et al., 2018), species invasion gives us the opportunity to consider the

many different evolutionary processes that occur within species (Fitzpatrick et al., 2010).

According to Faulks et al. (2017) understanding the diversity, genetic structure, and high-quality
habitat selection of endangered species is essential for participating in successful conservation and

management programmes. Species' genetic diversity serves as a springboard for systematic action



planning aimed at preserving the species and reducing the risk of extinction (Souza-Shibatta et al.,
2018). The structure of the population is the result of both current and historical processes.
Therefore, in order to better understand how population diversity and species subdivision are
constructed, it is also important to know their history. Pleistocene glacial cycles, in particular range
shifts during the recolonization of glacial refugia in Europe, influenced the distributions and
genetic diversity of present European species (HEWITT, 1999). Like most freshwater fish species
in Eurasia, crucian carp and tench exhibit distinct phylogeographic subdivisions within their
geographic ranges (Hewitt, 2004). Recent phylogeographic studies have found that the tench is
separated into highly divergent Western and Eastern geographical clades based on analysis of
nuclear and mitochondrial DNA sequence markers (Lajbner & Kotlik, 2011; Luji¢ et al., 2017,
Karaiskou et al., 2020). On the other hand, human-aided transmissions may lead to introgressions
across phylogroups, resulting in phylogeographic patterns that do not reflect natural historical
processes (Lajbner et al., 2011). Likewise, there are two distinct European lineages of Carassius
carassius, one found throughout the Northern, Central-Eastern drainages, the other nearly entirely
limited to the Danubian catchment (Jeffries et al., 2016).

The availability of genome wide molecular markers, either protein or DNA (mitochondrial DNA
or nuclear DNA), has already aided the identification of fish species, resolving taxonomic
ambiguity and phylogenetic relationships and providing a deeper knowledge on their diversity,
population, and genetic structure (Liu & Cordes, 2004; Tanya & Kumar, 2010; Hakim & Ahmad,
2017). Despite the fact that few studies on the population structure, genetic diversity, and
phylogenetic relationships among populations of these species have been conducted,
polymorphism of microsatellite markers (Kohlmann et al., 2010; Presti et al., 2010; Janson et al.,
2015; Al Fatle et al., 2022), mitochondrial DNA (mtDNA) (Apalikova et al., 2011; Lajbner &
Kotlik, 2011; Lo Presti et al., 2014; Knytl et al., 2018; Al Fatle et al., 2022), and a set of SNPs
(Jeffries et al., 2016; Kumar et al., 2019) has been shown to be an excellent tool for detecting

population structure, phylogeny, and biogeographic history in the above two species populations.

In the present study, a combination of microsatellite DNA markers, mtDNA Cytb gene sequences,
mtDNA Cytochrome C Oxidase | (COI) gene sequences, and two nuclear markers (Act) and (RpS7)

were used to meet the following objectives:



> To estimate the population structure and genetic diversity of seven wild populations of
tench in Hungary, as well as eight wild populations and three stocks of crucian carp.
Furthermore, we aimed to investigate the genetic differentiation between wild and cultured
populations of crucian carp. Thus, providing essential knowledge for the development of
successful selective breeding strategies on the one hand and sustainable conservation
strategies on the other. In the case of crucian carp, the extent of hybridization with gibel
carp, Carassius gibelio (Bloch, 1782), is also the focus of our research.

» To provide a systematic phylogeography of the wild tench populations as the basis for
management and conservation efforts and for the purpose of determining population
origins for potential translocations.

» To investigate the genetic divergence and phylogenetic relationship between Carassius
carassius and the closely related Carassius auratus gibelio, and to estimate their taxonomic
status in the genus Carassius using nucleotide sequence difference data from the mtDNA
Cytochrome C Oxidase | (COIl) region. Understanding the taxonomic status of these
species in Hungarian waters can benefit conservation efforts.

» To achieve the stated goals, an ex-situ genetically described live GenBank of the two
species must be established and developed. Identified hybrids should be excluded from

GenBank activities.



2. LITERATURE REVIEW

2.1 Importance of aquaculture (global, Hungary), importance of genetic diversity in

aquaculture

Early aquaculture goes back at least 2000 BC (Rabanal, 1988), and it wasn't until the last half of
the twentieth century that it experienced rapid and systemic global growth (FAO, 2018). Advances
in technology and development, widespread knowledge exchange at the national and international
levels, and the need for sufficient supplies of protein food for human consumption have all
contributed to the growth of aquaculture during this time span (Jones, 1987). Aquaculture is the
fastest-growing food production sector in agriculture, with enormous potential to supply human
protein demands in the future (Yue & Wang, 2017). It is growing, expanding in almost every part
of the globe. Because the world's population is growing, so is the need for aquatic food items.
Capture fisheries production has peaked, and most of the major fishing areas have achieved their
maximum capacity. As a result, sustaining fish supplies from capture fisheries will not be able to
fulfill the expanding worldwide demand for aquatic food, and aquaculture is now seen as a way to
bridge the supply and demand gap in most parts of the globe (Subasinghe et al., 2009). Fisheries
and aquaculture play an important role in providing healthy, low- carb meals to a growing global
population. Alternative meals, such as edible seaweed, are also provided in this sector.
Furthermore, this sector is vital to the lives of about 60 million people throughout the globe (FAO,
2018). Consumption of fish helps maintain a healthy lifestyle. Fish is a good source of several
nutrients, all of which are important for human health, growth and development, cognition, and
disease prevention. It is rich in long-chain omega-3 fatty acids, vital amino acids, vitamins
(especially A, B, and D), and minerals including iron, iodine, calcium, zinc, and selenium. As a
result of its distinct nutritional makeup, fish can be a great source of healthy dietary diversification,
even in small quantities. Reduced risk of chronic diseases including depression or bipolar disorder
and cardiovascular disease, as well as enhanced maternal health during pregnancy and lactation,
enhanced physical and cognitive development throughout early childhood, reduction of health
problems connected with anemia, stunting, and kid blindness are all advantages of fish
consumption (Buscemi et al., 2014; Grosso et al., 2014; Troell et al., 2014; Nestel et al., 2015).
Global apparent food fish consumption has risen at a pace much faster than world population
growth for over 60 years. From 1961 to 2017, global food fish consumption grew at an annual rate

of 3.1%, almost double the rate of annual world population growth (1.6 %) and more than all other
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animal protein foods (meat, dairy, milk, etc.), which increased at a rate of 2.1 percent annually.
Food fish consumption per capita increased by around 1.5 percent per year from 9.0 kg (live weight
equivalent) in 1961 to 20.5 kg in 2018. The global consumption of food fish is expected to increase
by 18% (28 million tonnes live weight equivalent) by 2030 compared to 2018. Fish consumption
accounted for 17% of overall animal protein consumption and 7% of all protein consumption in
2017 (FAO, 2020c). Aquaculture, the farming of aquatic animals and plants, has developed faster
than any other livestock sector in recent decades (Troell et al., 2014). The global production of
fish in 2018 was about 179 million tons, with a total first selling value of 401 billion US dollars,
of which aquaculture production was 82 million tons, with a value of 250 billion US dollars.
(Figure 1).
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Figure 1. Global capture fisheries and aquaculture production (FAO, 2020c).

According to FAQO's most recent global aquaculture statistics, world aquaculture production hit an
all-time peak of 114.5 million tonnes in live weight in 2018. In 2018, world aquaculture
contributed 46.0 percent to global fish production, up from 25.7 percent in 2000 and 29.7 percent
in the rest of the world, excluding China, compared to 12.7 percent in 2000. In the period 2001—
2018, global aquaculture productivity of farmed aquatic animals increased at a rate of 5.3 % per
year on average, compared to just 4% in 2017 and 3.2% in 2018. The recent low growth rate was

triggered by a recession in China, the world's largest producer, which saw aquaculture output rise



by only 2.2 percent in 2017 and 1.6 percent in 2018, although total production from the rest of the
world grew by 6.7 percent and 5.5 percent, respectively in the same two years (FAO, 2020c).
Despite the fact that marine or brackish waters cover more than 70% of our world, the production
of freshwater fish species in the total fish output was higher compared to that for capture fisheries.
Freshwater carps and cyprinids now dominate the aquaculture fish production, accounting for
about 53.1 percent of overall fish output, followed by various freshwater fish species 19.5 percent,
tilapia and other cichlids 11.0 percent, diadromous salmonids 6.5 percent, and coastal fishes 2.8
percent (Tacon, 2020). In 2018, Inland aquaculture, primarily in freshwater, produced the majority
of farmed fish (51.3 million tonnes, or 62.5% of the global total), compared to 57.7% in 2000
(FAO, 2020c). Freshwater aquaculture has a significant ecological impact, as it contributes
significantly to biodiversity and preservation of natural habitats as well as populations of wild
animals, particularly bird populations. The EU has great potential: 68 thousand kilometers of
coastline, 500 thousand natural lakes, and several long rivers: the Danube is 2,860 kilometers long
(1,780 mi), the Tisza is 1,358 kilometers long (844 mi), the Rhine is 1,236 kilometers long (768
mi), and the Vistula is 1,047 kilometers long (651 mi) (Paczay & Péczay, 2018). 96 percent of
Hungary's water comes from abroad. The Danube is Europe's second biggest river, and its second
largest tributary, the Tisza, runs 417 and 597 kilometers through Hungary, respectively (Specziar
& Er6s, 2015). Hungary has long been a traditional producer of freshwater fish in Europe for
decades. The key reason for this is that this nation has favorable hydrographic qualities as well as
a long history of production. Despite the fact that Hungary is a small country, it may provide an
excellent example of pond and intensive fish farming. It has traditional fish species that are in high
demand in the global and EU markets; there are also several innovative technologies and
developments (e.g. using geothermal water in intensive production, the latest feed) (Paczay &
Paczay, 2018). Aside from saltwater aquaculture, there are several freshwater fish species that
production might be significantly increased. Cyprinus carpio is the most common fish species
produced in Hungarian aquaculture, accounting for 81% (15.080 t) of all breeding, while
Hypophthalmichthys molitrix (1502 t) and Ctenopharyngodon idella (734 t) are the most important
supplemental species Sander lucioperca (87 t), Esox lucius (92 t), Silurus glanis (19 t), Tinca tinca
(12 t), Hypophthalmichthys nobilis (16 t), and a few other species (25 t) have modest contributions
(Specziar & Erés, 2015). Although common carp is the main target species in pond aquaculture

in Hungary, most farms also stock non-fed Chinese carp (up to 20% biomass) for improving water



quality and using trophic niches that are not used by common carp, as well as predatory species
(1-3% of stocked biomass) to limit the occurrence of tiny trash fish that compete with common
carp for feed (Gyalog et al., 2017). Hungary is one of the most active participants in the EU 6th
and 7th Framework Program R & D projects, owing to the efforts of the Research Institute for
Fisheries, Aquaculture, and Irrigation (HAKI) (Feledi et al., 2013). HAKI is now also part of
MATE. The department of aquaculture at MATE focuses on the fishing and fish farming sectors,
both of which have a long history in Hungary. This encompasses everything from the basics of
pond fish farming to the most advanced molecular approaches. HAKI is an important participant
in EU projects focused on improving pond fish farming technologies and developing disease-
resistant common carp varieties, including Sustainaqua, Aquamax, and Eurocarp. When Hungary
joined the European Union in 2004, aquaculture became a major focus of international
development assistance (ODA) programmes, mainly in Laos and Vietnam. In 2004, HAKI
established the Network of Aquaculture Centers in Central and Eastern Europe (NACEE), a non-
governmental organization with 28 members from nine Central and Eastern European countries.
HAKI is also a member of the Network of Aquaculture Centers in Asia -Pacific (NACA) and
engages in a number of European projects aimed at fostering international cooperation. The
European Aquaculture Technology and Innovation Platform (EATIiP) has HAKI as a member
(Feledi et al., 2013).

The wide range of climatic and environmental conditions present at sites around the world where
aquaculture is practiced has resulted in a large number and variety of species used in different
types of aquaculture production practices that use freshwater, brackish water, marine water, and
inland saltwater. FAO documented aquaculture output for reporting countries and territories in
2018 under a total of 622 units, which are defined as “species items” for statistical purposes. These
622 species items correspond to 466 individual species, 7 interspecific finfish hybrids, 92 species
groups at the genus level, 32 species groups at the family level, and 25 species groups at the order
level or above. Finfish farming is the most diversified subsector, with 27 species and species
groups accounting for more than 90% of total finfish output in 2018 (FAO, 2020c). According to
Metian et al., 2020, studies show that a country's high species diversity is also correlated with
increased productivity, although there are significant variances across countries. In 2017, Asia

produced nine of the top ten countries rated highest by the Shannon Diversity Index, with China



providing the most varied collection of species. According to (Liao, 2000), the two means of
diversification are the utilization of new cultured species and the introduction of alien species. On
the other hand, the introduction of fish, which results in exotic species, is one of the most serious
threats to the biodiversity of finfish (Moyle & Leidy, 1992). It is well known that the intentional
or unintentional introduction of exotic aquatic species (alien species) may have a deleterious
influence on local biodiversity. It has been reported that the introduction of fish has had negative
effects on biodiversity in many parts of the world (Silva et al., 2009). And, globally, invasive alien
species (IAS) are widely regarded as a major threat to native biodiversity, with the International
Union for Conservation of Nature (IUCN) describing their influence as "immense, insidious, and
often irreversible." (Clout & De Poorter, 2005). Furthermore, since high-impact invaders are more
likely to belong to genera not already existing in the system, the potential influence of alien species
on biodiversity cannot be overlooked (Ricciardi & Atkinson, 2004). Aquaculture relies heavily on
genetic diversity. It enables organisms to grow, adapt to natural and human-caused changes like
climate change, resist diseases and parasites, and continue to develop and adapt to farming
systems. While the variety of farmed species is well understood, there is a scarcity of information
on AQGR at the species level. Several factors are required for long-term growth, but one that is
sometimes underestimated is the requirement to adequately manage aquatic genetic resources
(AgGR). DNA, genes, chromosomes, tissues, gametes, embryos, and other early life-history
stages, as well as individuals, strains, stocks, and communities of organisms with current or
prospective value for food and agriculture, are all included in the AQGR (FAO, 2020c). The genetic
profile of fish stocks is being used by catch fishery management to assist in determining catch,
season, and trade policies (Martinsohn et al., 2011), as well as to prevent illegal fishing. Genetic
information at the species level is employed in trade and consumer protection when fish are
purposely mislabeled in order to avoid trade restrictions or fetch a higher market price. Moreover,
with the rising relevance of aquaculture and the requirement to identify between farmed and wild
fish of the same species, genetic information may aid in the differentiation of farmed and wild fish
of the same species (Martinsohn & Ogden, 2009). DNA is the most fundamental level of
biodiversity, it generates speciation and supports other levels of biodiversity such as functional
features, species, and ecosystems. Trends in genetic diversity may now be analyzed more
effectively, and they're ready to be included in biodiversity monitoring (Walters & Scholes, 2017).



2.2 Aquaculture obstacles and the impact of COVID-19 on its sector

Aquaculture has a variety of obstacles, including a scarcity of genetically improved species, a
scarcity of species-specific feeds, high disease mortality, and ecosystem contamination. The rapid
advancement of sequencing technologies has revolutionized biological sciences, providing the
tools required to address these difficulties in aquaculture and assure its long-term viability and
profitability. Draft genomes have been published for over 24 aquaculture species so far and have
been utilized to solve key aquaculture concerns (Yue & Wang, 2017). Climate change is projected
to have a considerable impact on fisheries as a consequence of changes in the abiotic and biotic
conditions of aquatic habitats, which can influence aquatic species' distributional patterns, growth
and size, catch potential, etc. (Barange, 2018). A combination of these climate factors, such as
cyclones, droughts, and floods, as well as global warming, ocean acidification, rainfall variation,
salinity, and sea level rise, often endangers aquaculture. However, climate change adaptation is
required in order to produce more fish with minimal environmental impact. Integrated aquaculture,
recirculating aquaculture systems (RAS), and expanding seafood farming are some of the
adaptation approaches that might boost aquaculture production, environmental sustainability, and
climate change adaptability. Integrated rice-fish farming, pond-based IAA (Integrated
aquaculture—agriculture), and polyculture may all help to boost fish productivity while reducing
environmental effects. Integrated mangrove-shrimp cultivation combined with mangrove
restoration might boost blue carbon sequestration while also mitigating and adapting to climate
change (Ahmed et al., 2019). Moreover, COVID-19's worldwide spread and the actions taken to
prevent or delay its spread are having an impact on aquaculture; these effects are happening
alongside other anthropogenic-driven threats like global climate change (Sara et al., 2022). Despite
the fact that COVID-19 does not infect aquatic food animals (Bondad-Reantaso et al., 2020), it has
had a profound impact on fisheries and aquaculture food systems. The consequences have varied
according to geography, species, markets, and farm financial capability. Many farmers who have
been unable to sell their catch due to disruptions have had to keep significant amounts of live fish
on hand. Others have failed to fulfill all the required seasonal activities, such as fish breeding.
Aquaculture farms that supply the live-fish market or high-end food services (such as restaurants,
tourism, and hotels) have been badly impacted. Moreover, the disturbance in international
transportation has also had a significant impact on the species being bred for export. Restrictions

on cargo movements, precautionary measures, and border closures have all had an influence on
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the availability of labor and aquaculture inputs (e.g., medications, fingerlings, and feed) required
for production (FAO, 2020a, 2020b). During the pandemic, both artisanal and industrial fishing
activities have declined. Global industrial fishing activity has decreased by roughly 6.5 percent as
of 04/28/2020 compared to prior years as a consequence of COVID-19-related limitations and
closures, according to Global Fishing Watch (Clavelle, 2020). However, early forecasts from a
few enterprises suggest that after the crisis has passed, they may be able to recover (Bondad-
Reantaso et al., 2020). According to FAO, (2020c) aquaculture will continue to be the primary
driver of global fish output increases, continuing a decades-long trend. In 2030, aquaculture output
is expected to reach 109 million tonnes, up 32% (26 million tonnes) from 2018. In terms of species,
freshwater species such as carp and pangas catfish (including Pangasius spp.) will account for 62%
of global aquaculture output in 2030, compared to 60% in 2018. Increased production of high-

value species such as shrimp, salmon, and trout is also expected.

2.3 Introduction of Tench

Tench (Tincatinca L. 1758) is a freshwater fish that is considered one of the native cyprinid species
in Europe and Asia (Brylinska et al., 1999; Kottelat & Freyhof, 2007) (Figure 2). It is now found

on all continents except Antarctica, making it a sub-cosmopolitan species (Presti et al., 2010).

Figure 2. Tinca tinca; Lake Fertd, Hungary.
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Tench, on the other hand, are now abundant in many temperate freshwater regions throughout the
globe as a result of human influence (Lajbner et al., 2011; Lajbner & Kaotlik, 2011; Leathwick et
al., 2016). Recent genetic and phylogeographic analyses have revealed that human-mediated
dispersal played a role in determining the current range of tench in Europe, including its
introduction between the British Isles and the Iberian Peninsula at least as early as the 16th
century (Lajbner et al., 2011). However, in certain countries it is considered as a foreign exotic
species due to competition with the other domestic fish (Stokes et al., 2004; Hesthagen &
Sandlund, 2007; Rowe, 2007; DeVaney et al., 2009; Avlijas et al., 2018; Clavero, 2019).

Tench has great potential for aquaculture (Gela et al., 2006; Celada et al., 2007), and has great
commercial interest (Wang et al., 2006). It contributes significantly to the sustainability of its
ecosystems. As they stir up the muddy bottoms of lakes and streams in their search for food, tench
help reduce eutrophication by avoiding algae blooms and returning minerals and nutrients that
have accumulated on the bottom to the surface (Dulski et al., 2020). This species has traditionally
been farmed in Great Britain and Central Europe, where it is valued as a sport fish (Wright &
Giles, 1991). In European countries, the tench has been utilized as food as well as for leisure
purposes, such as angling or as an ornamental fish, and it was also used as a water quality indicator
for fish assemblages (Billard & Flajshans, 1995). Tench is employed as a model species in studies
of manipulating chromosomes to improve performance characteristics (Buchtova et al., 2003a,
2003b). It is also used to study the biological and physiological differences between populations
in which genomes have been manipulated and those produced through conventional breeding
methods (Svobodova et al., 1998, 2001; Svobodova & Kolarova, 2004). Economically, tench is
farmed in most parts of Europe (Ablak Gurbuz, 2011). The main problem with tench rearing is
their slower growth rate compared to other fish (Kohlmann et al., 2007), and due to a number of
environmental and biological constraints, natural propagation of this species is difficult (Lelek &
Council of Europe, 1987). Tench have been reared almost semi-proportionately as supplemental
fish in pond polyculture alongside other cyprinid species, primarily for export on the European
market (Gela et al., 2006). Traditionally, it was co-cultured with common carp (Cyprinus carpio
Linnaeus, 1758). Recently and after the political shifts that occurred in the former socialist
countries in the 1990s, tench has gained great popularity, due to the growing interest in diversifying
production (Kohlmann et al., 2007). The tench was first domesticated and selectively bred in the

former Czechoslovakia, and in addition to the original five breeds, other breeds were introduced
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from Hungary, France and Romania (Svobodova & Kolarova, 2004). It has been intensively
domesticated in recent years, similar to how common carp were centuries ago (Dulski et al., 2020).
Although it is one of the most widespread and least concerned species by the IUCN, tench is facing
significant population decline in Hungarian waters and it is quite possible that tench may be an
endangered species not only in Hungary but throughout Europe. The exact reason of the decline is
not clearly understood. Italy (Pompei et al., 2012), Poland (Wotos et al., 2009) and the Balkans
(Simic et al., 2013) have also shown declines of this species. However, the reasons for these
declines may include invasion of the alien fish species, degradation of spawning areas and loss of
habitat, eutrophication and other anthropogenic factors (Luji¢ et al., 2017). In the Italian red list,
tench is mainly listed as “near threatened” (Zerunian, 2007; Pompei et al., 2012). The tench is also
considered easily vulnerable to disease similar to those reported in the common carp. Losses of
tench due to bacterial, viral, and fungal diseases have been reported during long-term conservation
in ponds along with deaths resulting from alterations in environmental quality (Svobodova &
Kolarova, 2004; P¢kala-Safinska, 2018).

2.3.1 Description of the species (taxonomic status, distinctive taxonomic features, genetics
and reproductive biology, distribution and habitat, history of introduction and

invasion)

Single species of genus belong to the kingdom Animalia, phylum Chordata, subphylum
Vertebrata, superclass Osteichthyes, class Actinopterygii, subclass Neopterygii, infraclass
Teleostei, superorder Ostariophysi, order Cypriniformes, superfamily Cyprinoidea, and family
Cyprinidae. The subfamily Tinciane only consists of Tinca tinca and the relationships of this
species are not so clear and explicit (Kottelat & Freyhof, 2007). Tench has a number of unique
characteristics that distinguish it from other members of the Cyprinidae family and have helped it
become a popular experimental model (Flajshans et al., 2010). An unmistakable body color,
usually green to brown-green, with golden, blue, albinotic phenotypes also prevalent (Kvasnicka
et al., 1998) and one pair of the maxillary barbells. There are 96-115 total lateral line scales, small
and deeply embedded in the dermis (Kottelat & Freyhof, 2007) with visible sexual dimorphism in
ventral fins (Kocour et al., 2010). 6 - 9.5 branched anal rays and 8 - 9.5 branched dorsal rays
(Kottelat & Freyhof, 2007). The head is triangular with orange —red eyes. The mouth is a terminal,

with thick lips and a pair of sophisticated barbells present in each corner of the mouth. The snout
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is long and rounded (Spillman, 1961). Fish length and weight ranged from 10.9 cm to 41.5 cm and
24.0 g to 1127.2 g, respectively, at the age of 1 to 9 (KILIC & BECER, 2013). Female tench
average 39.4 cm and 955¢ at 7 years of age in rich alkaline waters, while female tench of the same
age in less productive waters may only average 27.5cm and 310g. Males grow at a slower rate than
females after their first two years of life (Kennedy & Fitzmaurice, 1970). It is common for males
to reach sexual maturity at the age of three and females at the age of four, when they are about
19.6 cm and 22 cm in length, respectively. Fecundity was associated with gonad weight, length,
weight, and age of fish, where older and larger fish showed a higher fecundity (Gurbuz, 2011).
They live up to 20 years. The females outlive the males by about a year more. The pelvic rays of
females are strong, while those of males are much stronger and longer, extending beyond the anus
(Vainikka et al., 2005; Kottelat & Freyhof, 2007). Tench belongs to the Cyprinidae family that
spawns in May - October, generally in June and July in Central Europe, and grows at water
temperatures from 20 to 29 ° C (Linhart et al., 2006; Kottelat & Freyhof, 2007; Ablak Gurbuz,
2011; Wolnicki et al., 2017). Females may spawn up to nine times a year, about every 11 to 15
days if the weather remains warm enough. However, when the temperature changes a lot, it causes
a lot of embryonic mortality. They spawn amongst dense vegetation in still water. Eggs are
released in several areas of the vegetation (Kottelat & Freyhof, 2007). The larvae and the juveniles
live in dense vegetation and are highly tolerant of low oxygen levels, salt concentrations up to
12%. They usually feed on detritus (animal and plant) (Kottelat and Freyhof, 2007). Tench are
omnivores (Gray & Dauble, 2001) that feed on a diverse diet, mainly macrophytes and algae (Alas
etal., 2010). It is a diploid species (2n = 48) according to genetic research (Arslan & Taki, 2012),
which is beneficial for certain genetic investigations compared to numerous polyploid cyprinid
species (Leggatt & Iwama, 2003). This species is typically found in shallow and densely vegetated
lakes and backwaters. During the winter, it is often buried in mud (Kottelat & Freyhof, 2007).

Tench can be found in all major freshwater systems in Europe, but it is absent in Ireland. It stretches
from the British Isles and the Iberian Peninsula in the west to Central Siberia in the east (Figure 3)
(Lajbner et al., 2011). It has also recently been introduced into the eastern Adriatic basin, western
and southern Greece, and northern Scandinavia. Native to Asia, eastward to the western Yenisei
drainage south of 60°N. It has also been introduced to South and North Africa, as well as Tasmania,
Australia, New Zealand, and India, as well as North America, Chile, and perhaps other parts of the
world (Kottelat & Freyhof, 2007). In 1877, tench was first introduced from Europe to the USA.
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By 1896, their progeny had spread to at least 36 states, and they were subsequently brought to
North America and Canada, both of which were introduced from Germany (Lajbner et al., 2011).
Although it has been introduced to water systems in central and western Turkey (Innal & Erk’akan,
2006), tench is most likely native to certain Black Sea river drainages in Turkey (Brylinska et al.,
1999). However, since it has been cultivated for so long in Europe, pinpointing its exact native
range might be difficult in certain regions. It could be native or introduced, although there isn't

much evidence to support either view (Lajbner et al., 2011).
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Figure 3. Tench's distribution range includes both native (olive) and non-native (violet) species. Orange highlights
large regions where the origin is ambiguous. The main freshwater glacial refugia in Europe are shown here, including
the Western/Atlantic (R1), Danubian (R2), and Ponto-Caspian (R3) regions (Lajbner et al., 2011).

As a consequence of recurrent isolation in glacial refugia during the Pleistocene, most freshwater
fish species in Eurasia exhibit phylogeographic subdivisions of their geographic ranges (Hewitt,
2004). Recent phylogeographic research on the tench indicated that the species’ Eurasian
distribution is split into two highly divergent Western and Eastern phylogroups based on
phylogenetic analyses of nuclear and mitochondrial DNA sequence markers (Lajbner et al., 2007,
2010). This divergence most likely occurred during the Pleistocene Ice Age, when two distinct
refugia, the Ponto-Caspian refugium and the Western European refugium, evolved independently
(Hewitt, 2004). Various intron-primed crossing-over (EPIC) and mitochondrial DNA (mtDNA)
gene markers have recently been used to differentiate the newly discovered Western and Eastern
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phylogroups of this species that are morphologically indistinguishable (Lajbner & Kotlik, 2011;
Luji¢ et al., 2017). A Western phylogroup (clade W) found in Europe from the British Isles to
Poland, while an Eastern phylogroup (clade E) found from Europe throughout Asia to China
(Lajbner & Kaotlik, 2011). Although Lajbner et al. (2010) indicated that the two phylogroups may
represent distinct species, the authors demonstrated that tench from both phylogroups may readily
interbreed in wild populations. They also found that, in Central and Western Europe, a wide zone
of overlap persists, indicating a post-glacial connection with the occurrence of hybridization.
However, human introductions of tench for aquaculture activities, on the other hand, may cause
introgressions between these phylogroups, resulting in phylogeographic patterns that do not
represent natural historical processes (Lajbner et al., 2011).

2.4 Introduction of Crucian carp

Crucian carp Carassius carassius (L. 1758) is a cyprinid fish species native to European waters. It
is a freshwater fish that may be found in marshes, ponds, small well-vegetated lakes, and oxbows
of lowland rivers (Figure 4). Its native range extends across most of northern and central Europe,
from the freshwaters of the North Sea and Baltic Sea basins to the Alps and the Danube basin, and
then east to Siberia (Lelek & Council of Europe, 1987; Kottelat & Freyhof, 2007). Due to its ability

to tolerate anoxic conditions and thrive at high stocking densities, Carassius carassius has been

maintained in ponds and small lakes (Szczerbowski & Szczerbowski, 2002).

Figure 4. Carassius carassius; Lake Fert, Hungary.
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The populations of this species in Europe are rapidly declining. This is mostly because of habitat
loss caused by drought, draining of wetland pools and ponds (Copp, 1991; Wheeler, 2000; Sayer
etal., 2011), poor water quality in the Danube watershed (Navodaru et al., 2002), and the invasion
of other closely related fish species that are not-native to their original habitat, such as gibel carp
(Carassius gibelio Bloch, 1782) (Lelek & Council of Europe, 1987; Copp et al., 2010; Mezhzherin
et al., 2012; Wouters et al., 2012; Copp & Sayer, 2020) which has been regarded as one of the
most successful invaders of native fish communities (Kirankaya, 2013; Ribeiro et al., 2015; van
der Veer & Nentwig, 2015; FLORESCU et al., 2018). This phenomenon endangers the genetic
integrity of Carassius carassius throughout Europe, as well as posing a big challenge in
recognizing and differentiating pure-bred crucian carp from hybrids based on external
morphological characteristics (H&nfling et al., 2005). Silver crucian carp Carassius auratus
gibelio, on the other hand, was brought to Hungary in 1954 by a pisciculturist from Bulgaria (300
individuals) with the main goal of re-filling an empty ecological niche alongside the common carp
(Toth et al., 2005). Additionally, small population size may exacerbate the genetic isolation and

bottlenecks of Carassius carassius (Hanfling et al., 2005).

Crucian carp is also a popular culinary item. However, its popularity has faded in Sweden and
other Western European nations, yet it remains a delicacy in Eastern Europe (Janson et al., 2015).
Studies on crucian carp are limited to growth, age and length of maturity, reproduction, egg size
and fecundity (Copp et al., 2008; Tarkan et al., 2009, 2011). The conservation of crucian carp is a
crucial matter right now (Sayer et al., 2011, 2020; Copp & Sayer, 2020) since there has been a
recent reduction in the size and quantity of populations, resulting in a drop in the local populations
(Copp et al., 2010; Savini et al., 2010; Rylkova et al., 2013). The extinction of the crucian carp is
becoming more widely recognized, and it is a red-listed species in several European countries,
including the Czech Republic (Lusk et al., 2004), Austria (Wolfram & Mikschi, 2007), Serbia
(Simic et al., 2009), and Croatia (Mrakov¢ic et al., 2007). However, there are few conservation
practices in Europe, most notably in Norfolk, Eastern Europe (Copp & Sayer, 2010; Sayer et al.,
2011, 2020).
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2.4.1 Description of the species (taxonomic status, distinctive taxonomic features, genetics
and reproductive biology, distribution and habitat, history of introduction and

invasion)

Four species of the genus Carassius can be found in Europe, each with its own unique
characteristics. The crucian carp Carassius carassius (L. 1758) is native to Europe, whereas the
introduced exotic species include; goldfish Carassius auratus auratus (Linnaeus, 1758), gibel carp
Carassius auratus gibelio (Bloch 1782), and Carassius auratus langsdorfii (Kalous et al., 2007;
Kottelat & Freyhof, 2007; Vetesnik et al., 2007; Lorenzoni et al., 2010; Savini et al., 2010).

The crucian carp is one of the four species found in the genus Carassius, belonging to the kingdom
of Animalia, phylum Chordata, subphylum Vertebrata, superclass Osteichthyes, class
Actinopterygii, subclass Neopterygii, infraclass Teleostei, superorder Ostariophysi, order
Cypriniformes, superfamily Cyprinoidea, and family Cyprinidae. Carassius carassius is the only
species that can be readily distinguished morphologically (Kottelat & Freyhof, 2007), and
Carassius auratus complex refers to the remaining species that differ slightly in terms of
morphological features (Rylkova et al., 2013).

Crucian carp typically range in length from 20 to 45 cm, with a maximum of 50 cm (Maitland,
2004). It is distinguished by a body that is quite deep and compressed on the lateral sides, with an
olive grey color on the back, grading to brassy green on the sides, and a dull brown color on the
body. There are about 23 to 33 gill rakers and about 31 to 36 total lateral scales. The dorsal convex
has a free edge. The peritoneum is whitish with a simple anal design, weakly serrated dorsal rays,
and roughly 6,5 branched anal rays (Maitland, 2004; Kottelat & Freyhof, 2007). However, the fish
can show phenotypic plasticity under variable environmental conditions (Robinson & Parsons,
2011). A variety of different-looking fish with different physiological features have been found in
the crucian carp's natural habitat, which varies from small ponds with harsh abiotic environments
to large lakes with many predatory species (Holopainen et al., 1997). In lakes, crucian carp may
take on a number of body morphologies, including being deeper and more streamlined, having a
smaller head size, as well as a wider color range (Poléo et al., 1995). According to Bronmark &
Miner (1992), populations of Carassius carassius in northern Europe exposed to the northern pike
fish (Esox lucius), a large ambush predator of the littoral habitat, developed a deeper body shape

as a consequence of protective phenotypic variation.

17



Carassius carassius has 2n = 100 chromosomes (Knytl et al., 2013), whereas triploid individuals
have chromosome numbers (3n = 150) ranging from 141 to 166 (Knytl et al., 2018). The longevity
of this species is about 10 years (Tarkan et al., 2009). Carassius carassius spawns in batches.
Typically, spawning occurs when the water temperature reaches 17-20°C. The reproductive period
of a batch spawning species may last between 30 and 60 days. Reproductive period length and the
number of batches produced each season are determined by water temperatures in the spring and
early summer (Aho & Holopainen, 2000). The average age at maturity is 3.5 years for females and
3.3 years for males. Maturity onset begins at about 88 mm in males and in females at 98 mm or
more. Crucian carp may reach maturity without spawning for a year or more (Copp et al., 2008).
In England, the age range of the youngest mature crucian carp females and males was about age
+1 with the mean age range of around 1.5 years (Tarkan et al., 2009). Males begin their
reproductive period at 3 years of age, while females begin at 4 years of age in Central and Eastern
Europe and about 2 years in Southern Europe. During the season, the females spawn three to five
times. The eggs are sticky and are found attached to the water plants (Kottelat & Freyhof, 2007).
It is an omnivore fish (Olsén & Lundh, 2016) that feeds on plankton, benthic invertebrates, plant
materials, and detritus during the day and often at night. Crucian carp individuals, on the other
hand, don't seem to be good competitors. Even though ichthyo and predatory species-rich waters
don't support the presence of crucian carp, they may be found in abundance where they don't have
much competition (Kottelat & Freyhof, 2007).

The crucian carp (Carassius carassius) is a freshwater fish that inhabits many Asian and European
nations' lakes, rivers, and reservoirs. The fish is mostly found in densely vegetated lakes, small
shallow oxbows of lowland rivers, and channels. This species is characterized by its extreme
resistance to a wide range of temperatures (up to 35 ° (Holopainen et al.,1997; Sollid, 2005)), and
very low oxygen levels in the water in both summer and winter (Szczerbowski & Szczerbowski,
2002; Kottelat & Freyhof, 2007; Janson et al., 2015). To survive in completely frozen ponds or
environments that are almost completely dry, it may bury itself in the mud (Kottelat & Freyhof,
2007). North European crucian carp commonly live in small ponds that are hypoxic and
subsequently anoxic for many months each winter because of ice cover (Holopainen et al., 1986).
Thus, It is the only species of fish in this habitat that can survive in conditions of extreme hypoxia
and anoxia (Sollid, 2003).
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Carassius carassius (L. 1758) has a long and distinguished history. Subfossil bone fragments
discovered at a prehistoric coastal site in present-day Estonia suggest that the crucian carp has been
present in the Baltic Sea area for at least 3000 years (Wouters et al., 2012). It is distributed in
Eurasia in the following basins: the North, Baltic, White, Barents, Black, and Caspian Sea basins;
the Aegean Sea basin only in the Maritza drainage; eastward to the Kolyma drainage (Siberia);
and westward to the Rhine and eastern drainages of England. Absent from the North Sea basin in
Sweden and Norway, north to approximately 66°N in the Baltic basin. Even though it has been
widely spread in Italy and France, it may often be confused with Carassius gibelio (Kottelat &
Freyhof, 2007). In Sweden, the crucian carp is regarded as a native species (Kullander & Delling,
2012; Wouters et al., 2012). It is also a British native, as evidenced by zoogeographical and
archaeological findings (Wheeler, 2000; Copp et al., 2005). In England, perhaps the first in Europe,
evidence-based conservation programs were put in place to help protect this species and its habitat
as part of a larger European plan. This country provides an ideal environment for the growth and
reproduction of crucian carp. Also, the crucian carp is a species that is a priority for biodiversity
action in the county of Norfolk (Copp & Sayer, 2020). The crucian carp has a long history of
translocations across Europe, with no evidence of adverse effects in the receiving waters. It has
been translocated for fishing amenity throughout its native range, including Slovenia (Povz et al.,
1990) and the UK (Sayer et al., 2011). Although Crivelli, 1995 presented some information for the
Mediterranean area, there is very little data on the introduction of crucian carp outside of its native
range. Since there is relatively little evidence known about the negative effects of Carassius
carassius, it has not been classified as an invasive species. However, other cyprinids, such as
Carassius auratus (goldfish), Carassius gibelio (gibel carp) and Cyprinus carpio (common carp),
are often confused with crucian carp (Hanfling et al., 2005; Innal, 2011). Morphometric testing
methodologies commonly misidentify brown goldfish as crucian carps (Wheeler, 2000; Hickley
& Chare, 2004). So, molecular genetic methods were developed to detect pure-bred crucian carp
from its hybrids and backcrosses of at least the first two generations (Hanfling et al., 2003;
Haénfling et al., 2005; Papousek et al., 2008).

2.4.2 Hybridization with gibel carp (Carassius gibelio (Bloch, 1782))

As a phenomenon, hybridization is considered as the exchange of alleles among closely related

groups of species (Baack & Rieseberg, 2007). It is more abundant in fishes than in other vertebrate
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groups (Scribner et al., 2000). Hybridization has long been regarded as a critical step in the
evolution of species (Payseur & Knyt, 2016), since it often leads to incomplete reproductive
isolation. This is particularly true for species that rely on external fertilization and have spawning
habitats that overlap spatially or temporally, such as fish (Knytl et al., 2018). Interspecific
hybridization is a frequent occurrence in freshwater fishes. It is found in a wide range of fish
species, regardless of taxonomy (Scribner et al., 2000). The anthropogenic activities linked to the
breakdown of species isolating mechanisms, along with the introduction of closely related species,
result in a high number of inter-specific hybrids. Other factors, such as aquaculture activities and
habitat loss or alteration, may also influence the occurrence of hybridization (Scribner et al., 2000).
The worldwide number of non-native fish species in freshwater environments is rising (Herborg
et al., 2007; Mandrak & Cudmore, 2010; Gubiani et al., 2018). The introduction of these non-
native species has been cited as one of the primary causes of aquatic fauna decline throughout the
world (Cambray, 2003; Helfman, 2007; Toussaint et al., 2018). Thus, hybridization between native
and non-native taxa is an indication of significant biodiversity loss (Savini et al., 2010; Toussaint
et al., 2016) and can produce vigorous hybrids capable of outrunning the native species (Facon et
al., 2005). The Cyprinidae family has the most hybridization of any freshwater fish group (Scribner
et al., 2000; Higgins et al., 2015). Hybridization between closely related species is well- known to
occur in this family (Kottelat & Freyhof, 2007; Hayden et al., 2010; Haynes et al., 2012; Higgins
etal., 2015). Furthermore, hybridization and unisexual reproduction are associated with polyploidy
(Schultz, 1969). Cyprinidae is the fish family with the most polyploid fish species (Leggatt &
Iwama, 2003; Yang et al., 2015). However, polyploids in Cyprinidae may contribute to their
diversification and adaptability to environmental changes (Li & Guo, 2020). Hybridization and
subsequent introgression with three non-native species, gibel carp Carassius auratus gibelio
(Bloch), goldfish Carassius auratus auratus (L.), and common carp Cyprinus carpio (L.), are two
of the most commonly stated reasons for the decline of the Carassius Carassius (Hanfling et al.,
2005; Smartt, 2007; Papousek et al., 2008; Copp et al., 2010; Sayer et al., 2011; Mezhzherin et al.,
2012; Woulters et al., 2012; Rylkova et al., 2013). All of them are among Europe's top 25 non-
native freshwater fish, and all of them have been introduced or are already invasive over most of
Carassius carassius' native range (Savini et al., 2010). This hybridization threatens to displace the
Carassius carassius genome with a hybrid genome, which could compromise the survival of this

species (Spoz et al., 2014). Using genetic marker analyzes, many examples of hybridization
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between Carassius carassius, Carassius gibelio and Carassius auratus have been identified in
many countries, such as the Czech Republic (Papousek et al., 2008), Sweden (Wouters et al.,
2012), and Ukraine (Mezhzherin et al., 2012). These hybrids were diploid, triploid, and tetraploid
in nature. Carassius carassius and Carassius gibelio hybrids are typically tetraploid, while hybrids
between Carassius carassius and Carassius auratus are either diploid or triploid (Mezhzherin et
al., 2012). According to Hanfling et al. (2005); and Smartt (2007), when there is hybridisation,
there is also a chance of introgression, which impacts the genetic pool of Carassius carassius.

Carassius gibelio (Bloch, 1782) is considered one of the most successful invasive species in
aquatic habitats, having been discovered throughout Europe with the exception of Scandinavia
(Copp et al., 2009; Luskova et al., 2010; Yerli et al., 2014). By inducing quantitative changes in
community structure and altering the physical and chemical properties of the habitat (Tarkan et
al., 2012), Carassius gibelio has the potential to harm the native ichthyofauna and degrade the
water quality. Moreover, the method of reproduction of Carassius gibelio is a key biological
feature that contributes to its invasiveness (Baskurt et al., 2020). Triploid silver crucian carp can
use diploid relatives' sperm to induce gynogenesis, according to research published (Yigui &
Shixin, 1993; Teng et al., 1999). Due to the morphological similarities between Carassius gibelio
and the native crucian carp, this species is often misidentified as the native crucian carp, Carassius
carassius (L. 1758) (Vetemaa et al., 2005). Until the Flemish government outlawed both species
in the 1990s, many legal stockings on Flemish public waterways were made from Prussian carp
rather than crucian carp due to this misunderstanding. Then, in 2000, native crucian carp of known
provenance were reintroduced to the stocking program (Verreycken et al., 2007). In the Amur
basin, silver crucian carp and crucian carp share the same water, making phenotypic distinction
almost impossible. It is possible to identify them by using their chromosomal numbers and
reproductive styles (Zheng et al., 2010). In UK waters, there are also numerous populations of fish
that look like both crucian and gibel carp, and conventional morphometric analysis has failed to

determine their origins (Hanfling et al., 2003).

Prokes & Barus, 1996 reported hybridization between Carassius carassius and Carassius gibelio.
Molecular (Papousek et al., 2008; Wouters et al., 2012) and cytogenetic methods (Knytl et al.,
2013, 2018) were subsequently used to validate this kind of hybridization. Using mitochondrial

and microsatellite analyses, Papousek et al. (2008) revealed the presence of hybrids between
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Carassius gibelio and Carassius carassius in the Czech Republic. Similarly, Wouters et al. (2012)
used both mitochondrial DNA sequence and nuclear microsatellite analysis to report the presence
of such hybrids in the Western (Swedish) Baltic Sea region. Papousek et al. (2008) also stated that
the crucian carp had a green body with a yellow abdomen tinged with gold. The Carassius auratus
gibelio had a dark green back and silvery sides. While the color of the hybrids' bodies was similar
to that of Carassius auratus gibelio, with a touch of dark grey and black on the head, torso, and
fins. The upper line of the dorsal fin in Carassius carassius was convex and the upper edge was
rounded, while the upper line of the dorsal fin in Carassius auratus gibelio was ventrally somewhat
concave. The hybrid individuals' dorsal fins included characteristics from both parental species.
The cranial half of the dorsal fin was convex, similar to that of Carassius carassius, but the caudal
half was somewhat concave, similar to that of Carassius auratus gibelio. Carassius carassius had
a light, unpigmented peritoneum, while Carassius auratus gibelio had a black peritoneum with a
pearly shine. The hybrids' peritoneal colors varied, with some having deeper colors and others
having lighter ones. In diploid Carassius auratus gibelio, the average number of gill rakers was
48.3, in Carassius carassius 28.6, and in hybrids 39.4. The authors indicated that when other
meristic features are compared without gill rakers, Carassius auratus gibelio can be told apart
from both Carassius carassius and hybrids, but Carassius carassius and hybrids can't be told apart

using the same criteria.

Furthermore, phylogenetic analysis of a crucian carp population from Helsinki, Finland (Knytl et
al., 2018) showed that the nuclear genome of a triploid Carassius female (3n = 156) that had an
obvious external appearance similar to that of the European crucian carp (Carassius carassius)
contained three haplotype sets; two Carassius gibelio and one Carassius carassius. However, its
mitochondrial DNA matched that of Carassius gibelio, proving its hybrid origin. According to
Sun et al. (2009), silver crucian carp originated from normal crucian carp, which suggests that
genetic material has been exchanged between triploid and diploid crucian carp on a regular basis.
Zheng et al. (2010) showed that triploid and diploid crucian carp have comparable allelic sizes and
distributions, confirming their close connection. Moreover, hybrids of these species were detected
in natural lakes in Kazakhstan by (Goryunova & Skakun, 2002), and tetraploid hybrids of
Carassius gibelio and Carassius carassius were also reported in Ukraine by (Mezhzherin et al.,
2012). Thus, genetic studies are required to distinguish pure Carassius carassius individuals from

other Carassius hybrids, especially when external morphological characteristics are similar.
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2.5 Molecular markers and their applications in fisheries and aquaculture

Every living organism undergoes mutations that occur in their bodies due to cellular processes or
interactions with the environment, which lead to genetic variation (polymorphism). This genetic
variation increases the adoption rate, i.e., potential of the organism to survive under environmental
changes. Along with other natural forces of evolution such as selection and genetic drift, variation
between individuals leads to genetic differentiation in populations, species, and higher taxonomic
levels (Tanya & Kumar, 2010; Askari et al., 2013). To be useful to geneticists, this variance must
be (1) heritable and (2) discernible to the researcher, whether as a recognizable phenotypic
variation or as a genetic mutation distinguishable via molecular techniques (Liu & Cordes, 2004).
When the genomes of individuals within a population are compared to the species' reference
genome sequence, many general types of genetic variants can be discovered: a deletion caused by
the loss of one or more bases; an insertion caused by the gain of one or more bases; base
substitution at different sites, often known as single nucleotide polymorphisms (SNPs); inversion
of a DNA segment in its direction within a locus; rearrangements of multiple DNA segments
within a small and larger scope of the genome; In addition to the copy number variant (CNV) due
to insertion, deletion, and replication or multiplication of a DNA segments (Liu, 2011). Many
distinct instances of each form of mutation could occur in any given species as a result of long
evolutionary accumulation, and the number and degree of the multiple forms of mutations
determine the genetic variance within a species. These mutations can be detected using DNA
marker technologies (Liu & Cordes, 2004). The following chapters provide an overview of DNA

marker technologies and their applications in aquaculture.
2.5.1 Types of molecular markers and their concepts

Aquaculture genetics makes extensive use of a number of marker types. It has been common
practice in aquaculture genetics research to use allozyme and mtDNA markers. Recent marker
types that are being used in this field also include restriction fragment length polymorphism
(RFLP), randomly amplified polymorphic DNA (RAPD), amplified fragment length
polymorphism (AFLP), microsatellite, single nucleotide polymorphism (SNP), and expressed
sequence tag (EST) (Liu & Cordes, 2004). There are two types of molecular markers: type | and
type Il. The type | markers are associated with gene function, while the type Il markers are
associated with anonymous genomic regions (Liu & Cordes, 2004; Askari et al., 2013) Tablel.
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However, researchers must decide what sort of marker is ideal for answering their scientific
questions and the species they're studying. Most RFLP markers are classified as type | markers
according to known classification criteria since they were identified during the analysis of known
genes. Allozyme markers are also type | markers because they encode functional proteins. AFLP
and RAPD markers are type Il markers since they are amplified from unknown regions of the
genome using polymerase chain reaction (PCR). Microsatellite markers are also type 1l markers
unless they are associated with genes of known function. EST markers are type | markers since
they reflect gene transcripts, unless they are developed from expressed sequences. SNP markers
are predominantly type Il markers (Liu & Cordes, 2004; Tanya & Kumar, 2010; Askari et al.,
2013).

In aquaculture, molecular markers are used for a variety of purposes, including genetic
identification and discrimination of hatchery stocks; detecting inbreeding events; marker - aided
selection for selective breeding trials; and evaluating the impact of polyploidy induction and
gynogenesis. Moreover, molecular markers can be used to detect genetic diversity between and
within populations. They can also be used to find out what role potential parents play in mass
spawning events. Another important field where molecular markers can be successfully utilized is
disease detection (Sukumaran, 2018; Sukumaran & Gopalakrishnan, 2019). In addition to being
used as markers in studies of populations, type | markers are often useful in studies of genetic
linkage and QTL mapping. They are also useful in studies of comparative genomics and genome
evolution. Type Il markers are also great for making comparisons between different species,
although the comparisons are limited to closely related species. This type of marker has also been
shown to be useful in aquaculture genetics for species, strain, and hybrid detection, breeding
studies, and more recently as QTL-related markers (Liu & Cordes, 2004).
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Table 1. DNA marker types, their characteristics, and possible applications (Liu & Cordes, 2004)

Marker type Acronym Requires Mode of Type Locus under Likely Polymorphism  Major applications
or alias prior inheritance investigation allele or power
molecular numbers
information?
Allozyme Yes Mendelian, Type | Single 2-6 Low Linkage mapping,
inheritance population studies
Mitochondrial mtDNA No Maternal _ Multiple Maternal lineage
DNA codominant haplotypes
Restriction RFLP Yes Mendelian,  Type | or Single 2 Low Linkage mapping
fragment length codominant type Il
polymorphism
Random amplified RAPD, No Mendelian, Type Il Multiple 2 Intermediate Fingerprinting for
polymorphic DNA  AP-PCR dominant population studies,
hybrid
identification
Amplified fragment AFLP No Mendelian, Type Il Multiple 2 High Linkage mapping,
length dominant population studies
polymorphism
Microsatellites SSR Yes Mendelian, Mostly Single Multiple High Linkage mapping,
codominant Type Il population studies,
paternity analysis
Expressed sequence EST Yes Mendelian, Type | Single 2 Low Linkage mapping,
tags codominant physical mapping,
comparative
mapping
Single nucleotide SNP Yes Mendelian,  Type | or Single 2, but up High Linkage mapping,
polymorphism codominant type Il to4 population studies?
Insertions/deletions Indels Yes Mendelian,  Type | or Single 2 Low Linkage mapping
codominant type Il

2.5.1.1 Allozyme markers

Allozymes are allelic variations of proteins generated by a single gene locus, as they include

polymorphism and represent gene protein products, making them type | markers (Liu & Cordes,

2004). Fishery geneticists have relied on starch gel electrophoresis of allozymes since the 1960s

(Allendorf et al., 1987; Hillis et al., 1996). Analysis of allozyme loci remained one of the most

common methods for studying population genetics and stock structure issues in fishes (Suneetha,

2000) until the begining of 2000s. It is an easy and rapid approach, inexpensive in nature and
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studies variation without extensive morphological and quantitative surveys (Menezes et al., 1993).
Variations in the presence or absence and relative frequencies of alleles are used to detect genetic
diversity amongst species, populations and higher taxonomic classifications. Although their
potency as codominant type | markers has been acknowledged, their use in aquaculture genetics
has been restricted (Liu & Cordes, 2004). Allozymes have a number of drawbacks, including
occasional heterozygote deficiencies caused by null alleles and sensitivity to the quantity and
quality of tissue samples, as well as their association with low polymorphisms and low abundance.
Some DNA sequence changes are also concealed at the protein level, which reduces the degree of
variation that may be detected (Okumus & Ciftci, 2003; Liu & Cordes, 2004). Despite the fact that
allozyme analysis is restricted, it was employed in fisheries, particularly in fish systematics
(Sodsuk & McAndrew, 1991; Van Der Bank, 1994; Kassler et al., 2002) and phylogenetic analysis
(Unmack et al., 2017), phylogeographic analysis (Hammer et al., 2010; Chaturvedi et al., 2011),
genetic diversity and species identification (Irnazarow, 1995; P. Ivanova et al., 2017). Allozymes
have also been used in population genetic studies and genetic structure (Bechev, 2015; Morgan et
al., 2019), stock identification (DeCovich et al., 2012), and conservation genetics (Ferguson et al.,
1995). The use of allozyme loci in linkage mapping has been shown in studies of salmonids
(Gharbi et al., 2006) and poeciliids (Morizot et al., 1991) , but the limited number of allozyme loci

available prevents them from being used in large-scale genome mapping (Liu & Cordes, 2004).
2.5.1.2 Restriction fragment length polymorphism (RFLP)

RFLP markers were widely viewed as the first shot in the genome revolution (Dodgson et al.,
1997), representing the beginning of a new era in biology. The discovery and application of
restriction enzymes in 1973, as well as the introduction of DNA hybridization techniques in 1975,
laid the groundwork for the development of the first type of DNA markers, RFLPs. Restriction
endonucleases cleave DNA wherever they come across their recognition sequences. A restriction
site can be gained, lost, or relocated owing to changes in the DNA sequence resulting from
insertions or deletions (indels), base substitutions, or rearrangements of the restriction sites. Thus,
the number and size of fragments generated by restriction enzyme digestion of DNA can vary
across individuals, populations, and species. For RFLP analysis, two methods are often used. The
first approach makes use of Southern blot hybridization, whereas the second makes use of PCR.
However, the PCR approach may be used to replace time-consuming Southern blot analyses.

Whether the length polymorphism is caused by a deletion or an insertion, gel electrophoresis of
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the digested PCR products should reveal the size difference (Liu, 2011). The main advantage of
RFLP markers is that they are codominant markers, which means that both alleles in an individual
are detected in the analysis. The main drawback of RFLP is its poor level of polymorphism (Liu
& Cordes, 2004; Liu, 2011). RFLP markers are among the most commonly used markers in genetic
research. In early 2006, a PubMed search utilizing the key word RFLP yielded 30,000 citations.
Despite their popularity, the application of RFLP markers in aquaculture genetics research remains
somewhat restricted (Liu, 2008). These markers have typically been used to distinguish between
species (Klinbunga et al., 2005; Chow et al., 2006; Clusa et al., 2017), strains, or populations (Apte
etal., 2003; Lehoczky et al., 2005; Q. Zhang et al., 2005; Papakostas et al., 2006; Lajbner & Kotlik,
2011; Presti etal., 2012; Luji¢ et al., 2017; Alam et al., 2021). Many of these RFLP marker studies
used mitochondrial DNA, or 16S rDNA (Klinbunga et al., 2001; Mamuris et al., 2001; de los
Angeles Barriga-Sosa et al., 2005; Klinbunga et al., 2005; Presti et al., 2012; Lo Presti et al., 2014;
Galal-Khallaf et al., 2017; Alam et al., 2021; Al Fatle et al., 2022).

2.5.1.3 Arbitrary nuclear DNA markers

When a fragment of DNA of unknown function is targeted, arbitrary markers are used. RAPD
(Random Amplified Polymorphic DNA) and AFLP (Amplified Fragment Length Polymorphism)
are two commonly used methods for amplifying unknown regions. Polymerase chain reaction-
based RAPD uses an arbitrary primer to amplify unknown loci (Sukumaran & Gopalakrishnan,
2019). RAPD loci are inherited as dominant Mendelian markers and are scored as present or absent
(Askari et al., 2013). The main advantages of RAPD markers include their applicability to all
species regardless of knowledge of the organism's genetic makeup, relatively high polymorphic
frequencies, ease of use, and low equipment and technical skill requirements (Liu, 2011).

RAPD markers have been used in taxonomic research and stock discrimination in marine and
freshwater fishes and invertebrates (Steven X. Cadrin et al., 2005). They have also been used for
species identification in fishes (Bhat et al., 2012) and mollusks (Klinbunga et al., 2001) marine
algae (Van Oppen et al., 1996; Risjani & Abidin, 2020), genetic effect of environmental stressors
analysis (Qu et al., 2019), effects of hybridization (Diamante et al., 2021), and analysis of genetic
diversity and population structure (Pereira et al., 2010; Muneer et al., 2011; Hasan & Goswami,
2015; lkpeme et al., 2015). The use of RAPD markers to identify species, strains, lines, and
populations in model fish species such as zebrafish has been investigated and reported on (Johnson

etal., 1994; Azad et al., 2022). Many linkage mapping studies in fish species have also used RAPD
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markers (Borowsky & Wilkens, 2002; Khoo et al., 2003; Sun & Liang, 2004). The main limitation
of this approach is its poor repeatability owing to the use of low annealing temperatures.
Furthermore, since RAPD is a dominant marker, homozygous and heterozygous states cannot be
distinguished, and these patterns are sensitive to even minor changes in amplification conditions.
However, as a result of these shortcomings and the advent of more reliable and effective marker
systems like AFLP, the usage of RAPD markers in fisheries research started to quickly drop (Liu,
2008).

The AFLP method relies on a series of extended primers to selectively amplify digested genomic
DNA. Following the digestion of genomic DNA using two restriction enzymes, double-stranded
oligonucleotide adaptors are ligated to the ends of DNA fragments, acting as primer binding sites
for PCR amplification. A subset of the ligated fragments can be amplified selectively using primers
that are complementary to the adapter and restriction site sequence with additional nucleotides at
the 3' end (Vos et al., 1995). Polymorphisms and the presence or absence of DNA fragments can
be detected on polyacrylamide gels. AFLPs have a high degree of polymorphism, require no prior
knowledge, and can provide the most efficient, reliable, and economical analysis of fish population
genetics. However, one of the major weaknesses of AFLP markers is their dominant nature of
inheritance. Furthermore, the need for special equipment such as sequencers may restrict its
widespread use (Steven X. Cadrin et al., 2005). It has been commonly used in aquaculture for a
number of purposes, including molecular systematics and population structure analysis, strain
identification, parentage identification, genetic diversity, reproduction contribution, and
endangered species protection (Young et al., 2001; Whitehead et al., 2003; Campbell &
Bernatchez, 2004; Zhu et al., 2013; Miyake et al., 2016; Napora-Rutkowski et al., 2017; Xiao et
al., 2018; Panicz et al., 2019; Elameen et al., 2021). It has also been extensively used in genetic
linkage analysis (Liu et al., 2003; Li et al., 2005; Vos et al., 2013), as well as analysis of parental
genetic contributions involving interspecific hybridization (Firmat et al.,, 2013) and

meiogynogenesis (Pan et al., 2017).
2.5.1.4 Specific nuclear DNA markers

Tandem repeats are portions of DNA that are repeated tens, hundreds, or thousands of times
throughout the nuclear genome of eukaryotes. They are repeated in tandem at different loci in the
genome and in different individuals, with the number of repeats varying. Minisatellite and

microsatellite DNA are forms of repetitive DNA. Minisatellite DNA loci have repeat lengths
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ranging from 9 to 65 bp. Compared to minisatellites, microsatellites are more abundant in the
genome. When it comes to fish genome mapping and population genetics research, microsatellite
loci are more useful than minisatellite loci since they occur once every 10 kbp, whereas the
minisatellite occurs once every 1500 kbp. Minisatellite loci are primarily used in parentage
analysis, although they are less useful in population genetic analysis unless large sampling sizes
are used. They are also restricted by the complexity of the mutational processes that they undergo
(Sukumaran, 2018).

Microsatellites are short, tandemly arrayed di-, tri-, or tetranucleotide repeat sequences with
repeat sizes ranging from 1-6 bp that are repeated multiple times and flanked by nonrepetitive
special DNA sequences (Tautz, 1989). (Tautz, 1989)and (Weber & May, 1989) were the first to
show polymorphism at microsatellite loci. (Tautz, 1989) refers to them as “simple sequence
repeat” (SSR) DNA, although (Edwards et al., 1991) refer to them as “short tandem repeat” (STR)
DNA. In general, the dinucleotide microsatellites are the most abundant, followed by tri- or tetra-
nucleotide repeats, though the tetranucleotide repeats can be more frequent than the trinucleotide
repeats in some cases (Edwards et al., 1998). Microsatellites are found in the genome in all
chromosome regions. Despite their wide distribution in genomes, microsatellites are mainly
present in noncoding areas (Metzgar et al., 2000). Using the polymerase chain reaction, alleles at
microsatellite loci can be amplified from small samples of genomic DNA (Saiki et al., 1988)
(preferably using PCR amplicons within 200 bp (Liu, 2011), and then separated and effectively
sized on a polyacrylamide gel as one or two bands, which are used to measure genetic differences
within and between populations of species (O’Connell et al., 1997). Specific primers flanking the
repeat units are necessary for single locus microsatellite analysis, and their sequences can be
obtained from (1) genomic DNA libraries or (2) accessible sequences in gene banks. To save time
and money, different primers are often tested in the same multiplex PCR reaction (Abdul-Muneer,
2014). Microsatellites are codominant markers that are inherited in a Mendelian fashion, with
mutation rates as high as 102-10 per generation estimated. Because of their hypermutability,
microsatellites are highly polymorphic, resulting in the collection of different forms in a population
of a given species. Microsatellite polymorphism is dependent on size differences induced by alleles
having different numbers of repeat units at a given locus (Liu, 2011). Cross-amplification with
designed primers in closely related species is also viable, which reduces the cost of developing

microsatellite sequences in different species. These high levels of polymorphism demonstrated by
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microsatellites, as well as their short size range, locus-specific in nature, uninterrupted stretches of
identical repeat units, and ease of sample preparation, have all made them one of the most
commonly used genetic markers in fisheries research (Abdul-Muneer, 2014). The presence of null
alleles (existing alleles not detected by normal assays) and the presence of stutter bands are two
limitations of using microsatellite markers. When mutations occur at the primer binding sites of a
microsatellite locus, null alleles are observed (Okumus & Ciftei, 2003). Parentage or relatedness
analysis and assignment tests can be less precise because of null alleles, so discarding loci with
null alleles is the best option (Hansen, 2003). Microsatellites have become a common marker in a
wide range of genetic studies. They have been widely used in fisheries research over the last two
decades. Because of their high level of polymorphism, microsatellite markers can be particularly
useful for stock discrimination, population genetics analysis, and conservation aquaculture
programs (Wright & Bentzen, 1995; Chauhan et al., 2007; Kohlmann et al., 2007; Mandal et al.,
2009; Kohlmann et al., 2010; Xu et al., 2010; Abdul Muneer et al., 2012; Praebel et al., 2013; Li
et al., 2017; Tiknaik et al., 2020; Coimbra et al., 2020; Al Fatle et al., 2022). In fisheries and
aquaculture, microsatellite markers are also used for kinship and parentage determination (Hansen
et al., 2001; Zhang et al., 2016; Wang et al., 2021), genomic mapping (Sanetra et al., 2009), and
addressing taxonomic ambiguities in several other animals besides fishes (Presti et al., 2010; X.
Lu et al., 2014; Kariuki et al., 2021) , as well as stocking and hybridization impacts (Hanfling et
al., 2005; Papousek et al., 2008; Wouters et al., 2012; Praebel et al., 2013; Shechonge et al., 2018;
Solarte-Murillo et al., 2020; Blackwell et al., 2021), phylogenetic and phylogeographic studies
(Jeffries et al., 2016; Ruzzante et al., 2020).

Single nucleotide polymorphisms (SNPs) are polymorphisms caused by single nucleotide
substitutions (transitions or transversions) or single nucleotide insertions or deletions. It's a variant
of scnDNA polymorphism that detects individual nucleotides (Okumus & Ciftci, 2003). These
point mutations result in different alleles with alternative bases at the given nucleotide site within
alocus (Liu & Cordes, 2004). SNP markers are inherited as co-dominant markers. Several methods
have been proposed for SNP genotyping. Direct sequencing, single base sequencing, allele-
specific oligonucleotide (ASO), heteroduplex analysis, denaturing gradient gel electrophoresis
(DGGE), SSCP assays, and ligation chain reaction (LCR) are all traditional approaches for SNP
genotyping. Direct sequencing is clearly the most precise method for genotyping SNPs, but it is

expensive and time-consuming (Liu, 2008). As SNPs are the most abundant polymorphism in any
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organism and are adaptable to automation, exposing hidden polymorphism not found by other
markers, they have become a focal point in the growth of molecular markers. Theoretically, a SNP
within a locus can produce as many as two alleles, each containing one of two possible base pairs
at the SNP site. Therefore, SNPs have been regarded as bi-allelic (Liu, 2011; Liu & Cordes, 2004).
They can be used for population genetics research (Jeffries et al., 2016; Kumar et al., 2019),

genomics, and disease detection (Palti et al., 2015; Jin et al., 2021; Sakseepipad et al., 2021).
2.5.1.5 Mitochondrial DNA markers

Mitochondrial DNA is a type of non-nuclear DNA found in mitochondria, which are cytoplasmic
organelles. Mitochondrial DNA has a haploid genome that is inherited maternally. The whole
genome is transcribed as a single unit. They are homologous markers, and they are not subjected
to recombination. They exist in several copies in each cell and are selectively neutral. No editing
or repair mechanisms are visible throughout their continuous unidirectional and symmetrical
replication (Billington, 2003). Sequence divergence accumulates more rapidly in mitochondrial
DNA than in nuclear DNA (Brown, 1985). This is due to the faster mutation rate in mtDNA
because of the lack of repair mechanisms during replication (Jeffreys et al., 1985). Furthermore,
since mitochondrial DNA is inherited maternally, the effective population size is smaller than
nuclear DNA, making mitochondrial DNA variation more sensitive to population bottlenecks and
hybridizations. Thus, the phylogenies and population structures obtained from mtDNA data may
not provide a comprehensive picture of the nuclear genome, whether there is gender-biased
migration, selection (Birky Jr et al., 1989), or introgression (Chow & Kishino, 1995). Technically,
MtDNA markers are RFLP markers, except that the reference molecule is mtDNA rather than
nuclear genomic DNA (Liu & Cordes, 2004). In terms of mtDNA variation, there are two primary
ways to analyze it: RFLP analysis of entire purified mtDNA digested with restriction
endonucleases or by DNA sequencing of small fragments of the mtDNA molecule produced by
PCR amplification (Billington, 2003). Due to recent advances in sequencing technologies, direct
sequencing of mitochondrial genes is now highly feasible.

Non-coding segments, such as the D-loop, which is mostly used for population comparisons, have
higher levels of variation than coding sequences, such as the cytochrome b gene, possibly because
of the reduced functional constraints and the lower selection pressure (Askari et al., 2013).
However, the Cytochrome b region is also commonly used for intra-specific comparisons. Slowly

evolving gene regions, such as CO I, II, Ill, and Cytochrome b, may be used for interspecific
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comparisons, whereas rapidly evolving gene regions can be used for intraspecific comparisons
(Steven X. Cadrin et al., 2005). In addition, since it is a slow-evolving region and because of its
conserved nature over a wide range of taxa, the Mitochondrial Cytochrome C Oxidase | gene
sequences have been identified as taxon ‘barcodes’ that can serve as the core of a global
bioidentification system. DNA barcodes are mitochondrial COI gene fragments of around 600 base
pairs that are a reliable and low-cost tool for species identification and diversification (Hebert et
al., 2003). To achieve a species identity, this signature sequence can be compared to an existing
database of "known" sequences from reference specimens. The Barcode of Life Data System
(BOLD) database, an online interactive workbench used to build and curate a global barcode
reference sequence library, stores and makes specimen and sequence data accessible. Global
efforts to barcode the world's biodiversity are ongoing within the regulatory framework of the
International Barcode of Life (iBOL) program, including Fish Barcode of Life (FISH-BOL)
(Hanner et al., 2011). Over the past two decades, mitochondrial DNA genes have been widely used
in fish taxonomy, and genetic studies. Analyses of mtDNA markers have been widely used to
study stock structure in a host of fishes, including eels (Syazni et al., 2017; Marini et al., 2021),
bluefish (Miralles et al., 2014), snappers (Souza et al., 2019; Andrews et al., 2020), and sharks
(Limetal., 2021; Canfield et al., 2022). Mitochondrial markers are widely used in genetic diversity
and population structure studies in fisheries and aquaculture (Qi et al., 2015; Li & Guo, 2020;
Freitas et al., 2021; Toth et al., 2022). They are also used for species identification (Wu & Yang,
2012), resolving taxonomic ambiguities (Biswal et al., 2018), phylogenetic and phylogeographic
studies (Lajbner & Kotlik, 2011; Jeffries et al., 2016; Luji¢, Kohlmann, et al., 2017; Fatsi et al.,
2020; Al Fatle et al., 2022) as well as hybrid detection (Hashimoto et al., 2016).

2.5.1.6 Expressed sequence tags (ESTS)

ESTs are single-pass sequences generated from the random sequencing of cDNA clones. Using
various means of expression analysis, ESTs may be used to identify genes and interpret their
expression. The genes expressed in certain tissue types under specific physiological conditions or
developmental stages can be quickly and accurately analyzed (Liu & Cordes, 2004; Sukumaran &
Gopalakrishnan, 2019). ESTs are useful for linkage mapping. Zheng et al. (2014) presented the
first study to develop EST-SSRs markers from the transcriptome of Carassius auratus, which may
be useful in linkage map studies as well as marker-assisted selection (MAS) in this species'

breeding programs.
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2.5.2 Application of molecular markers in phylogenetic and phylogeographic studies

Quantitative analyses for genetic stock identification have as their primary goal the provision of
objective classifications of samples into groups. Phylogeographic studies are concerned with
processes that affect geographical distribution, while phylogenetic studies are concerned with
historical processes that influence species relationships. Phylogenetic studies could also provide
information on conservation units and ecological patterns (Avise, 1994; Okumus & Ciftci, 2003).
For species conservation, a thorough knowledge of a species' native geographical range and the
distribution of its diversity within that range is essential (Reed & Frankham, 2003; Gaston &
Fuller, 2009; Rissler et al., 2015). The phylogeographic divisions of Europe's freshwater fish
developed as a result of isolation in Pleistocene glacial refugia, as the rivers of Europe were
frequently colonized from the Black Sea to rivers such as the Danube and the Dnieper (Hewitt,
2004). These Pleistocene cycles are considered to be a "speciation pump,” and thus geographic
speciation has contributed greatly to the diversification of freshwater fish (April et al., 2013).
Human-mediated translocations, on the other hand, have had a significant effect on the present
distributions of European freshwater fish. For many aquatic species, particularly freshwater fishes,
international trade and human-assisted transportation provide an effective dispersal mechanism.
Thus, phylogeographic patterns that don't represent natural historical processes can be developed
by this human-aided dispersal, particularly in species that are vulnerable to deliberate human
translocations. As a consequence, the effects of such translocations are more complicated to
identify. That's where molecular phylogeography comes in handy, as it may be used to determine
if a species is indigenous or introduced to a given region (Lajbner et al., 2011). However, molecular
genetic data might well be used to study the evolutionary history and connections between species
(Avise, 1994). Molecular marker technologies help to elucidate historical range-wide and
demographic changes and determine linkages to previous climate changes (Scoble & Lowe, 2010).
In phylogenetic and phylogeographic studies, mitochondrial DNA analysis has been shown to be
an effective marker (Avise et al., 2016; Avise & Ph.D, 2000). mtDNA variation can determine
relationships between species that have diverged for as long as 8-10 million years (Peacock et al.,
2001). Because of its high mutation rate, small effective population size, and predominance of
maternal inheritance, mtDNA provides great potential for identifying population structure, and due

to the absence of recombination and the low efficiency of repair mechanisms, mtDNA evolves at
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a rapid rate, making this molecule very valuable in phylogenetic analysis. Besides mtDNA
analysis, nuclear DNA analysis has also been used as a powerful tool for phylogeographic analysis
(Pauquet et al., 2018; Jang-Liaw et al., 2019; Gu et al., 2022).

2.5.3 Species and hybrid identification

The correct identification of the studied species is the most critical phase in any research concerned
with biological material. Otherwise, research on biodiversity and distribution cannot be conducted,
and these animals cannot be used as models in any form of investigation (Rylkova et al., 2013).
The use of meristic characters or a limited number of molecular markers to identify hybridization
in its initial F1 stage is well known and can be achieved. However, identifying hybrid groups
beyond the initial F1 generation and detecting introgression may be difficult and necessitates the
use of a wide number of genomic markers (Boecklen & Howard, 1997; Smartt, 2007). DNA-based
species identification is valuable where the specimen lacks the morphological characters required
for regular taxonomic recognition (such as fish fillets), where morphological characters are poorly
described, when no diagnostic morphological characters are identified (e.g. cryptic species), or
when specimen conservation status precludes morphological analysis (Ovenden et al., 2015).
DNA-based species identification is also used primarily to detect illegal, unreported, and
unregulated (IUU) fishing (Martinsohn et al., 2019). In an aquaculture system, genetic
identification of species or strains is often needed. Since most species have significant genetic
variations, identifying them using DNA markers is reasonably simple. RFLP, RAPD, AFLP, and
microsatellite markers are all useful in this field (Liu & Cordes, 2004), but prior molecular

knowledge is essential.

2.5.4 Application of molecular markers in population structure; between and within

population variations

Individuals vary genetically, resulting in differentiation at the population, species, and higher
taxonomic levels. Genetic variation is an important factor in the survival of various species.
Furthermore, natural populations are perhaps the greatest gene banks, providing a valuable
resource for genetic diversity for existing and potential uses of genetic improvement for farmed
species and advanced sport-fish applications (Dunham, 2011). A measure of genetic diversity is
one that takes into account variation in the form of genes and noncoding loci within a population
(Luikart et al., 2003; Hughes et al., 2008). Heterozygosity and the total number of alleles in a
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population can both affect how well a population can adapt and grow (Allendorf & Luikart, 2009).
However, several evolutionary factors (such as mutations, random genetic drift, gene flow, and
natural selection) may change allele frequencies in a population. These evolutionary factors
influence the amount and distribution of genetic variation among populations, and consequently
population differentiation (Black IV et al., 2001; Allendorf et al., 2014; Allendorf, 2017).
Applications of genetic diversity data have varied in research related to development,
conservation, and management of natural resources and genetic improvement programmes.
Genetic diversity may be detected to a great extent thanks to the development of molecular genetic
markers. The use of molecular markers in conjunction with new statistical developments has
enhanced the analytical capacity required to investigate genetic diversity (Tanya & Kumar,
2010). Molecular markers are often used in aquaculture to measure the loss of genetic diversity in
hatcheries by comparing estimates of variation between hatchery stocks and their wild
counterparts. The data can be used to keep track of farmed stocks in order to avoid inbreeding and
to plan genetic improvement programs (Tanya & Kumar, 2010). As mentioned in the sections
concerned with marker types, allozymes and mtDNA have traditionally been the most commonly
used markers in fish, and they are useful in this regard as a tool for genetic diversity
characterization and population structure studies. While microsatellites, RAPDs, AFLPs, SNPs,
and next-generation DNA sequencing are the more recent markers. In terms of newer marker
approaches, RAPIDs have the least ability to discriminate (Liu & Cordes, 2004; Liu, 2011).
Because of their high rate of evolution, microsatellite DNA markers and the non-coding region of

mtDNA (D-loop) are the most preferred DNA markers for stock structure studies.
2.5.5 Genetic markers used in the target species

Genetic markers for aquaculture species such as crucian carp (Carassius carassius L. 1758) and
tench (Tinca tinca L. 1758) have made significant progress. Genetic diversity within and between
tench populations has so far been based on allozymes (Kohlmann & Kersten, 1998), PCR-RFLP
(Lajbner & Kotlik, 2011; Presti et al., 2012) microsatellite markers (Kohlmann & Kersten, 2006;
Kohlmann et al., 2007, 2010), nuclear and mitochondrial DNA (mtDNA) (Lajbner et al., 2010,
2011; Lajbner & Kotlik, 2011; Presti et al., 2012; Lo Presti et al., 2014; Luji¢ et al., 2017) as well
as genes of growth hormones (Kocour & Kohlmann, 2011, 2014). The tench, like many other
widely distributed freshwater species, shows deep geographic divisions, as discussed in earlier

chapters. Lajbner & Kotlik (2011) came up with a new way to distinguish two recently discovered
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Eurasian clades that are morphologically indistinguishable. PCR-RFLP assays of two nuclear-
encoded exon-primed intron-crossing (EPIC) markers and one mitochondrial marker were used to
identify the Western and Eastern phylogroups as well as three different geographical mtDNA
clades within the main Eastern phylogroup. Similarly, recent literature distinguishes tench into two
phylogroups: Western (W) and Eastern (E) (Lajbner et al., 2010; Presti et al., 2012; Luji¢ et al.,
2017; Al Fatle et al., 2022). Furthermore, a multiple-gene sequencing approach was used by
Lajbner et al. (2011) to investigate the consequences of human-aided dispersion across the two
phylogroups. By analyzing three mtDNA segments, D-loop, COI, and Cytb, from five wild
European tench populations, Karaiskou et al. (2020) reported two phylogroups with greater
variability than previously recorded, as well as a hybridization zone in the Danube river region.
Kumar et al. (2019) developed a transcriptome-derived SNP array in tench, which was utilized to
detangle the genetic structure of two cultured tench breeds (Tabor and Hungarian).

So far, genetic diversity and phylogenetic relationships in crucian carp have been based on nuclear
and mitochondrial DNA markers (Zhang & An, 2007; Papousek et al., 2008; Knytl et al., 2018).
The development of polymorphic microsatellite markers to investigate the population structure,
genetic diversity, and kindship of triploid crucian carp and its diploid relatives was described by
Jia et al. (2006) and Zheng et al. (2010). Similarly, using nuclear microsatellite markers and
mitochondrial DNA sequences, several authors reported cases of hybridization between crucian
carp (Carassius carassius) and non-indigenous carp species such as gibel carp (Carassius auratus
gibelio) and common carp (Cyprinus carpio) (Hanfling et al., 2003; Hé&nfling et al., 2005;
Papousek et al., 2008; Wouters et al., 2012). Furthermore, Random amplified DNA polymorphism
(RAPD) analysis was used to assess genetic similarities and diversity between two wild and farmed
populations of crucian carp (Carassius carassius) (Yoon & Park, 2002). Janson et al. (2015)
conducted the first research on the genetic comparison of crucian carp from historic man-made
ponds in the Scandinavian Peninsula with the goal of identifying historical unmixed populations
and analyzing the relationships of pond populations in different provinces in Sweden using nine
microsatellites developed for gibel carp (Carassius gibelio) and goldfish (Carassius auratus).
According to Jeffries et al. (2016), datasets from a combination of mitochondrial cytochrome b
DNA, microsatellites, and genome wide SNPs obtained from RADseq agreed on broad
phylogeographic patterns, revealing the presence of two lineages of Carassius carassius

previously unknown in Europe, one of which is found throughout northern and central-eastern
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European drainages, and the other almost entirely confined to the Danubian catchment, which

should be included in prospective broad-scale monitoring and conservation strategies.

2.6 Fish GenBank (in vivo and in vitro gene banks, cryopreservation, fish gene banks in
the world and in Hungary)

With the significantly increased pace of species extinction in recent decades, it is imperative to
explore all avenues available to stop biodiversity loss and to find methods to preserve gametes,
embryos, and somatic cells from all species on Earth (Saragusty, 2012). Conservation can be
defined as an endeavor to preserve the genetic variety created by evolution during our planet's past
3.5 billion years (Eisner et al., 1995). Along with species and ecosystem diversity, genetic diversity
is one of three categories of biodiversity recognized by the IUCN as worthy of protection
(McNeely et al., 1990). Procedures to preserve live animals outside of their production or natural
habitat (ex situ "in vivo™) or via cryopreservation of germplasm (ex situ "in vitro™) are being
developed to conserve rare breeds and genetic diversity in addition to in situ conservation
(Hiemstra, 2005). Wild fish, especially freshwater finfish and mollusks, are among the most
endangered species exploited by humans, owing to habitat destruction or loss, as well as over-
exploitation (Millennium Ecosystem Assessment (Program), 2005; Pullin, 2005). The list of
threats to fish populations is extensive and well-documented (Harvey, 1998). One of the main
causes of species extinction is habitat loss in main river channels and floodplains, as well as
reduced hydrological connectivity between them (Aarts et al., 2004). Siltation and dam
construction have the potential to destroy aquatic habitats. Siltation affects water flow and depth,
limiting the ability of riverine fish to feed, navigate, migrate, and reproduce. The flood control
embankments and dams obstruct fish migration, reproduction, and eventually species survival.
Also, domestication, conventional genetic manipulation, sex reversal, hybridization, and
crossbreeding, as well as releasing fry into natural water bodies, all contribute to the extinction of
native species (Bart, 2002).The introduction of invasive and competitive species, as well as
pollution, are also major threats to fish species (Millennium Ecosystem Assessment (Program),
2005; Reed & Czech, 2005).

The optimum approach for preserving threatened and endangered species is to preserve and restore
the species' natural environment in situ. However, since habitat restoration is obviously a slow
process, it is costly and time-consuming. Therefore, ex situ (conservation outside their native

habitat) live or cryopreserved gene banks are one alternative (Bart, 2002). Fish live gene banks are
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vital, yet they are costly to maintain, necessitating the construction of special facilities and are
difficult to manage due to their labor-intensive nature (Bartley, 1998). While the development of
long-term ex situ frozen gene banks, which are considered to be an excellent complement to habitat
conservation and in situ gene banks, has fewer restrictions. In comparison to living gene banks,
they are less expensive. Cryogenic gene banking eliminates the risk of contamination while
requiring little space and equipment (Bart, 2002). By far, cryopreservation is the most effective
and widely used method. It has led to the establishment of a number of genetic resource banks.
Spermatozoa are relatively straightforward to cryopreserve due to their small size, condensed
DNA, and lack of cytoplasm, and this has already been done in hundreds of species (Saragusty,
2012). Cryopreservation of fish sperm offers a technique for optimizing reproduction throughout
the reproductive phase. It may be used as a genetic bank or germplasm, which can aid population
management practices by ensuring genetic variety and reproductive success (Viveiros et al., 2011).
Cryopreservation research on aquatic species' spermatozoa has advanced significantly in recent
decades (Paniagua-Chavez et al., 2000; Adams et al., 2011; Yang et al., 2012; Zhu et al., 2014;
Liu et al., 2015). A number of protocols for the preservation of fish spermatozoa in various fish
species have been developed, with the majority of them focusing on salmonids, tilapia, and carp
(Babiak et al., 1997, 1998; Akcay et al., 2004; Irawan et al., 2010; Viveiros et al., 2011;
Nascimento et al., 2012; Judycka et al., 2016; Nynca et al., 2016; Boryshpolets et al., 2017; Kasa
et al., 2018; Bozkurt et al., 2019; Pereira et al., 2020; Judycka et al., 2021; Lee et al., 2021).
However, many of Hungary's native fish species are endangered and need protection (Keresztessy,
1996). Past and recent human activities in Hungarian natural waters have had direct or indirect
effects on fish populations, and habitat destruction, the introduction of non-native fish species, and
overfishing are among the most serious concerns. The management of many natural water fisheries
has lately moved toward stocking native fish species and the use of genuine strains over
domesticated ones (e.g., common carp). Because of this trend, breeding of native fish species such
as Tinca tinca, Carassius carassius, and Leuciscus aspius has improved (Specziar & Erés, 2015).
In order to save native fish and commercially important fish species from extinction, several gene
conservation initiatives have been developed in vivo and in vitro using genetics and molecular
biology methods (Istvan, 2017). Since Hungary is one of Europe's biggest producers of common
carp, the country now has a diverse range of indigenous varieties and strains (Téth et al.,
2020). The establishment of the live gene bank of domesticated carp began in 1963 with the
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collection of common carp strains from various areas of Hungary at the Fish Culture Research
Institute (recently renamed the Research Institute for Fisheries, Aquaculture and Irrigation
(HAKI)) in Szarvas (Gorda et al., 1995). Currently, the institution has 18 Hungarian strains
(landraces) and 13 foreign strains, collected from Central and Eastern Europe as well as Asia
(Bakos et al., 2001). The main goal of maintaining the gene bank was to improve the genetics of
common carp by increasing the hybrid yield for production purposes (Bakos, 1976). Three
outstanding hybrids (Szarvasi 215, P-31, and P-34) were produced as a result of this breeding line.
From 1972 to 1994, HAKI supplied about 12,000 mature female and male brood fish to Hungarian
commercial fish farms in order to establish parental lines (Lehoczky et al., 2005). The live gene
bank of common carp not only fulfilled the industry's requirements, but it also helped to conserve
the biological variety of Hungarian carp landraces (Gorda et al., 1995; Lehoczky et al., 2005).
Furthermore, activities related to the sturgeon gene bank have also been developed. The study on
sturgeon species in HAKI began in the late 1960s and is currently ongoing. The work is based on
a live sturgeon gene bank that has been kept at the institution since the 1980s. Collaborations with
local farmers and world-wide sturgeon experts have been enhanced as a result of this effort. In
addition, new species, such as the paddlefish (Polyodon spathula), are also preserved and
maintained in the live gene bank in order to improve the profitability of extensive pond systems.
It's a prized species for its roe as well as its tasty flesh (Feledi et al., 2013). Several
cryopreservation techniques are also being used to develop a cryopreserved gene bank at the
Research Institute for Fisheries, Aquaculture, and Irrigation (HAKI) in Szarvas, Hungary
(Horvv\°th & Urb\°nyi, 2008). Successful procedures for sperm cryopreservation have already
been reported (Urbanyi et al., 1999; Horvath & Urbanyi, 2000; Horvath et al., 2003; Urbany et al.,
2008; Bernath et al., 2016; Bokor et al., 2019; Fran¢k et al., 2019; J. Molnar et al., 2020). Although
they are considered critically endangered in a number of European countries (as mentioned in
previous chapters), few conservation efforts have been made for the crucian carp (Carassius
carassius (L. 1758)) and the tench (Tinca tinca (L. 1758)) so far (Rodina et al., 2007; Sayer et al.,
2011; Linhartova et al., 2014; Luji¢ et al., 2017a). As such, for these species, the National Centre
for Biodiversity and Gene Conservation has started working on ex-situ live GenBank and
Cryobank.
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3. MATERIALS AND METHODS

3.1 Target fish species

This study focused on two cyprinid fish species: crucian carp (Carassius carassius L. 1758) and
tench (Tinca tinca L. 1758).

3.2 Study sites and samples collection

320 crucian carp fin tissue samples were collected from eleven different fish stocks in Hungary
between 2017 and 2019, representing eight wild populations and three farmed stocks, as well as
175 tench samples from seven different sites in the country's eastern, central, and western
regions. The collection data of sampled fishes are given in Table 2 and 3. The morphological
identification of the species was carried out by experts using simple external investigation. Figure

5 and 6 depict the sample sites.

The fish were handled with care, and following sampling, they were released to their natural
habitat. Prior to sample taking, fish were anesthetized with clove oil. Some preparations had to be
made before the DNA isolation and molecular analysis could begin. The fresh fin tissue samples
were kept in 2 ml Eppendorf tubes containing 70% ethanol, then subsequently labelled and
transported to the molecular laboratory located at the National Centre for Biodiversity and Gene
Conservation (NBGK-HGI). At the institute, these Eppendorf tubes were kept in a conventional

freezer at a temperature of -20 C.
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Table 2. Data for crucian carp sampled from different sites in Hungary.

Location Label GPS coordinate Region Sample size
Cln-Szaporca Holt-Drava Hd N45,799126 E18,1481455 central 31
Dunafalva Df N46,1053107 E18,7950262 central 20
Kolked Misanyi-fok K N45,9369798 E18,7264802 central 29
NBGK-HGI -genebank Gb N 47.594084 E19.376320 central 33
Lake Fert6 F N47,6235593 E16,7551112 west 25
Lake Kolon Kt N46,7604735 E19,3395996 central 33
Bels6-telep HAKI 24, Ha N46,856674 E20,515996 east 30
Retimajor 21. Rm  N46,8079938 E18,5906441 central 36
Baja 24. B N46,1951603 E18,93514 central 28
Alag Eger A N47,6465392 E19,1501648 central 30
Mura Vizgyiijtd M N46,3806524 E16,7710282 west 25
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Figure 5. Crucian carp sample locations map.
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Table 3. Data for tench sampled from different sites in Hungary.

Location Label GPS coordinate Region Se;rigzle
Derecske d N47° 20' 20.48" E21° 34' 25.13" eastern 25
Lake Tisza t N47°39' 31.10" E20° 41' 54.25" eastern 10
Cibakhazi Tisza cht N46° 59' 03.53" E20° 10' 21.77" eastern 39
Lake Kolon k N46° 45' 35.05" E19° 20' 26.80" central 32
Cun-Szaporca csz N45° 46' 55.10" E18° 06' 09.31" central 10
Csorndc-Herpeny® csh N46° 59' 37.83" E16° 36'55.11" western 25
Lake Fert6 f N47° 38' 08.30" E16° 44' 39.28" western 34

Fologne ; ]
< CZECHIA s
~
M/\me /:
J{’USTnuAr o 'ﬁ
i Nl
4 i
v

= 0 35 70 140 210 280 -
i Kilometers S

16°30' 19930" 20930" 21°30" 22930"

Figure 6. Tench sample locations map.
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3.3 DNA extraction and quantification

The whole genomic DNA was extracted from the fin clips using a modified salting out protocol
based on Miller et al. (1988). The procedure was modified in the NBGK-HGI molecular genetic
laboratory in order to carry out the research work as detailed below. The protocol was performed
over three days. On day one, the frozen fin tissue samples were thawed at room temperature. For
the preparation of the solution, Nuclei lysis buffer (300 pl/sample, Table 4), sodium dodecyl
sulfate (NaC12H25S04), SDS 10% (20 pl/sample), and proteinase K enzyme (5 ul/sample) were
used. The amounts of the above solutions can also be changed depending on how many samples

are being used.

325 pl of the above-prepared solution was pipetted into newly labeled eppendorf tubes. Following
that, the thawed edges of the fish tails were cut and placed in eppendorf tubes containing 325 pl
of solution. These samples, which contain total genomic DNA, were allowed to incubate and digest
at 37 °C overnight. On the second day, 100 ul of 6 M NaCl was prepared and added to the
previously incubated eppendorf tubes, which were then vortexed for about 20 sec. After the vortex
was made, the tubes were centrifuged at 13,000 rpm for 10 min at room temperature. The DNA
precipitate was washed with 300 pl of 2-propanol before being centrifuged for 10 minutes at 4 °C
at 13,000 rpm. If the DNA could not be seen, it would be kept in the freezer again for another hour
before centrifuging. The DNA precipitate was then washed twice with 70% ethanol (500 pl/wash)
and centrifuged for 1 min. The eppendorf tubes holding the isolated DNA were left to dry for 1
hour at room temperature in a sterile cabinet before being mixed with TrisEDTA solution and
incubated again at 37 °C overnight (Table 4). The tubes were then vortexed for 5-10 sec after
incubation on the third day of isolation, and the DNA concentration was measured using a
spectrophotometer (NanoDrop 2000c, Thermo-Scientific, and Waltham, NJ, USA). The purity of
the extracted DNA was assessed at 260 and 280 nm wavelengths. The quality of the extracted

DNA was tested on a 2% agarose gel.
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Table 4. The composition of nuclei lysis buffer and TrisEDTA solution.

Composition Nuclei lysis TrisEDTA
Buffer (TE) solution

Distilled water 100ml 100ml

2-Amino-2-(hydroxymethyl)-1,3-propanediol (TRIS base) 0.001 mol 0.001 mol

NaCl 0.04 mol 0.0001 mol

Ethylenediaminetetraacetic acid (EDTA) 0.5M 0.0002 mol

pH 8.2 7.5

3.4 Molecular genetic methods and data analysis

To determine the distinct lineages and estimate the difference between them using phylogenetic
analysis, as well as to identify the phylogeographic identity, mitochondrial DNA sequencing along
with two independent nuclear-encoded exon-primed intron-crossing (EPIC) markers were
employed in the study. In a population genetics approach, a collection of microsatellites was

utilized to study the genetic structure of populations.

3.4.1 Microsatellite amplification and analysis

Polymerase chain reaction (PCR) was used to amplify DNA fragments from all specimens, using
13 different primer pairs for crucian carp and a set of 12 primer pairs for tench. Prior to actual

amplification, the protocol for each marker was changed and repeated several times.

3.4.1.1 Microsatellite amplification in Crucian carp

13 microsatellite markers originally developed for other cyprinid species as described by Zheng et
al. (1995), Crooijmans et al. (1997), Yue & Orban (2002), Baerwald & May (2004), Guo & Gui
(2008), and Zheng et al. (2010) were cross-amplified in Carassius carassius. The description of
the markers is shown in (Table 5). The PCR reaction was performed for (MFW7, GF1, GF29,
YJ0010, YJ0022, HLJYJ017, HLJYJ028, HLJYJ029, HLJYJ041, HLJYJ046, HLJYJ082, J62, and
CypG24) in a 15 pl reaction volume of PCR mixture comprising 30 ng/ul of genomic DNA
containing the target region to amplify, 8.46 ul DW, 2 ul Mg free Dream Taq buffer (Thermo
Fisher Scientific, Waltham, NJ, USA), 1.44 ul (25 mM) MgCly, 1 ul (10 mM) nucleotides, 0.4 ul

44



of each specific primer (5 uM), 0.20 pl tail primer of each pair (5 uM), and 0.1ul (DreamTag DNA
polymerase 5 Unit/ul (Thermo Scientific, Waltham, NJ, USA). The PCRs were carried out by the
Kyratec PCR thermal cycler (Applied Biosystems, Foster City, CA, USA) using the following
protocol; 3 min of initial denaturation at 94 °C, followed by 30 cycles of denaturation at 94 °C for
30 sec, annealing temperature at 53-60 °C for 30 sec, and extension at 72 °C for 30 sec. The final
extension lasted 5 min at 72 °C. The PCR mixture for the CypG24 marker was comprised of 7 ul
of Multiplex mix (QIAGEN Multiplex kit), 30 ng/ul DNA, 0.3 pl each primer (5 uM) of the pair,
0.3 ul tail primer (5 uM), 2.5 ul Q solution, and 3 pl RNase-free water in a final volume of 13.4
ul. The PCR reactions were programmed as follows: initial denaturation at 95°C for 10 min,
followed by 30 cycles of 94°C for 1 min, annealing temperature at 57°C for 1 min, and 72°C for
1 min. At 60 °C, the final extension was performed for 45 min.

As mentioned, for PCR amplification, universal tailed primers were utilized. Thus, three oligos
were used in the reaction: a tailed specific forward oligo, a reverse oligo, and a tail primer. The
tailed primer for five microsatellite markers, MFW7, GF1, GF29, YJ0010, and YJ0022, included
a tag sequence (5'- ATTACCGCGGCTGCTGG-3) at the 5 end of the sequence specific primer,
while (5-CAGGACCAGGCTACCGTG-3) was used for the rest of the microsatellite loci
(Schuelke, 2000; Blacket et al., 2012). After running at 90 V for 1:20 min on a 2% agarose gel,
the approximate sizes of the PCR products were estimated using a 100 bp ladder.

For the analysis of microsatellite bands and allele sizes using capillary electrophoresis and a laser
detection system, four pairs of primers were included in each multiplex PCR panel. The 5' end of
each pair's tailed forward primer was labeled with one of the fluorescent labels (Table 5). The
fluorescent dyes (NED, VIC, 6-FAM, and PET), were used for the ABI Prism 3130 genetic
analyzer (Applied Biosystems, Foster City, CA, USA).
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Table 5. List of microsatellite markers and primer sequences used in crucian carp.

Microsatellite locus Repeat motif The sequences of the used primer pairs with the E,—,
(reference) tags =15
(65->3) g
<
MFW7 (CA)13 F:ATTACCGCGGCTGCTGGTACTTTGCTCAG 55
(Crooijmans et al., 1997) GACGGATGC
R: ATCACCTGCACATGGCCACTC
GF1 (TG)14 F:ATTACCGCGGCTGCTGGATGAAGGGTAGG 58
(Zheng et al., 1995) AAAAGTGTG
R:ACAGGTTAGGGAGAAGAAGGAAT
GF29 (TG)4sCA(TG)s F:ATTACCGCGGCTGCTGGATGCTAGGTGAC 58
(Zheng et al., 1995) TGTTTGT
R:CACCTCCACTCCTAATAAT
YJ0010 (TG)u F:ATTACCGCGGCTGCTGGGATGGTTGTGCT 53
(Guo & Gui, 2008) GTGAGCT
R:GAGTTCGTTTACATCTGGAC
YJ0022 (AC)sT(CA),TACAA(AC)s F.ATTACCGCGGCTGCTGGCACCAACTTTAG 53
(Guo & Gui, 2008) GCACATTTG
R:CCAGACTCCCACGTCATG
HLJYJO17 (ATAG)15 F:CAGGACCAGGCTACCGTGCAAGAAAATT 60
(Zheng et al., 2010) GGCACAGGATG
R: ACCCTTGACCTGTGGACCAT
HLJYJ028 (ATCT)21L(TCTG)20 F:CAGGACCAGGCTACCGTGGCTGCTTTTAG 60
(Zheng et al., 2010) GAAAACTAGCTG
R: TTTCCTCCACCAACAAAACT
HLJYJ029 (AGAT)7(AGAC)10 F:CAGGACCAGGCTACCGTGCACCGAAATA 60
(Zheng et al., 2010) CTGAGACAGACAG
R: GCGCTTTCTTGGACTGAGAC
HLJYJ041 (ATCT)15(TCTG)21 F:CAGGACCAGGCTACCGTGCAGTTCTCCCC 60
(X. H. Zheng et al., 2010) TCTCGACAC
R: ATAACCTCGGGGCTGATTCT
HLJYJ046 (TAGA)10(AGAC)14 F:CAGGACCAGGCTACCGTGGGAGCAACAG 60
(X. H. Zheng et al., 2010) ACAAATAGATAGGC
R: TTCGGACGCTGGTATAAACA
HLJYJ082 (TTG)5 F:CAGGACCAGGCTACCGTGGTTGCTGTTGT 59
(Zheng et al., 2010) GGCTGTGAC
R: GCAACAAATGCAGATGCAGA
J62 (TG)12 F:CAGGACCAGGCTACCGTGCTGGAGGTTAC 55
(Yue & Orban, 2002) TAGGGAAGAA
R: TAATCAAATAAAGGGGAGACA
CypG24 (CAGA)19 F:CAGGACCAGGCTACCGTGCTGCCGCATC 57

(Baerwald & May, 2004)

AGAGATAAACACTT
R: TGGCGGTAAGGGTAGACCAC

3.4.1.2 Microsatellite amplification in Tench

Tench's PCR amplification was carried out with the use of 12 microsatellite markers (MTT-1,
MTT-2, MTT-3, MTT-5, MTT-6, MTT-8, MTT-9, MT-3, MT-6, MT-8, CypG24, and MFW1).
The primer sequences were described in Table 6. The PCR mixtures for loci (MTT-1, MTT-2,
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MTT-3, MTT-5, and MTT-6) were prepared in a 15 ul reaction volume containing 30 ng/ul
genomic DNA, 10.6 ul DW, 1.5 ul 10X Dream Taq buffer with 20 mM MgClz, 1 ul (10 mM)
dNTPmix, 0.4 ul of each fluorescently labelled locus-specific primer (5 uM) (each forward primer
was labeled with a fluorescence marker), and 0.1 pul DreamTagq DNA polymerase 5 Unit/pl
(Thermo Fisher Scientific, Waltham, NJ, USA). In the case of loci (MTT-8 and MTT-9),
amplification was done in a multiplex PCR reaction using the QIAGEN Multiplex kit with the
manufacturer’s indicated reagent concentrations, including 6.15 pl of Multiplex mix, 40 ng/pl
genomic DNA, 0.3 ul fluorescently labelled forward primer (5 uM), 0.3 ul reverse primer (5 pM),
2.40 ul Q solution, and 1.55 ul RNase-free water in a final reaction volume of 12 pul. PCR reactions
were programmed as follows; initial denaturation at 95°C for 5 min, followed by 5 cycles of 95°C
for 1 min, annealing temperature at 55°C for 1 min, and 72°C for 1 min, then another 35 cycles of
1 min at 90°C, 1 min at 55°C, and 1 min at 72°C. Finally, a 7-min extension was performed at
72°C (Kohlmann & Kersten, 2006). The PCR mixtures for (MT-3, MT-6, and MT-8) were
prepared in a 15 ul reaction volume comprising 30 ng/ul genomic DNA, 9.6 ul DW, 1.5 ul
10xDreamTaq Buffer with 20 mM MgCl, 1.5 ul (10 mM) dNTPmix, 0.5 ul of each primer (5
uM), 0.3 ul fluorescently-labelled tail sequence of each pair (5 uM), and 0.1ul DreamTaq DNA
polymerase 5 Unit/ul (Thermo Fisher Scientific, Waltham, NJ, USA). Initial denaturation at 95°C
for 4 min was followed by 30 cycles of 95°C for 30 sec, annealing temperature at 58°C for 30 sec,
and 72°C for 1 min in the PCR reactions for these markers. The final 9 min extension was
performed at 72 °C. Similarly, the MFW1 microsatellite marker was amplified in a 15 pl reaction
volume that included 30 ng/pl genomic DNA, 10.8ul DW, 1.5 ul 10X DreamTaq Buffer with 20
mM MgClz, 1.0 ul (10 mM) dNTP mix, 0.2ul of each primer pair (5 uM), 0.2 ul fluorescently-
labelled tail sequence (5 uM), and 0.1ul DreamTaq DNA polymerase 5 Unit/ul (Thermo Fisher
Scientific, Waltham, NJ, USA). Initial denaturation at 95°C for 5 min was followed by 35 cycles
of 95°C for 30 sec, annealing temperature at 55°C for 45 sec, and 72°C for 90 sec. Then, a 10 min

extension at 72°C was performed.

The CypG24 marker was also amplified in a multiplex PCR reaction using the (QIAGEN
Multiplex kit) with the manufacturer's indicated reagent concentrations, including 6 pl of
Multiplex mix, 40 ng/ul genomic DNA, 2.0 ul Q solution, 0.3 ul fluorescently labelled forward
primer (5 uM), 0,3 ul reverse primer (5 uM), 1.1 ul RNase-free water. Initial denaturation at 95°C

for 10 min was followed by 35 cycles of 94°C for 1 min, annealing temperature of 57°C for 1 min,
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and 72°C for 1 min in the PCR reactions. Final extension was performed at 72°C for 45 min. The

PCR reaction products were then run on a 2% agarose gel at 90 Volts for 1:20 min and their

approximate size was determined using a 100bp ladder. Similarly, fluorescent dyes (NED, VIC,

6-FAM and PET) were utilized for the ABI Prism 3130 genetic analyzer (Applied Biosystems,

Foster City, CA, USA).

Table 6. List of microsatellite markers and primer sequences used in tench.

Microsatellite locus Repeat motif The sequences of the used primer pairs with the  Annealig
(reference) tags T (°C)
(523)
MTT-1 (CA)11 F:GTCCTCGCAATGCAAGAAAT 55
(Kohlmann & Kersten, 2006) R: TTGGCTCATATTGGGTGTGA
MTT-2 (AC)8 F:CTGGTCTCCTCCTTGTGCTC 55
(Kohlmann & Kersten, 2006) R:TGGGTGAAGGATTGGTTGTT
MTT-3 (AGAC)3(AG)12  F:CCAGCAGAGCCCTACACTTC 55
(Kohlmann & Kersten, 2006) R: AGGACGTGACCATCAACACA
MTT-5 (GA)AGG(GA)13  F:GGGAGCCAGTTCACACTCAT 55
(Kohlmann & Kersten, 2006) R: GACATGAAAACGGTGCTGTG
MTT-6 (CA)16 F-TGTGTGAGGTGGCACAGAAT 55
(Kohlmann & Kersten, 2006) R: ATGTGAGCAATGGCTGTGAG
MTT-8 (CA)12N6(CA)3  F:GAAATGTCCCCACAAACCAC 55
(Kohlmann & Kersten, 2006) (GACA)2 (CA)8 R: GACACCGCTATCACCATCAG
MTT-9 (AC)28 F:CAATCTGGTGGAAGTGAGCA 55
(Kohlmann & Kersten, 2006) R: ACGCGTCAGTGACAGAGAGA
MT-3 (GTT)10 F:TTTCCCCTCACCTCAATCCT 58
(developed in the present study) R:TTTCCAAACGCTGCCAACTC
MT-6 (CTT)8 F:ACACCAACCATCAAACAAACCA 58
(developed in the present study) R:ATAGAAGGCGAAGGAGGGATG
MT-8 (AC)11 F:GTCCACCCCTGCCATATCAC 58
(developed in the present study) R:TGTAACTGGGTGCATGACTG
MFW1 (CA)7 F:GTCCAGACTGTCATCAGGAG 55
(Crooijmans et al., 1997) R:GAGGTGTACACTGAGTCACGC
CypG24 (CAGA)19 F:CTGCCGCATCAGAGATAAACACTT 57

(Baerwald & May, 2004)

R: TGGCGGTAAGGGTAGACCAC
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3.4.1.3 Fragment analysis

The Automated ABI Prism 3130 genetic analyzer (Applied Biosystems, Foster City, CA, USA)
was used for sizing the fluorescently labeled PCR products. For the purpose of analysis, the
amplified PCR products were denatured into single strands. As a first step prior to using the ABI
Prism 3130 genetic analyzer, the PCR products labeled with different fluorescent dyes (FAM, VIC,
NED, and PET) were pipetted into a single tube at a maximum volume of 0.5 to 1 ul, followed by
the addition of 9.9 ul HiDi Formamide and 0.1 pul Gene Scan-1200 molecular weight marker
labeled with L1Z. The denaturation process of the diluted mixtures lasted for 6 minutes at 94 °C
before separation was carried out by capillary electrophoresis. The Pop7 polymer with 50 cm long
capillary arrays with G5 dye set was used in the ABI 3130 (Applied Biosystems, Foster City, CA,
USA) genetic analyzer to automatically size the different sets of fluorescently labeled samples in
a single capillary. Separation of alleles was carried out at 60° C for 2220 sec at 15 KV.

3.4.2 Restriction fragment length polymorphism (RFLP) analysis in Tench

The RFLP analysis was carried out on a total of 175 tench individuals utilizing two nuclear-
encoded Exon-Primed Intron-Crossing (EPIC) makers: the second intron of the actin gene (ACT)
and the first intron of the gene encoding the S7 ribosomal protein (RpS7). The EPIC primers were
chosen to amplify a 335 bp nuclear DNA sequence encoding the second intron of the actin gene
(Act) as designed by Touriya et al. (2003). Likewise, the EPIC primers described by (Chow &
Hazama, 1998) were used to amplify another part of nuclear DNA, a 923-927-bp amplicon
containing the ribosomal protein S7 (RpS7) second intron (Table 7) (Lajbner & Kotlik, 2011).

Table 7. EPIC primers and their sequences (Lajbner & Kotlik, 2011).

Marker (amplicon size) Primer Sequence (5> t0 3))

(reference)
RpS7 (923-927 bp) S7TRPEX1F TGGCCTCTTCCTTGGCCGTC
(Chow & Hazama, 1998) STRPEX2R AACTCGTCTGGCTTTTCGCC
Act (335 bp) Act-2-F GCATAACCCTCGTAGATGGGCAC
(Touriya et al., 2003) Act-2-F ATCTGGCACCACACCTTCTACAA

Each PCR reaction was conducted in a 15 ul PCR mixture containing 30 ng/ul of genomic DNA,
10.7 Wl DW, 1.2 pl 10X DreamTaq Buffer with 20 mM MgClz, 1ul (10 mM ) nucleotides, 0.5 pl
of each specific primer (5 uM), and 0.1 pl Tag DNA polymerase (5 U/ ul) (Thermo Scientific,
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Waltham, NJ, USA). The PCR conditions were carried out using two different PCR programs. The
amplification protocol for the Act marker included 3 min of predenaturation at 94°C, followed by
30 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, extension at 72°C for 1
min 30 sec, and 1 min 30 sec for the final extension at 72°C. While for the RpS7 marker, the
predenaturation temperature was 95°C for 1 min, followed by a denaturation temperature of 95°C
for 30 sec, and all other parameters remained the same.

Two different restriction enzymes were employed to digest the amplified PCR products, which
were selected based on previous findings (Lajbner & Kotlik, 2011). The Act gene was digested by
Eco521 endonuclease, while the RpS7 gene was broken down by Ndel endonuclease.

At 37°C for 10 hours, 5 pl of the PCR products were digested in 11 pl volumes containing 9 pl of
nuclease-free water, 1 ul of PCR buffer, and 1ul (10u/ul) of restriction enzyme Eco521 or Ndel
(Thermo Scientific, Waltham, NJ, USA). They were then inactivated by incubation for 20 min at
65 °C. The products digested by the aforementioned enzymes were useful in predicting the
haplotype patterns between western and eastern haplotypes based on the known DNA sequences
of the amplified PCR products (Lajbner et al., 2010).

Restriction fragments were separated electrophoretically on a 2% agarose gel containing GelGreen
Nucleic Acid Stain (Biotium Inc, Landing Parkway Fremont, CA, USA), and assessed using a
1000 bp DNA ladder (Thermo Scientific). Subsequently, using VisionWorksLS analysis software
(LTF Labortechnik GmbH & Co. KG., Wasserburg, Germany), the DNA fragment patterns were
verified and photographed under UV light by a gel documentation system (Analytik Jena).

3.4.3 Mitochondrial DNA amplification and sequencing
3.4.3.1 Amplification and sequencing of the Mitochondrial Cytb gene in Tench

The universal primer pairs Glu-F (5-AACCACCGTTGTATTCAACTACAA-3") and Thr-R (5’
ACCTCCGATCTTCG-GATTACAAGACCG-3") were used to amplify 175 tench Cytb (615-bp)
gene sequences, which were designed by using the flanking tRNA sequences according to
(Machordom & Doadrio, 2001).

The PCR reaction of each sample was carried out in a 15 pl PCR mixture containing 30 ng/ul of
genomic DNA, 10.7 ul DW, 1.2 ul 10X DreamTaq Buffer with 20 mM MgClz, 1 pl (10 mM)
nucleotides, 0.5ul of each specific primer (5 uM), and 0.1ul (5 U/ ul) Taqg DNA polymerase
(Thermo Fisher Scientific, Waltham, NJ, USA). The following protocol was used to conduct PCR
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reactions in the Kyratec PCR thermal cycler (Applied Biosystems, Foster City, CA, USA): Initial
denaturing at 95°C for 5 min, then 2 cycles at 94°C for 1 min, annealing temperature at 60°C for
1 min 30 s, 72°C for 2 min, then another 30 cycles at 94°C for 1 min, 1 min 30 s at 54°C, and 2
min at 72°C, then final extension for 10 min at 72°C. Successful PCR products were purified by
NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel, Diiren, Germany) before being
sequenced. On a 2% agarose gel conducted in TBE buffer, the quality of the purified products was
assessed. The purified products were then sequenced using an automated genetic analyzer, ABI
3130 (Applied Biosystems, Foster City, CA, USA), with a POP7 polymer and a 50 cm long
capillary array, according to the manufacturer's instructions for the Big Dye terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA, USA).

3.4.3.2 Amplification and sequencing of the Mitochondrial COI region in Crucian carp

For a total of 104 out of 320 crucian carp sampled from six wild populations and three farmed
stocks in Hungary's eastern, central, and western regions, the Cytochrome Oxidase C subunit |
gene (COI) was amplified for sequencing analysis using universal primer pairs CO1-FF2d-F (5'-
TTCTCCACCAACCACAARGAYATYGG-3) and CO1-FR1d-R (5-
CACCTCAGGGTGTCCGAARAAYCARAA -3') (lvanova et al., 2007). With the exception of
two populations (Lake Fert6 and Lake Kolon), the samples analyzed were obtained from all of the
locations listed in chapter 3.2. The amplification process was as follows: 94°C for 2 min, 30 cycles
at 94°C for 40 s, 52°C for 1 min, 72°C for 1 min, and a final extension at 72°C for 7 min. 15 pl of
PCR mixture contained 30 ng/ul of genomic DNA, 10.9 ul of DW, 1.2 ul 10X DreamTaq Buffer
with 20 mM MgClz, 1 pul dNTP (10 mM), 0.4 ul of each primer (10 uM), and 0.1 pl (5 U/ pul) of
Taq DNA polymerase (Thermo Fisher Scientific, Waltham, NJ, USA). NucleoSpin Gel and PCR
Clean-up Kit (Macherey-Nagel, Diiren, Germany) were used to purify the PCR products. Purified
products were quality tested on a 2% agarose gel, and then sequenced with the Big Dye Terminator
v. 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) according to the
manufacturer's instructions. The ABI 3130 genetic analyzer (Applied Biosystems, Foster City, CA,
USA) was used to reveal the sequences.
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3.4.4 Statistical analysis, population structure, and phylogenetic relationship estimation

The Genotyper 4.0 software package from Applied Biosystems was used to estimate fragment
length. The parameters of genetic variance, including observed heterozygosity (Ho), expected
heterozygosity (He), number of alleles (Na), and effective number of alleles (Neff), genetic
variance (Fst), and heterozygote deficit, were calculated using GenAlEx6.5 (The Australian
National University, Canberra, Australia). The data obtained from the Genotyper 4.0. software was
encoded into the Excel file to calculate the aforementioned values (Peakall & Smouse, 2006).
MICRO-CHECKER version 2.2.3 (The University of Hull, Hull, UK) (number of randomizations:
1000, 95% CI) was used to detect possible genotyping errors, allele dropout and non-amplified
alleles (Oosterhout et al., 2004).

In cross-population comparisons, the Ho and Fis values were standardized for population sizes
using weighted means. To compare indices of genetic variance, a Mann-Whitney U-test with
Bonferroni correction (a significance threshold of 0.01) (SPSS for Windows 11.5 (SPSS Inc.:
Chicago, IL, USA)) was utilized. GENEPOP software (Raymond & Rousset, 1995; Rousset, 2008)
was used to assess deviations from the Hardy—Weinberg equilibrium (HWE) for each locus in each
population using a Markov chain (5000 dememorizations, 500 batches, 5000 iterations per batch)
(S. W. Guo & Thompson, 1992). Genetic divergence between populations was assessed by
estimating the pairwise Fst of Weir (1996) (Weir, 1996) as well as Cavalli-Sforza and Edwards
(1967) (Cavalli-Sforza & Edwards, 1967) genetic distance using FreeNA software (INRA,
Montpellier, France) (Chapuis & Estoup, 2007). The ENA correction was used for the Fs, while
the INA correction was used for genetic distance. For the computation of the bootstrap 95 %
confidence intervals, 10,000 replicates were used. Using 9999 permutations in the GenAlEx 6.5
software, a paired Mantel test between Fs values and geographic distances of the populations was
calculated. Based on linkage disequilibrium and allele frequencies, NeEstimator 2.1 software (Do
et al., 2014) was used to estimate the effective population size (Ne) of all natural populations. The
bottleneck effect was evaluated using BOTTLENECK 1.2.02 (INRA, Montpellier, France) (Piry
et al., 1999). The Wilcoxon signed-rank test was conducted to assess significance under the two-
phase mutation model (TPM).

The genetic relationship between populations and individual assignments of fish was inferred via
a Bayesian clustering analysis using the statistical program STRUCTURE v2.3.3 (University of
Chicago, Chicago, IL, USA) (Pritchard et al., 2000; Falush et al., 2003; Pritcharda et al., 2010).
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The admixture model was used to assume the structure analysis parameters, and the analysis was
run 10 times per K with a burn-in of 10%, followed by 10° Markov chain-Monte Carlo (MCMC)
repetitions. STRUCTURE HARVESTER software (University of California, Santa Cruz, CA,
USA) (Earl & vonHoldt, 2012) was used to calculate the most likely cluster number K, the
posterior probability (highest LnP (D)), and the AK (Evanno et al., 2005). The genetic relatedness
and population structure were investigated further using Principal Coordinates Analysis (PCoA)
(Reeves & Richards, 2009). MT-3, M-6, and M-8 markers were developed with Primer 3 software
run on tench transcriptome sequences containing repeat motifs. Sequences were filtered using the
BLAST function on the SRX3291387, SRX3291388, SRX3291389, SRX3291390, SRX3291491,
SRX3291492, SRX3291493, SRX3291494 SRA data of the PRINA414567 BIOProject.
Different software packages were used to analyze the mtDNA sequencing data. The haplotype
diversity (Hd), nucleotide diversity (m), the number of segregating sites, and the total number of
mutations for all populations and regions were estimated by DnaSP 5.10 software (Librado &
Rozas, 2009). Using Mega-X 10.1 software (The Pennsylvania State University, University Park,
TX, USA), DNA sequences were edited and aligned. The Cytb gene's revised alignment was 615
bp. NETWORK 10.0 software (Fluxus Technology Ltd., Colchester, England) (Bandelt et al.,
1999) was used to generate haplotype network analyses for all populations in this study as well as
GenBank sequencing. All tench haplotypes were linked to the NCBI-BLAST nucleotide database
using the Megablast program (The Pennsylvania State University, University Park, TX, USA) (Z.
Zhang et al., 2000). The COI haplotype sequences identified in Carassius carassius were
compared and analyzed with the reference sequences of Carassius carassius and Carassius gibelio
provided in Genbank to help understand the phylogenetic relationships between the two species in
the genus Carassius. The phylogenetic trees were made using MegaX-11 software with Neighbour
Joining fitting using the Bootstrap method with 1,000 bootstrap replicates, Tamura 3 parameter
model Gamma-Distributed (G) (Tamura et al., 2021).
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4, RESULTS
4.1 Microsatellite data analysis in Tench

4.1.1 Allele polymorphism and population size

All twelve microsatellite loci were successfully amplified, and all showed moderate to high levels
of polymorphism, with a total of 64 alleles in all populations, 11 of which were private alleles. At
polymorphic loci, the number of distinct alleles ranged from 2 (locus MTT-2) to 12 (locus MTT-
9). The highest number of alleles was found in the population of Lake-Ferté at MTT-9, the most
diverse site. Consequently, across all populations, the mean number of alleles per population was
3.22. Derecske (2.41 £ 1.16) and Lake-Fert6 (4.16 + 2.24) had the lowest and highest mean number
of alleles, with allelic richness ranging from 2.02 + 0.69 (in Derecske) to 3.27 + 1.36 (in Lake-
Fertd). The mean observed heterozygosity across all loci within a population ranged from 0.17 (in
Derecske) to 0.47 (in Cun-Szaporca). In terms of both Ho and He, for all populations, the mean
values were 0.37-0.40, respectively.

The Microchecker revealed the presence of null alleles in the cases of locus MTT8 in the Lake-
Ferto, Lake Kolon, and Derecske populations; MTTL1 in the Lake Tisza population; and MT3 in
the Lake-Fert6 population since there was no evidence of significant allelic dropout. The following
loci were monomorphic: MT3 in the Derecske population, MT6 in the Derecske, Lake Tisza, and
Cun-Szaporca populations, and MTT8 in the Cun-Szaporca population. Probability tests of Hardy-
Wienberg showed that the MTT6, MTT8, MT3 in the Lake-Fert6 population, MTT8, MTT2 in the
Derecske population, MT3, MTT9 in the Lake Kolon population, MTT6, MTT8 in the Cibakhazi
Holt-Tisza population, and MT3 in the Cun-Szaporca population, were all found to be out of the
HW equilibrium (P<0.05).

Thus, Lake-Fert6 had the highest diversity. While the Derecske population had significantly lower
genetic diversity. The effective number of alleles, heterozygosity (uHe and Ho), and private allelic
richness were significantly lower compared to the Lake-Fert6 population, and the Fis value was
highest in the Derecske population. Table 8 lists the basic population genetic characteristics of the

stocks.
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Table 8. Genetic diversity data of the seven tench populations studied.

Lake Fert6 Lake Kolon IC{;:E;:QE;O Derecske ﬁé??ﬁ:g; Lake Tisza Szggg;ca
Na 4.16+£2.24 3.83+1.69 3.16 +£1.40 241116 3.25+1.42 291+1.16 2.83+1.19
Neff 2.22+0.782 1.81+057% 192+0.61%® 1.38+0.29° 1.80+063% 1.92+050% 1.92 + 0.692
Ho 0.43+0.20° 0.32+0.16%® 044+022° 017+0.13% 0.37+0.20®® 0.36+0.18% 0.47 £0.31°
uHe 0.49+£0.182 0.39+0.20%® 043+019% 0.25+0.16° 0.40+0.18% 047+0.17%® 0.43+0.25%
F 0.11+0.19% 0.15+0.18% -0.03+0.15% 0.28+0.31° 0.04+0.19% 0.16+0.30%® -0.12 £0.322
AR 3.27 +1.36 2.74+1.02 259+ 1.05 2.02 £0.69 2.50+£0.93 2.78+1.03 272+1.11
AR, 0.40x042? 0.12+0.22% 0.16+0.21® 0.02+0.06° 0.12+0.24®® 0.12+031% 0.10 £0.29%®

Na: number of alleles per population, Neff: effective number of alleles, uHe: unbiased expected heterozygosity, Ho:
observed heterozygosity values, F: inbreeding coefficient, Ar: allelic richness, Agp: private allelic richness. If
indicated, superscript letters (a, b) indicate significant differences (p < 0.05) between the groups.

Application of the linkage disequilibrium approach to Ne estimation yielded the following
effective population sizes (Ne) in the seven tench populations: Lake Fert6-infinite (Cl 95%: 108.8—
infinite), Lake Kolon- 25.9 (CI 95%: 15.7-47.9), Csérndc-Herpeny6 — 59.8 (Cl 95%: 19.5-21.3),
Derecske- infinite (ClI 95%: 20.9-infinite), Cibakhazi Tisza- 49.5 (Cl 95%: 23.8-233.3),
LakeTisza-infinite (Cl 95%: 14.6-infinite) and Cun-Szaporca 9.8 (ClI 95%: 2.4-infinite)
individuals. However, BOTTLENECK's Wilcoxon signed-rank test for heterozygosity excess

showed no evidence of a recent population bottleneck in any of the populations.
4.1.2 Population structure

Pairwise Fst analysis of the microsatellite data also revealed a robust structure. The global Fstwas
0.080 (95% ClI: 0.057-0.108) with ENA correction, showing relatively modest genetic distances.
Table 9 shows the pairwise Fst and Cavalli-Sforza and Edwards genetic distance values between

stock pairs. Table S1 displays the Bootstrap 95% intervals.
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Table 9. Pairwise Fs with the ENA correction (below the diagonal) and the Cavalli-Sforza and Edwards genetic
distances with the INA correction (above the diagonal).

Fs/genetic Distance Lake Lake Csorndc- Derecske Cibakhazi Tisza-to Cun-Szaporca
Ferto Kolon Herpenyd .
Tisza
Lake Fert6 0.228 0.209 0.299 0.256 0.243 0.286
Lake Kolon 0.065 0.246 0.232 0.237 0.195 0.291
Csorndc-Herpenyd 0.032 0.104 0.255 0.236 0.245 0.250
Derecske 0.130 0.059 0.138 0.227 0.271 0.332
Cibakhazi Tisza 0.077 0.069 0.101 0.061 0.232 0.266
Lake Tisza 0.008 0.029 0.043 0.120 0.042 0.258
Cun-Szaporca 0.054 0.138 0.071 0.219 0.127 0.051

The Derecske population showed the highest separation (Fst ranged between 0.120 and 0.219) from
all other populations except the Lake Kolon population, where the value was moderate (0.059).
The mixed genetic background of the Lake Tisza population is well detectable in the Fst and genetic
distance values: Fs ranges between 0.008 and 0.051 except for the Derecske population (0.120).
The regional genetic separation of the populations was moderate. Considering all the seven
populations, the Mantel test resulted in a non-significant association between the geographical
distance (GeoD) and the Fst (GeoD = 617.8xFs + 158.93, R?2 = 0.0983, p = 0.105). However, if the
mixed Lake Tisza population was excluded, the association (GeoD = 1212.5xFs + 96.969, Rz =
0.3737; Figure 7) became significant (p = 0.032). Thus, the greatest distances exist between the

geographically most distant populations.
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Figure 7. Regression between Fst and geographic distance calculated on the six population pairs (Mantel test, P = 0.028)
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By clustering 175 individuals using the STRUCTURE software (Figure 8), the most probable
number of K = 4 clusters was identified. The mean log likelihood data and Evanno’s delta K of
the hierarchical STRUCTURE analysis are shown in Table S2. Contrary to expectations, none of
the four clusters were closely related to localization within or between watersheds; only their
proportions were different. The first cluster (red color) is frequent in the North-Western region
(Lake-Fertd); the second (green color) in the Central-Eastern region (Lake Kolon and Derecske);
the third cluster (blue color) in the Central and South-Western regions (Csérndc-Herpenyd, Cun-
Szaporca); and the fourth (yellow color) in the Eastern region (Cibakhazi Tisza). The population
of Tisza Lake was a mixed population with an equal frequency for all clusters (most likely due to
human intervention—tench are frequently stocked in this water body). This pattern of distribution
was also seen in the Principal Coordinate Analysis (PCoA). Analysis of molecular variance

(AMOVA) showed that genetic variance was predominantly within the population.
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Figure 8. A Structure of the seven tench populations for K = 4, based on the microsatellite data. The populations are the following: 1st Lake
Fert6, 2nd Lake Kolon, 3rd Csérndc-Herpeny®, 4th Derecske, 5th Cibakhazi Tisza, 6th Tisza-t0, 7th Cun-Szaporca. B The average contribution
of the four genetic clusters in the seven tench populations.



4.2 Mitochondrial DNA analysis in Tench.

The seven tench populations yielded a total of 20 new mitochondrial Cytb haplotypes (Figure 7),
two of which were identical to sequences in GenBank (hap6- HM560230.1, HM167941.1,
HM167943.1, HM167945.1, HM167946.1, HM167949.1, JX974523.1, JX974524.1, JX974525.1,
and hap11-NC_008648.1:14394-15, HM167950.1, HM167952.1, JX974520.1, and JX974521.1).
The samples showed a predominance of four haplotypes (haplotypes 3, 4, 6, and 11). Most of the
haplotypes with small numbers of samples were found in the Lake Fert6 population, which had 14
of the 20 different haplotypes (Figure 9, Table 10).

The number of polymorphic sites within the haplotype groups was 14, with 13 of them being
parsimony informative. The haplotype diversity in the polymorphic populations varied from 0.222
(Lake-Tisza) to 0.909 (Lake-Fertd), while the nucleotide diversity ranged from 0.0003 (Lake-
Tisza) to 0.0072 (Lake-Fertd). The highest values for both indices were found in Lake-Fertd, which
matched the high variance identified by microsatellite markers, suggesting its relevance as a
genetic diversity reservoir. The diversity metrics for the Cytb gene sequences within the seven

populations are presented in Table 10.
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Figure 9. Hungarian tench polymorphic sites in Cytochrome b haplotypes generated by DnaSP 5.10 software
(Librado et al., 2009).
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Table 10. Diversity data of the mtDNA sequences in the seven tench populations.

Stock Nh S Eta Hd (mean + SD) Pi (mean + SD)
Lake Fertd 14 11 12 0.909 + 0.026 0.00728 + 0.00035
Lake Kolon 5 9 9 0.556 + 0.130 0.00290 + 0.00123
Csorndc-Herpeny6 9 0.813 £ 0.081 0.00456 + 0.00111
Derecske 5 8 8 0.789 = 0.057 0.00597 + 0.00076
Cibakhazi Tisza 6 10 10 0.655 + 0.060 0.00552 + 0.00037
Lake Tisza 2 0.222 +£ 0.166 0.00036 + 0.00027
Cun-Szaporca 4 7 7 0.778 £ 0.091 0.00596 + 0.00094

Nh—Number of haplotypes; S—Number of polymorphic (segregating) sites, Eta—total number of mutations, Hd—
haplotype diversity, Pi—nucleotide diversity, SD-Standard Deviation.

The twenty Cytb haplotypes described in the seven populations were divided into two major
haplogroups defined by Lajbner et al. (2007) and Lajbner & Kotlik (2011). An average of 28% of
individuals belonged to the Western haplotype group, while 72% belonged to the Eastern
haplotype group. Interestingly, 100% of the Lake Tisza individuals belonged to the Eastern
haplotype. However, since the lake is stocked with tench of unknown Cytb haplotype, this
information must be regarded critically, and it is not advisable to draw far-reaching conclusions
from this. When we excluded the Tisza Lake population, the highest proportion of Eastern
haplotypes was found in Lake Kolon (92%). Lake-Fert6 had the highest proportion of Western
haplotypes, with 47% of individuals belonging to this group (Figure 10, Table 11).

Table 11. Proportion of Western and Eastern haplotypes of the mitochondrial Cytb gene in seven tench populations.

Cyth
Western (%) Eastern (%)
Derecske 37 63
Lake Tisza 0 100
Cibakhazi Tisza 43 57
Lake Kolon 8 92
Cun-Szaporca 40 60
Csornoc-Herpeny6 23 77
Lake Fert6 47 53
Average 28 72
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Figure 10. A. MtDNA haplotype networks for Cyt b mitochondrial DNA sequences. The size of the circles represents the number of
observations of particular haplotypes. The GenBank identifiers of haplotypes described in the network figure but not found in the
Hungarian samples are the following: H21: HM167942.1, H22: HM167944.1, H23: HM167947.1, H24: HM167948.1, H25:
HM167951.1, JX974522.1, H26: HM167953.1, H27: HM167954.1, H28: HM167955.1, H29: HM167957.1, H30- MT605881.1. B. The
relative contributions of the two haplogroups to the seven tench populations.
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The NJ phylogenetic tree showed that the 20 haplotypes fell into two different phylogenetic
lineages, the Eastern lineage (E) and the Western lineage (W). The first lineage was identified
throughout the central and eastern Hungarian watersheds studied, while the second lineage was

found predominantly in the western Hungarian catchments, mainly in Lake Fert6 (Figure 11).
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Figure 11. Neighbour-Joining tree of seven wild tench populations based on cytochrome b haplotypes. The NJ tree was constructed
with MEGA-11 software using the Bootstrap method with 1,000 bootstrap replicates, Tamura 3 parameter model, Gamma-
Distributed (G) (Tamura et al., 2021).



4.3 PCR-RFLP analysis of Act and RpS7 nuclear genes for phylogeography

The PCR-amplified Act and RpS7 genes were employed in the RFLP analysis. RFLP patterns were
generated by digesting the amplicons of individuals possessing the known haplotypes of each of
the two nuclear genes, using each endonuclease described in materials and methods. Act amplicons
digested with Eco521 endonuclease and RpS7 amplicons digested with Ndel endonuclease yielded
three different patterns: eastern, western, and hybrids. The Eastern and Western phylogroups were
found to have two and three-band patterns, respectively. Fragment sizes at certain cleavage sites
were compared to those of (Lajbner & Kotlik, 2011) Figure 12.

1000

100 bp

(A)RpS7 _ Ndel (B) Act_ Eco521

Figure 12. Restriction fragment patterns on agarose gels. Image-A shows the RpS7 amplicons digested with Ndel (Western
phylogroups were represented in lanes 1 and 2, while Eastern phylogroups were represented in lanes 4 and 5, and hybrids with
Eastern-Western phylogroups were represented in lanes 3, 6, and 7). Image-B shows the Act amplicons digested with Eco521 (lanes
1, 2, and 4 represented Eastern-Western phylogroups; lanes 3 and 6 represented Eastern phylogroups; and lane 5 represented Western
phylogroups). L; 1000-bp ladder.

The results indicated that the proportion of heterozygote individuals was close to 50%, 41% in the
case of Rps7 and 50% in the case of Act, respectively (Table 12). Based on both nuclear genes, an
average of 33% of individuals belonged to the Western lineage, whereas 17% (Act) and 26%
(Rps7) belonged to the Eastern lineage. Interestingly, in the Cun-Szaporca population, 60% of
individuals belonged to the Western lineage in the case of both nuclear genes, with no individuals
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from the Eastern lineage present, while 40% of individuals were heterozygous. The Lake Tisza
population showed the opposite picture for the two genes. In the case of the Act gene, 90% of the
individuals were heterozygotes, while in the case of the Rps7 gene, only 10% of the fish were
heterozygous, and the Western lineage was dominant. The proportions belonging to each lineage

were more equal in the rest of the populations studied.

Table 12. Act and Rps7 haplotypes of the seven tench populations.

Act (Eco52l) Rps7 (Ndel)
W (%) E (%) WE-het (%) W (%) E (%) WE-het (%)
Derecske 8 36 56 4 56 40
Lake Tisza 10 0 90 60 30 10
Cibakhazi Tisza 50 16 34 37 3 60
Lake Kolon 16 31 53 12 47 41
Cun-Szaporca 60 0 40 60 0 40
Csornoc-Herpeny6 54 13 33 12 32 56
Lake Fert6 32 24 44 44 15 41
avarage 33 17 50 33 26 41

W - West; E - East; WE-het — Western-Eastern Heterozygote.

4.4 Microsatellite data analysis in Crucian carp
4.4.1 Genetic diversity and population size

All 13 microsatellite loci were found to be polymorphic in 320 individuals' genotypes. A total of
245 microsatellite alleles were described throughout the eleven natural populations and stocks of
crucian carp. The lowest number of alleles was found on locus GF1 (3), while the highest number
of alleles (75) was detected on HLJYJ041. Thus, the HLJYJ041 locus had higher polymorphism
than the remaining loci. Wild populations had an average of 20 to 32 alleles, while cultured
populations had an average of 14 to 25 alleles at this locus (HLJYJ041) (Table 13).

The number of alleles ranged from 61 to 133 in different populations, along with a total of 49
private alleles with frequencies ranging from 0.016 to 0.250, which are mostly found in wild
populations. The private allele frequencies are shown in Figure 13.
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Figure 13. Frequencies of private alleles by population. Cin-Szaporca Holt-Drava (hd), Kélked (k), Dunafalva (df), NBGK-HGI -
genebank (gb), Belsé-telep HAKI (ha), Lake-Ferté (f), Lake-Kolon (kt), Alag Eger (a), Baja (b), Rétimajor (rm) and Mura Vizgyiijt6
(m).

The total number of alleles was inferred to be the lowest for the farmed Rétimajor population (61),
while the wild Can-Szaporca Holt-Drava population had the largest total number of alleles (133),
followed by the Mura Vizgytijté population (123) alleles and the Lake-Ferté population with (117)
alleles, both of which are wild populations. The mean number of alleles for each population ranged
from 4.69 + 4.35 in the farmed population (Rétimajor) to 10.23 £ 9.19 in the wild population (Can-
Szaporca Holt-Drava), with allelic richness ranging from 4.00 + 3.34 in the farmed (Rétimajor)
population to 7.98 £ 6.12 in the wild (Mura Vizgyiijt) population. The mean genetic parameters
for eight natural populations and three stocks are shown in Table 14. Although wild populations
had a higher allelic richness (7.25 + 5.48) than farmed populations (5.04 = 3.50), the difference
was not statistically significant (P = 0.007) (Table 15).

The mean observed heterozygosity (Ho) and expected heterozygosity (He) for all populations was
0.509 and 0.551, respectively, and the mean observed heterozygosity across all loci within a
population ranged from 0.39 + 0.35 (HAKI) to 0.62 + 0.24 (Alag Eger) (Table 14). The mean
values of observed heterozygosity and expected heterozygosity for the eight wild populations were
(0.570£0.283) and (0.616 £ 0.277), respectively, whereas for the cultivated populations they were
lower (0.450 = 0.330) and (0.531 + 0.299). In general, wild crucian carp populations had a
somewhat greater level of polymorphism than cultured populations when genetic parameters were
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compared, including allelic richness, observed heterozygosity, and expected heterozygosity (Table
15). He and Ho values indicated that in most natural populations, these two values were close to
each other. But, the Chi-square test for Hardy-Weinberg equilibrium showed a significant
heterozygote deficit in six of the thirteen loci in two farmed stocks (the NBGK-HGI stock and the
HAKI stock) (Table 13). In the eleven crucian carp populations, the linkage disequilibrium
approach to Ne estimation revealed the following effective population sizes (Ne): Can-Szaporca
Holt-Dréva-59.7 (Cl 95%: 44.8-86.7), Dunafalva-Infinite (Cl 95%: 140.9-Infinite), Kolked
Misanyi-fok-192.9 (Cl 95%: 79.4-Infinite), NBGK-HGI-genebank-10.1 (C1 95%: 8.6-12.0), Lake-
Fert6-200.6 (Cl 95%: 73.5-Infinite), Lake-Kolon-138.9 (Cl 95%: 76.0- 563.7), Bels6-telep HAKI-
5.7 (Cl 95%: 3.7- 7.6), Rétimajor-105.5 (Cl 95%: 38.1-Infinite), Baja-Infinite (Cl 95%: 322.7-
Infinite), Alag Eger-26.4 (Cl 95%: 20.9-34.5), Mura Vizgyiijt-485.6 (Cl 95%: 112.8-Infinite).
According to BOTTLENECK's Wilcoxon signed-rank test for heterozygosity excess, there was

not a recent population bottleneck in any of these populations.
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Table 13. Genetic variability in eleven crucian carp populations based on thirteen polymorphic microsatellite loci.

Locus Parameter Cun- Dunafalva Kolked NBGK-HGI  Lake-Fert6 Lake- Belsé Rétimajor Baja Alag Mura - Number
Szaporca Misényi-  -genebank Kolon telep 21. 24, Eger Vizgyiijté  of
Holt- fok HAKI distinct
Drava 24. alleles
GF1 N 30 20 29 29 20 28 30 36 27 28 23 3
Na 2 2 1 2 2 2 2 1 1 3 3
Ho 0.167 0.000 0.000 0.000 0.200 0.000 0.000 0.000 0.000 0.357 0.261
He 0.153 0.095 0.000 0.328 0.480 0.500 0.278 0.000 0.000 0.349 0.507
Np - - - - — - — - - - -
Prw 0.619 0.000™" _ 0.000™" 0.009™ 0.000™" 0.000™"  _ _ 0.912 0.028"
YJ0010 N 31 19 29 29 20 31 30 35 28 28 22 4
Na 3 2 3 4 2 3 2 2 3 4 3
Ho 0.323 0.474 0.345 0.103 0.350 0.548 0.000 0.029 0.500 0.714 1.000
He 0.476 0.494 0.485 0.295 0.489 0.541 0.064 0.028 0.488 0.672 0.561
Np - - - - — - — - - - -
Prw 0.192 0.855 0.357 0.001™ 0.204 0.233 0.000™" 0.932 0.576 0.076 0.000™
GF29 N 30 19 29 29 23 31 30 36 27 28 22 26
Na 10 4 5 10 16 10 5 4 14 14 12
Ho 0.800 0.632 0.793 0.345 0.696 0.645 0.200 0.472 0.889 0.893 0.864
He 0.769 0.632 0.754 0.795 0.892 0.835 0.553 0.601 0.855 0.850 0.900
Np _ _ _ _ 1 _ _ _ 3 _ 1
Prw 0.097 0.045 0.654 0.000™" 0.000™" 0.002™ 0.000™ 0.000™  0.004™ 0.018" 0.041"
YJ0022 N 30 19 29 29 22 31 30 36 28 28 21 7
Na 3 3 2 3 4 3 3 2 3 4 3
Ho 0.400 0.421 0.103 0.448 0.409 0.419 0.333 0.667 0.214 0.321 0.667
He 0.476 0.342 0.098 0.530 0.402 0.370 0.531 0.498 0.195 0.337 0.649
Np 1 _ _ _ _ _ _ _ _ 1 _
Prw 0.677 0.717 0.769 0.006™ 0.985 0.716 0.000™ 0.043" 0.94 0.86 0.001™"
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Table 13. (Continued)

Locus Parameter  Cun- Dunafalva Kolked NBGK-HGI Lake Lake Belsé Rétimajor Baja24. Alag Mura Number
Szaporca Misanyi- -genebank Fert6 Kolon telep 21. Eger Vizgyiijté  of
Holt- fok HAKI distinct
Drava 24, alleles
MFW7 N 30 18 29 29 22 31 30 33 28 28 22 8
Na 5 4 3 2 3 2 2 1 2 2 2
Ho 0.333 0.167 0.345 0.103 0.818 0.806 0.033 0 0.893 0.714  0.182
He 0.496 0.252 0.347 0.098 0.501 0.481 0.033 0 0.494 0.459 0.165
Np 2 2 _ _ _ _ _ _ _ _ _
Prw 0.000™" 0.006™ 0.731 0.769 0.014" 0.000™  0.926 _ 0.000™  0.003™ 0.639
CypG24 N 30 19 29 33 24 33 29 35 28 28 21 8
Na 3 3 2 4 5 5 4 3 4 7 5
Ho 0.167 0.316 0.207 0.303 0.375 0.273 0.621 0.371 0.214 0.786 0.381
He 0.212 0.277 0.185 0.487 0.33 0.315 0.539 0.465 0.198 0.735 0.404
Np _ _ _ _ _ _ _ _ _ 2 _
Prw 0.295 0.881 0.534 0.001™ 0.999 0.556 0.000™  0.044" 0.999 0.745  0.569
HLJYJ017 N 31 19 29 33 23 33 27 35 28 28 23 20
Na 13 11 9 11 12 11 7 9 9 11 14
Ho 0.935 0.895 0.828 0.818 0.870 0.848 0.778 0.657 0.857 0.929 0.783
He 0.882 0.889 0.844 0.803 0.868 0.854 0.748 0.802 0.840 0.878 0.905
Np _ _ _ _ _ _ _ _ 1 _ 1
Prw 0.969 0.258 0.205 0.038" 0.652 0.509 0.530 0.205 0.832 0.602 0.209
J62 N 26 19 29 32 16 32 29 35 28 16 15 13
Na 8 6 7 8 4 7 5 4 6 5 4
Ho 0.769 0.737 0.655 0.688 0.313 0.688 0.655 0.629 0.571 0.438 0.600
He 0.727 0.673 0.676 0.645 0.512 0.697 0.561 0.619 0.674 0.645 0.620
Np 1 _ _ 1 _ _ _ _ _ _ _
Prw 0.455 0.010™ 0.039" 0.000™" 0.057 0.258 0.013" 0.559 0.004™  0.023" 0.794
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Table 13. (Continued)

Locus Parameter  Cln- Dunafalva  Kdlked NBGK-HGI  Lake Lake Belsé Rétimajor  Baja24. Alag Mura Number
Szaporca Misanyi- -genebank Fert6 Kolon telep 21. Eger Vizgylijté  of
Holt-Dréava fok HAKI distinct
24, alleles
HLJYJ029 N 31 19 29 33 25 33 29 35 27 28 24 17
Na 8 3 4 3 8 4 2 1 3 9 9
Ho 0.419 0.316 0.31 0.091 0.4 0.485 0 0 0.444 0.571 0.458
He 0.492 0.417 0.349 0.286 0.353 0.575 0.067 0 0.46 0.659 0.484
N, 1 _ B 3 _ B _ 3 3 1 2
Prw 0.848 0.046" 0.929 0.000™" 1 0.848 0.000™" 0.695 0.014"  0.004™
HLJYJ028 N 30 17 29 32 22 31 26 35 28 26 25 28
Na 21 18 19 14 14 16 8 12 16 12 18
Ho 0.733 1.000 0.897 0.906 0.636 0.903 0.769 1.000 0.964 0.500 0.560
He 0.936 0.926 0.922 0.891 0.895 0.901 0.834 0.882 0.891 0.875 0.928
Np _ _ _ _ _ 1 _ _ _ _ _
Prw 0.000™" 0.485 0.728 0.122 0.003™ 0.015 0.833 0.986 0.959 0.000™  0.000™"
HLJYJ046 N 30 19 29 30 21 31 27 36 28 29 25 29
Na 21 15 16 11 16 15 7 6 18 14 17
Ho 0.833 0.842 1 0.733 0.619 0.677 0.778 0.667 0.857 0.759 0.36
He 0.933 0.914 0.891 0.793 0.907 0.821 0.726 0.756 0.925 0.895 0.85
N, _ B B _ 1 B _ _ 1 3 _
Prw 0.030" 0.403 0.383 0.005™ 0.000™"  0.263 0.356 0.216 0.617 0.001™  0.000™"
HLJYJ041 N 29 19 29 31 21 31 26 36 28 28 25 75
Na 32 22 22 21 26 26 15 14 25 20 29
Ho 0.966 0.895 0.931 0.871 0.952 0.903 0.808 0.778 0.964 0.893 0.840
He 0.954 0.940 0.939 0.905 0.948 0.933 0.894 0.838 0.938 0.936 0.954
Np _ 4 1 1 2 3 2 1 5 1 _
Prw 0.758 0.178 0.242 0.369 0.083 0.997 0.047" 0.017" 0.887 0.193 0.207
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Table 13. (Continued)

Locus Parameter  Cun- Dunafalva  Kdlked NBGK-HGI  Lake- Lake- Bels6 Rétimajor  Baja24. Alag Mura Number
Szaporca Misényi- -genebank Fert6 Kolon telep 21. Eger Vizgyiijté  of
Holt- fok HAKI distinct
Drava 24. alleles
HLJYJ082 N 30 19 28 32 20 31 28 36 28 23 25 7
Na 4 1 1 1 5 2 2 2 2 3 4
Ho 0.100 0.000 0.000 0.000 0.350  0.032 0.036 0.083 0.107 0174 032
He 0.097 0.000 0.000 0.000 0310 0.032 0.035 0.080 0.101 0.163 0.342
Np 1 _ _ _ 1 _ _ _ _ _ _
Phw 1.000 _ _ _ 1.000  0.927 0.923 0.794 0.765 0.976 0.909
N = sample size; Na = number of alleles per locus; Ne = number of effective alleles; I = Shannon's index; Ho = observed heterozygosity; He = expected

heterozygosity; Np= number of private alleles; Pnw; P-value of Hardy—Weinberg probability test

*Represents deviation from Hardy—Weinberg equilibrium at p < 0.05

**Represents deviation from Hardy—Weinberg equilibrium at p < 0.01

**Represents deviation from Hardy—Weinberg equilibrium at p < 0.001
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Table 14. Mean genetic parameters for eleven crucian carp populations.

- Can- Dunafalva Kolked NBGK-HGI  Lake Fert6 Lake- Belsd telep  Rétimajor Baja 24. Alag Eger Mura-

£ Szaporca Misanyi- -genebank Kolon HAKI 24. 21. Vizgylijté

£ Holt-Drava fok

S

o

Na  10.23+9.19 7.23+6.94 723+719 7231593 900+7.29 815+7.27 492+3.73 469+435 815+7.67 831+554 9.46+8.16
Ne 6.15+£6.85 5.13+555 4.73+£509 367+311 541+549 458+414 288+245 291+237 501+503 512+425 6.08+6.33

I 147+1.06 125+103 120+1.04 119+086 145+093 137+0.88 094+0.75 090+084 131+1.03 151+081 1.54+0.95
Ho 053+031 052+035 049+037 042+035 054+024 056+030 0.39+035 0.41+035 057+035 0.62+0.24 0.56*0.26
He 058+031 053+033 050+036 053+031 0.61+025 060+0.27 045+032 0.43+036 054+034 0.65+0.25 0.64+0.26
uHe 059+031 054+034 051+037 054+031 062+026 061+0.27 046+032 043+036 055+034 0.66+0.26 0.65+0.26

F 0.09+0.15 0.10+£032 001+011 028+036 0.08+031 007+036 029+046 0.02+0.17 -0.08+0.24 0.02+0.23 0.08+0.33
Ar 774+643 6.75+624 6.01+541 568+421 7.69+594 634+492 421+3.00 400+334 6.64+565 6.99+434 7.98+6.12
Arp 0.46+050 046+099 0.16+042 015+031 059+091 022+045 0.11+039 0.15+038 0.60+120 0.75+0.84 0.55+0.82
Na = mean number of alleles per population; Ne = mean number of effective alleles; | = Shannon's index; Ho = observed heterozygosity; He = expected

heterozygosity; uHe = unbiased expected heterozygosity; F = inbreeding coefficient, Ar = allelic richness; Ag, = private allelic richness.
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As mentioned, MFW7, HLJYJ028, and HLJYJ046 in the Cin-Szaporca Holt-Drava population,
Gfl, Gf29, MFW?7, J62, and HLJYJ029 in the Dunafalva population, J62 in the Kélked Misanyi-
fok population, Gf1, Gf29, MFW?7, HLJYJ028, HLJYJ046 in the Lake-Fert6, Gf1, Gf29, MFW?7,
and HLJYJO028 in the Lake-Kolon, Gf29, YJ0022, CypG24, and HLJYJO041 in the Rétimajor
population, Gf29, MFW?7, J62, in the Baja, Gf29, MFW7, J62, HLJYJ029, and HLJYJ028,
HLJYJ046 in the Lake Alag Eger, Gf1, Gf29, YJ0010, HLJYJ028, HLJYJ029, and HLJYJ046 in
the Mura Vizgyiijt, Gf1, Gf29, YJ0010, YJ0022, CypG24, J62, HLIYJ029, and HLJYJ041 in the
HAKI population, Gfl, Gf29, YJ0010, YJ0022, CypG24, J62, HLIYJ017, HLJYJ029, and
HLJYJ046 in the NBGK-HGI, were all found to be out of the HW equilibrium (P<0.05). Gfl in
the Rétimajor population, Kélked Misanyi-fok, and Baja, HLJYJ082 in the Dunafalva population,
NBGK-HGI and Kolked Misanyi-fok, MFW7 and HLJYJ029 in the Lake Rétimajor, were all
monomorphic (Table 13).

Table 15. Genetic differentiation of wild and cultivated crucian carp populations.

Stocks Ho (mean £ SD) He (mean = SD) AR (mean £ SD) AR, (mean £ SD)  Fis (mean £ SD)
wild 0.570 + 0.283 0.616 + 0.277 7.25+5.48 0.49+0.81 0.047 + 0.269
Cultivated 0.450 £ 0.330 0.531 +0.299 5.04 £ 3.50 0.15+0.36 0.209 + 0.373
P-values 0.041 0.126 0.007 0.001 0.022

Ho = observed heterozygosity; He = expected heterozygosity; Az = Allelic Richness; A, = Private Allelic Richness;
Fis = inbreeding coefficient; SD = standard deviation.

4.4.2 Population structure and genetic differentiation

Pairwise Fs analyses were used to illustrate the patterns of genetic divergence among crucian carp
populations across all loci. Without ENA correction and with it, the global Fst was 0.226 (95% CI.
0.137-0.340) and 0.217 (95% CI: 0.131-0.326) respectively, showing that the eleven populations
studied had moderate to high genetic distances. Tables 16 and 17 provide the pairwise Fs, Cavalli-
Sforza, and Edwards’s genetic distance values between population pairs. The Kélked Misanyi-fok
population showed the greatest separation from the other populations, with an Fs ranged between
0.100 and 0.467 (Tables 17).
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Table 16. Pairwise F« (below diagonal) and Cavalli-Sforza and Edwards genetic distance (above diagonal).

Fst/genetic Distance Cln-Szaporca Dunafalva  Kolked NBGK- Lake- Lake- Bels6-  Rétimajor Baja 24. Alag Mura
Holt-Dréava Misanyi- HGI - Ferto Kolon telep 21. Eger Vizgyiijté
fok genebank HAKI
24,

Cuan-Szaporca Holt-Dréava 0.284 0.303 0.587 0.428 0.394 0.644 0.692 0.454 0.496 0.435
Dunafalva 0.040 0.265 0.638 0.407 0.357 0.691 0.744 0.399 0.496 0 .487
Koélked Misanyi-fok 0.058 0.013 0.618 0.423 0.368 0.674 0.716 0.419 0.505 0.500
NBGK-HGI —genebank 0.312 0.364 0.381 0.567 0.544 0.204 0.256 0.550 0.561 0.522
Lake Fertd 0.109 0.101 0.109 0.271 0.354 0.620 0.675 0.407 0.415 0.360
Lake Kolon 0.106 0.091 0.096 0.265 0.041 0.598 0.646 0.304 0.382 0.389
Belso-telep HAKI 24. 0.372 0.431 0.442 0.018 0.335 0.322 0.214 0.592 0.619 0.578
Rétimajor 21. 0.403 0.463 0.470 0.027 0.363 0.348 0.022 0.608 0.645 0.616
Baja 24. 0.195 0.176 0.191 0.279 0.055 0.066 0.340 0.359 0.381 0.436
Alag Eger 0.179 0.169 0.190 0.215 0.058 0.066 0.275 0.293 0.055 0.400
Mura Vizgyiijté 0.135 0.174 0.190 0.195 0.051 0.070 0.253 0.277 0.110 0.068
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Table 17. (With null allele corrections), pairwise Fs with the ENA correction (below the diagonal) and the Cavalli-Sforza and Edwards genetic distances with the
INA correction (above the diagonal).

Fst/genetic Distance Cun-Szaporca Dunafalva  Kolked NBGK- Lake- Lake- Bels6-  Rétimajor Baja 24. Alag Mura
Holt-Drava Miséanyi- HGI - Fert6 Kolon telep 21. Eger Vizgylijté
fok genebank HAKI
24.

Cun-Szaporca Holt-Dréava 0.318 0.318 0.593 0.444 0.423 0.647 0.693 0.470 0.504 0.451
Dunafalva 0.039 0.286 0.636 0.421 0.360 0.689 0.743 0.417 0.511 0.492
Kolked Misanyi-fok 0.059 0.015 0.628 0.440 0.391 0.682 0.718 0.424 0.520 0.513
NBGK-HGI —genebank 0.288 0.337 0.364 0.570 0.543 0.216 0.290 0.569 0.583 0.540
Lake Fert6 0.105 0.090 0.108 0.253 0.368 0.620 0.678 0.415 0.419 0.361
Lake Kolon 0.106 0.082 0.100 0.246 0.038 0.598 0.649 0.321 0.401 0.398
Belso-telep HAKI 24, 0.344 0.397 0.420 0.019 0.311 0.298 0.256 0.610 0.633 0.587
Rétimajor 21. 0.395 0.451 0.467 0.042 0.361 0.347 0.031 0.610 0.649 0.619
Baja 24. 0.192 0.163 0.190 0.269 0.055 0.069 0.323 0.357 0.391 0.449
Alag Eger 0.174 0.157 0.190 0.197 0.055 0.063 0.252 0.288 0.055 0.406
Mura Vizgyiijté 0.132 0.165 0.191 0.183 0.052 0.071 0.236 0.280 0.114 0.069
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The most significant genetic difference was found between populations Kélked Misanyi-fok and
Rétimajor (0.467), where these populations are geographically distant from each other (127km),
while the least significant genetic difference was found between populations Dunafalva and
Kolked Misanyi-fok (0.015), which are geographically close (Table 17). In the same way, all of
the other populations had moderate to high genetic differences, and most of them had no

association with geographic distance (GeoD), as indicated by the mantel test (Figure 14).
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Figure 14. The figure shows the estimated regression between Fstand geographic distance (GeoD) for the eleven crucian carp populations
(Mantel test, P =0.277).
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The Bayesian model-based clustering (STRUCTURE) analysis of eleven crucian carp populations
showed the highest value at K = 2 (Figure 15A). One distinct cluster was classified as "natural
populations,” while the other cluster was classified as farmed stocks (Figure 15B). Three of the
eleven populations, NBGK-HGI, HAKI, and Rétimajor, were grouped into the cluster of farmed
stocks, suggesting that they had different origins, whereas the other eight wild populations were
clustered together.

Further (STRUCTURE) analysis of the eight wild populations was performed to determine the
most probable K (K = 3), which showed that populations are mainly clustered into three sub-
populations within the eight native populations (Figure 16A). This revealed that three distinct
groups existed within these eight populations. The uniformity or mixing of the colors defined the
population’'s genetic structure. For each sample site, the presence of just one color implies a
population with no admixture; the presence of two or more colors shows genetic admixture at that
particular sample site (Figure 16B). This analysis confirmed the genetic variability of the crucian
carp populations. The two natural populations, Dunafalva and Kélked (close to the Danube River),
were genetically homogenous, with no genetic admixture. These are completely isolated pond
populations with a small number of individuals, most likely as a result of a prior occurrence of a
founder effect. The populations from the Danube region, Lake-Kolon, Baja, Alag, and Cun-
Szaporca Holt-Drava from the Drava region, showed relatively minimal genetic admixture,
suggesting fewer contributions or mixing with other populations. Such ponds with little or no
admixture have great potential to serve as future sources for native crucian carp populations.
Although there was no significant association between the geographical distance of the wild
populations of Lake-Ferté, Mura and some other populations, these populations showed a great
deal of admixture in terms of population structure. It was found that these populations share some
clusters, indicating gene flow or mixing across the populations, either naturally or by the
introduction of fish from other populations where gene flow has occurred. The average log
likelihood data and Evanno delta for hierarchical structure analysis are presented in (Table S3).
Individual relationships within and between groups were also evident using Principal Coordinate
Analysis (PCoA) (Figures 15C, 16C). The analysis of molecular variances (AMOVA) revealed
that 20% of the total molecular variance was among populations, 16% was among individuals, and

64% was within individuals, with a significant level (P<0.001).
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Figure 15. Population structure results for eleven crucian carp populations: A Estimation of the Cluster number (K). B Population Structure Cluster Analysis of the eleven crucian
carp populations. The two clusters are indicated by the colors green (wild populations) and red (farmed stocks), respectively. C Principle Coordinate Analysis (PCoA) of allele
frequencies in eleven crucian carp populations (eight wild populations and three farmed stocks).
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Figure 16. Population structure results for eight natural crucian carp populations: A Best delta K estimation. B Bayesian clustering analysis of eight wild crucian carp populations using
STRUCTURE v2.3.3. Three clusters (k = 3) were inferred, indicating the presence of three distinct subpopulations of crucian carp in Hungary. In this plot, these sub-populations are represented
by three colors: green, red, and blue. Each vertical line represents one individual. A population of uniform color (i.e. either green, red or blue) represents a population with little or no admixture.
However, admixture is present in most populations in the current study. The only two exceptions are population 2 (df) and population 3 (k). C Principle Coordinate Analysis (PCoA) of allele
frequencies in eight wild crucian carp populations.
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4.5 Phylogenetic analysis of Crucian carp based on the COI gene sequence

The phylogenetic relationship between two fishes of the genus Carassius, the crucian carp
(Carassius carassius) and the silver crucian carp (Carassius auratus gibelio), was assessed by
comparing their mitochondrial DNA sequences. The COI haplotypes of Carassius carassius and
Carassius gibelio available in GenBank were compared to the new COI haplotypes of Carassius

carassius found in this study.

The primer pairs COI-FF2d-F (5-TTCTCCACCAACCACAARGAYATYGG-3') and COI-
FR1d-R (5- CACCTCAGGGTGTCCGAARAAYCARAA -3") were used to successfully amplify
611-bp-long fragments of the Cytochrome C Oxidase | (COI) gene from 104 crucian carp samples.
The 104 COI sequences yielded a total of 47 haplotypes, 43 of which were novel and four were
previously described (Figure 17). The number of polymorphic sites within the haplotypes was 90
(Figure S1). The NCBI database was employed to verify the sequences’ evolutionary origins. After
being blasted, six haplotypes (hap6, hap20, hap21, hap22, hap23, hap24) were found to be those
of silver Prussian carp (Carassius auratus gibelio), while the rest were identified as crucian carp
(Carassius carassius). Thus, the haplotypes found showed two main groups in the network
diagram (Figure 17).

One (hap6-MW564549.1) of the six haplotypes was dominant and was found to be identical to the
gibel carp sequences provided by GenBank. An individual from NBGK-HGI-gene bank, two
individuals from Mura Vizgyiijt6é and two individuals from Cun-Szaporca Holt-Dréva were all
carriers of this haplotype. The crucian carp group showed a predominance of five haplotypes:
haplotypes 1, 2, 3, 43, and 49. GenBank sequences matched up with three of them (hapl-
HQ961040.1, KJ128440.1; hap2-HQ960942.1; and hap3-HQ960610.1). Consequently, no

common haplotypes were shared by the two species.
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Figure 17. Haplotype networks of COI mitochondrial DNA sequences, showing the relationship between native crucian carp and closely
related gibel carp species. Each circle represents a haplotype, and the sizes of the circles indicate the frequencies of each haplotype. Yellow,
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that was not identified.
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In addition, the Neighbor-Joining phylogenetic tree revealed that the sequences were divided into
three separate clusters, one of which included the Carassius auratus gibelio sequences, which were
morphologically identified as crucian carps. The six gibel carp haplotype sequences identified
among the new sequences, together with the 14 gibel carp haplotype sequences described in
GenBank, formed the first cluster (A). The hap24, which was assigned to Carassius auratus gibelio
in the network, was found to be separated from the cluster (A). The second cluster (B) included
four Carassius carassius sequences from GenBank as well as individuals from rm, ha, and gb
stocks, confirming the results of the microsatellite analysis and highlighting the different origins
of the farmed stocks. The remaining haplotypes of individuals from all locations were represented
in the biggest cluster (C), which was identified as a Carassius carassius species supported by two

Carassius carassius sequences from the GenBank (Figure 18).
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Figure 18. Neighbour-Joining tree of genetic distances between Carassius carassius and Carassius gibelio based on COl mtDNA sequences. Cluster
A represents Carassius gibelio, clusters B and C represent Carassius carassius. The blue arrow indicates the separation of haplotype 24 (see Network)
from the three clusters. The NJ tree was constructed with MEGA-11 software using the Bootstrap method with 1,000 bootstrap replicates, Tamura 3
parameter model, Gamma-Distributed (G) (Tamura et al., 2021).
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5. DISCUSSION

5.1 Characterization of the genetic variability and phylogenetic status of Tench (Tinca
tinca L. 1758) populations in Hungary using nuclear and mitochondrial markers

The genetic diversity and phylogeographic identity of wild and cultured tench populations are still
poorly understood. In this study, we used 12 microsatellite DNA markers, a mitochondrial Cytb
gene, and two nuclear genes (Act and Rps7) to learn more about the genetic affinities of seven
natural populations of the species inhabiting the Carpathian-basin. With some exceptions, the
genetic variability findings obtained were mainly compatible with earlier investigations.
Kohlmann et al. (2007) revealed that only seven of the microsatellites developed and studied were
polymorphic in two wild populations (Ddllnsee and Felchowsee) and four cultured strains
(Konigswartha, Germany; Tabor, Marianske Lazne, and Vodnany, Czech Republic). Throughout
their research, they described a total of 49 alleles and found that the wild populations had more
genetic diversity than cultured strains. The average number of alleles per loci in their study ranged
from 2.57 (Ho: 0.273) to 5.86 (Ho: 0: 367), while we found values between 2.41 (Ho: 0.170) and
4.16 (Ho: 0: 43). The average allelic richness value was lower in Hungarian populations (2.66)
than in German natural populations (3.73). In a subsequent study (Kohlmann et al., 2010), they
found similar values in terms of the average number of alleles per locus, adding that they also
found three populations with extremely low within-population variability. One Spanish farm
population from near Badajoz was homozygous at all loci in 50 analyzed individuals. The total
number of alleles observed in the 21 populations was 66. They also studied a Hungarian strain
derived from the live gene bank of Vodnany (Czech Republic), but the original source of the stock
was not mentioned. The average number of alleles per loci was 2.71, with an observed
heterozygosity of 0.352. The number of private alleles was 13 in the study (Kohlmann et al., 2007)
while working with 200 individuals originating from 6 populations using 7 microsatellites and 20
in the (Kohlmann et al., 2010) study when they used 9 species-specific microsatellite markers to
characterize 792 individuals representing 21 wild and cultured populations. In the current study,
the number of private alleles was lower (Kujawa et al., 2011). Three of them were observed in the

Lake Fert6 population. Interestingly, in the Neighbor-joining tree in Kohlmann et al. (2010), the
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Hungarian stock is located separately from the other Central and Western European populations
and much closer to the neighboring branch of the tree where the Chinese, Turkish, and Spanish
(probably introduced from Central Europe) populations are located. According to the authors, the
three populations may represent the species’ Eastern lineage. The Fis values (inbreeding
coefficient) in this research ranged from -0.03 to 0.28, which is close to the findings of Lajbner et
al. (2010) but higher than those of Kohlmann et al. (2010). The Derecske population's high
inbreeding coefficient may be explained by the fact that the two small ponds where the population
inhabits are landlocked and isolated from all other surface water bodies.

The genetic variability found in nature is the existing basis of all future selective breeding
programs. Artificial selection and selective breeding may have a negative effect on genetic
diversity and effective population sizes (Molnér et al., 2020). When the goal of generating large
genetic gain is combined with limited facilities and the necessity to breed exclusively genetically
and phenotypically better individuals, it may result in the creation of small populations with a high
probability of genetic drift and inbreeding. This phenomenon may compromise the sustainability
of such programs (Ponzoni et al., 2010). Based on our results, one can say that the maintenance of
the genetic variability of natural tench populations is not only important for conservation efforts
but in order to be able to establish a selective breeding program for the species.

A total of 20 Cytb haplotypes were described from Hungarian samples in the present study. Of
these, 18 (including the common H3 and H4) have not yet been observed before. Two out of the
three haplotypes (C1, C2, and C3) described in 50 samples by Karaiskou et al. (2020) show a
match with two haplotypes described in this study: C1 is identical to the H11 we describe, which
characterized the Western phylogroup, while C2 is identical to the H6 described here and
characterized the Eastern phylogroup. Haplotype C3 (MT605881.1, hap 30 in the network diagram
of our study) was not present among Hungarian samples, but it was described in the Romanian
samples and belongs to the Eastern phylogroup. Six Cytb haplotypes were described in a 2014
study (Lo Presti et al., 2014), five of which had previously been identified. Haplotype 6 (H6) of
this study matched the sequences JX974523.1 (haplotypes H2a, H2b, H2d, H2e, H2f, H3 and H8),
JX974524.1 (haplotype H2c) and JX974525.1 (haplotype H7) of the previously mentioned study,
which belonged to the haplogroup B (Eastern) described by them. The Hap 11 haplotype (H11) of
this study matched the sequences JX974520.1 (haplotype H1a) and JX974521.1 (haplotype H4),
which belonged to the haplogroup A (Western) group in their study.
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According to the haplotype network, 98 individuals (67.1%) belonged to the Eastern haplogroup,
whereas 48 individuals (32.9%) belonged to the Western haplogroup (Table 9). Among the
populations, the Tisza Lake population contained only individuals belonging to the Eastern
haplogroup, while individuals from both haplogroups were found in different proportions in the
other populations. The populations of Kolon Lake, Csérnéc Herpeny6, and Derecske contained a
higher proportion of Eastern haplotypes, while in the other populations the haplogroups were

largely equally present.
5.2 Tench phylogeography and postglacial recolonization in Europe

The two phylogeographical lineages were most likely split when Western Europe was colonized
from the Black Sea Basin due to recurrent isolation in two refugia during the Pleistocene
interglacial (Hewitt, 2004; Lajbner et al., 2007). This separation produced a high evolutionary
divergence (1.3% for the cytochrome b gene) approaching the level between different fish species
(Lajbner et al., 2010). The Ponto-Caspian region and the Danube basin were probably the glacial
refugia of the Eastern phylogroup (Lajbner & Kotlik, 2011). The two refugia were responsible for
the recolonization of Central Europe. However, the lineages did not show reproductive separation
in the contact zone but a mixed ancestry hybrid zone was formed (Lajbner et al., 2010). The current
study's findings support the use of PCR-RFLP analysis of nuclear markers in tench
phylogeographic research. By combining mitochondrial and nuclear markers, this approach proved
successful in detecting the main western and eastern phylogeographic clades of this species, as
well as in identifying hybrids across clades.

Lujic et al. (2017) described the hypothesis that there is a characteristic pattern of Cytb haplotypes
in the Balkan region and the Eastern haplotypes dominate the region south of the Danube River
while the Western haplotypes dominate the regions north of the river. Based on the examination
of the Rps7 and Cyt b genes, this hypothesis suggests a natural invasion of the western lineage;
the main route of which is the Danube and Tisza rivers. Our results can support this hypothesis
only partially since it assumes a clear change in the ratio of the two lineages in the Hungarian
populations. On the contrary, we found that on both sides of the Danube River, the Eastern Cyth
haplotypes were dominant, with the proportion ranging from 53% to 100%. Nevertheless, the
PCR-RFLP analysis of the nuclear Act and Rps7 genes showed results not consistent with the Cytb
results. The majority of the individuals belong to the hybrid group (50% in the case of Act and
41% in the case of the Rps7 gene) or to the Western haplotype (33% in the case of both genes),
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showing the evidence of a long-term, repeated (hybrid) crossing of Western and Eastern clades.
There are probably two main factors that alter the pattern of the natural invasion of the western
lineage: the human-aided dispersal of the lineages (Lajbner et al., 2010; Clavero, 2019) and the
dispersal ability of the species in the different habitats (Morissette et al., 2021; Bernos et al., 2022).
The microsatellite analysis of the natural populations supports the human impact on the natural
populations. None of the four genetic clusters were typical for locations. The admixture of the

clusters showed only changes in the proportions according to the geographical differences.

5.3 Characterization of the genetic diversity of crucian carp (Carassius carassius (L.

1758)) populations in Hungary using microsatellite markers

The genetic variability of a species or a population plays an important role in survival. A
population with higher genetic variability has a higher chance of adapting to a changing
environment. For this reason, in the present work we described the genetic variability of eleven
crucian carp stocks and populations. The comparison of results in this study with results on the
genetic variability of other crucian carp populations is barely possible because there is no such
data to be found in the literature. In the case of Carassius species, all authors focus on
hybridization, even when they use nuclear markers such as microsatellite DNA markers (Hanfling
et al., 2005; Papousek et al., 2008), and overlook the importance of genetic variability. For the
abovementioned reasons in this chapter, the genetic variability of Hungarian crucian carp
populations is compared to closely related Cyprinid species such as common carp, gibel carp, and
goldfish.

The microsatellite analysis of the eleven crucian carp stocks and populations using 13
microsatellite markers resulted in the description of the presence of 245 microsatellite alleles,
which means an average of 18.64 alleles/locus. This number is considered very high, but it involves
an extremely variable locus, HLJYJ041, which alone represents 75 alleles. Without this locus, the
average number of alleles is 14.16. DeWoody & Avise (2000) reported that the average number
of alleles per locus in wild freshwater fish species in general is 7.5. Kohlmann et al. (2003)
described an average of 8.17 in common carp (Cyprinus carpio). In a subsequent study (Kohlmann
et al., 2005), they found the mean number of alleles/locus to be between 2.5 and 14.25 in the case
of 22 different common carp stocks. In the same study, the number of alleles per locus was found
to be between 27 and 47, which is comparable to our results. In contrast, Chen et al. (2014) used

10 microsatellite markers to describe the genetic variability of 6 goldfish (Carassius auratus)
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populations. They described the presence of 243 alleles in the 243 individuals, which means the
average number of alleles per locus was 24.3. This value is even higher than that described in the
present study. It is also worth noting that Zaijie et al. (2018) found 341 alleles using 12
microsatellite markers, with an average of 28.67 alleles per locus from four wild populations of
common carp. Similarly, the genetic diversity parameters reported for 14 common carp strains in
Hungary by (Toth et al., 2020) showed greater values than those estimated for crucian carp
populations in this study. The authors used 12 species-specific microsatellite markers and reported
a higher mean value of heterozygosity (Ho = 0.840) than was found in the crucian carp populations
in this study (Ho = 0.509). Moreover, the mean total number of alleles per strain was greater (11),
compared to the 7.7 we found. The number of private alleles they found in 630 common carp
individuals was also higher (117) than the private alleles we found. However, the number of alleles
may be influenced by the sample size employed (O’Connell & Wright, 1997). The extremely
variable locus HLJYJ041, which alone accounts more than 30% of the alleles, was also used in
other studies. Zheng et al. (2010) developed 59 polymorphic trinucleotide and tetranucleotide
markers (including HLJYJ041) for the silver crucian carp and tried them on a test panel of 34
crucian carp individuals. They described 12 alleles on this locus, while Lu et al. (2016) found 18
alleles when they analysed 10 gynogenetic clones of Fangzheng silver crucian carp (Carassius

auratus gibelio).

In the present study, all of the farmed crucian carp populations analyzed had low genetic diversity
parameters assessed. We found the lowest number of alleles in Rétimajor (61), while the
population of Cun-Szaporca Holt-Drava had the largest total number of alleles (133), followed by
the Mura Vizgyiijté population (123) alleles and the Lake-Fert6 population with (117) alleles.
Based on these data, one can conclude that natural populations of Carassius carassius in Hungary
are more variable than farmed stocks of the species. When we look at the results of AMOVA, our
results are different from the results of Chen et al. (2014), since in the present study, 20% of the
total molecular variance was among populations, 16% was among individuals, and 64% was
described within individuals, while they found that 98.65% of genetic variation contributed to
differences within individuals and only 16.35% contributed to differences among populations. The
pairwise Fst values across the populations were slightly lower in their study, ranging between 0.012

and 0.304, while we found pairwise Fs values ranging between 0.015 and 0. 467. In contrast, the
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AMOVA results from Téth et al. (2020) revealed a much lower level of genetic difference among
populations (3.79%).

In the present study, the geographically closely located populations showed lower pairwise Fst
values, but the association with distance (GeoD) was not statistically significant. All other
population pairs showed moderate to high genetic differences. While studying common carp stocks
and populations from all over the species' habitat range, Kohlmann et al. (2005) found that at the
regional level, the highest differentiation was found among the East/South-East Asian populations
(average Fst = 0.343), followed by the European (average Fst = 0.138) and Central Asian (average
Fst = 0.002) stocks. Interestingly, the geographical distances in the mentioned study are really long,
but pairwise Fst values are in the same range as in the present study. In all populations, they found

negative Fis, which is interesting. On the other hand, we found both negative and positive F values.

5.4 Carassius carassius and Carassius auratus gibelio phylogenetic relationship

Non-native fish have taken over many of Hungary's lowland streams and rivers, including the
Danube River. Fishing pond escapees such as gibel carp, topmouth gudgeon, and pumpkinseed,
and the recent invasion of Ponto-Caspian gobies are of special concern (Takéacs et al., 2017).
Outcompeting native species and altering their habitats are significant environmental
consequences of Carassius auratus gibelio in Europe (Savini et al., 2010). Also, it is well
documented that feral goldfish (Carassius auratus) compete with native crucian carp for resources,
endangering native populations and reducing reproductive potential (Copp et al., 2010;
Mezhzherin et al., 2012; Copp & Sayer, 2020). According to previous reports, Hungary and all
countries of the Danube basin are at serious risk from these invasions (Ferincz et al., 2018).
Therefore, it is necessary to take these catchment boundaries into account while conserving

Carassius carassius in central Europe.

This is the first attempt to assess a phylogenetic relationship between crucian carp and gibel carp
in Hungarian waters using mtDNA Cytochrome C Oxidase | (COI) gene sequences. The COI gene
sequence variation of 104 Hungarian crucian carp individuals was investigated, with 47 COI
haplotypes reported. Of which, 43 were novel, previously unidentified haplotypes. Among the
sequences identified as crucian carp, five haplotypes were shown to be the most frequent, including
individuals from Rétimajor, Kélked Misanyi-fok, Belso-telep HAKI lake, NBGK-HGI-genebank,
Baja, Mura Vizgyjtd, and Cun-Szaporca Holt-Drava (Figure 17). Furthermore, six of our own
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sequences got integrated into the gibel carp group along with other sequences from GenBank
identified in previous studies. Individuals identified as belonging to Carassius auratus gibelio
were found to be morphologically indistinguishable from those of Carassius carassius. Therefore,
our findings support the gibel carp invasion of crucian carp populations, which resulted in
hybridization between females of the introduced Carassius auratus gibelio and males of the native
Carassius carassiuas (gibel carp x crucian carp hybrids) as previously reported (Papousek et al.,
2008; Wouters et al., 2012).

Gibel carp's taxonomic status remains a mystery, as it's still unclear if it's a distinct species, a
subspecies of Carassius auratus, or a hybrid species (Hanfling et al., 2003). Despite several studies
illustrating the evolutionary relationships among the Cyprinid species in the genus Carassius,
insufficient information was available on the phylogenetic relationships between Carassius
carassius and its closely related species such as gibel carp. On the other hand, the taxonomy of the
genus Carassius is still being questioned and, given the significant morphological resemblance
amongst the species, however, has hindered valid judgments on their taxonomy, biogeography,
and introduction history until now (Rylkova et al., 2013). Moreover, the silver crucian carp
(Carassius auratus) represents the Carassius auratus subspecies complex, known for its
ambiguous taxonomic and evolutionary relationships (Podlesnykh et al., 2012). Using RFLP
analysis of the ND3, ND4L, ND4 and 12S,16S rRNA regions, as well as examination of nucleotide
sequence variation in the Cytochrome b gene, Apalikova et al. (2011) found that Carassius
carassius had different mitochondrial DNA haplotypes than Carassius auratus gibelio. On the
other hand, the authors support that the two Carassius auratus forms, Carassius auratus gibelio
and Carassius auratus cuvieri, are genetically close to Carassius carassius and Cyprinus carpio.
However, the authors indicated that after separating from the common carp lineage, the ancestral
form diverged into silver crucian carp and crucian carp. Consequently, the results of this research
are consistent with theirs. This study's preliminary phylogenetic investigation indicated taxonomic
divergence predictions for the two species of the genus Carassius. The analysis of the mtDNA
Cytochrome C Oxidase | (COI) gene showed distinct clusters on the phylogenetic tree. The
haplotypes of Carassius carassius and Carassius auratus gibelio were well separated, indicating
that the evolutionary paths of the two species diverged at some point (Figure 18). However, in
order for these species' evolutionary relationships to be accurately established, further data with

more samples will be included in the next stage of our studies.
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6. NEW SCIENTIFIC RESULTS

1. The population genetic structure of tench (Tinca tinca L. 1758) and crucian carp (Carassius
carassius L. 1758) reported in this study supported previous studies from different geographical
regions in Europe. We were able to confirm the combined use of nuclear and mitochondrial
markers as an effective way to better understand the genetic makeup of a population since each
contributes unique features. For both species, we applied a larger number of microsatellite markers

than had been used in most previous studies.

2. This study is the first to describe the genetic diversity and population structure of tench (Tinca

tinca L. 1758) populations in the Carpathian Basin.

3. The current study revealed that, in addition to the sequencing of an mtDNA (Cytb) segment, the
PCR-RFLP analysis of two independent nuclear-encoded exon-primed intron-crossing (EPIC)
markers, (Act) and (RpS7), is an efficient method for assessing phylogeographic structure and

identifying the Western and Eastern origins of Hungarian tench populations.

4. A total of twenty Cytb haplotypes from Hungarian tench samples were described in this study.

Of these, 18 (including the common H3 and H4) had not been previously observed.

5. Based on COI gene data, we provide the first phylogenetic and taxonomic overview of native
crucian carps and the closely related invasive gibel carps found in Hungarian waters. A total of 47
COl haplotypes were identified, with 43 of them being novel. Six of the new haplotype sequences
were identified as belonging to Carassius gibelio, confirming previous reports of their invasion

across different parts of Europe.
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7. CONCLUSIONS AND PERSPECTIVES

In this thesis, the population structure and diversity of endangered crucian carp (Carassius
carassius L. 1758) and tench (Tinca tinca L. 1758), as well as phylogenetic relationships and
systematic phylogeography, are explained using genomic approaches, paving the way for the
accurate identification of Hungary's conservation management units and selective breeding

programmes. The following are the main conclusions:

A key consideration in species conservation is to protect and maintain genetic variability,
as described in the literature section above. This part of the thesis revealed that the wild
living populations of tench in Hungary are genetically moderately diverse compared to
other natural populations of the species living in Western Europe, and this is the first study
in which genetic diversity in native Hungarian tench populations was described. However,
they still represent significant aquatic genetic resources and could serve as a good basis for
future selective breeding programmes. The genetically most variable Lake Fert6, Lake
Kolon and Csorndc-Herpeny6 populations can be the most promising candidates for future
breeding programs, while populations with considerably high private allelic richness (such
as Cibakhazi-Tisza and Lake-Tisza) should also be involved in order to start such a
program with the highest genetic variability involved.

This part of the thesis also showed that there are moderate to high genetic differences in
the populations of Hungarian crucian carp, which is seen as a first initiative in assessing
the genetic diversity and population structure of Hungarian aquaculture stocks. The natural
populations, on the other hand, had higher variability. Two wild populations, Dunafalva
and Kolked (close to the Danube River), were found to have minimal genetic diversity and
a homogeneous genetic structure, perhaps owing to the presence of a founder effect in these
isolated pond populations. The ponds that don't have much or any mixing have a good
chance of becoming future stocks for the native crucian carp populations.

To ensure the survival of the population and its ability to adapt to environmental change, a
wide range of genetic variations is necessary. Wild populations are essential genetic
resources, and therefore it is crucial to preserve them. We recommend monitoring the
genetic diversity of the farmed stocks of these species in order to keep biodiversity from

being lost. Genetic variation in stocks can be more effectively monitored with the use of
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molecular approaches. This helps us understand how this diversity can be maintained
through selective breeding. Appropriate breeding practices, as with crossbreeding, can be
used to enhance genetic variety in farmed stocks having limited genetic variation.
However, uncontrolled crossbreeding must be avoided. Additionally, increasing effective
population sizes will help reduce inbreeding levels, which must be considered while
developing breeding programs for these species. In the future, the research will be
expanded to include more wild populations from a wider geographic area and more
cultivated stocks so that the genetic profile of the populations found in this study can be
tracked.

Tench's natural range is also an important consideration. In this part, the phylogeographic
analysis described the Western and Eastern phylogroups and was able to find hybrids
between the two clades. Thus, Hungary is in the transition zone between the two lineages
of the species, with a high level of hybridization, suggesting that these phylogroups were
dispersed outside of their native range through human activities. This interrogation will
help to distinguish the diverse geographic origins of populations and track the phylogroups
spread across wild populations mediated by humans, which is important for breeding
efforts. However, to learn more about this phenomenon, the natural and human-aided
processes of hybridization in this zone need to be studied in more depth.

We found indications of invasive Carassius auratus gibelio extension in Hungarian crucian
carp populations and assessed their phylogenetic relationship. Mitochondrial data has
provided useful insights in resolving taxonomic ambiguities among closely related species
that are difficult to define morphologically. The Cytochrome C Oxidase | (COI) gene was
shown to be useful in identifying the phylogenetic relationships between Carassius
carassius and the closely related invasive gibel carp, Carassius auratus gibelio. The
distribution of haplotypes indicated that these two species had diverged in their evolution.
Therefore, although most of the hybrids exhibited morphology similar to Carassius
carassius, Carassius carassius populations should be treated as separate management units
for conservation activities. However, the current understanding of the taxonomic status of
the two species provided by these data is still insufficient. Therefore, more specimens will
be included in the next step of our studies to precisely define their taxonomic position in

the Cyprinidae family. On the other hand, the invasion of species gives us the opportunity
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to consider the many different evolutionary processes that occur within species. This result
encourages further research into the impact of invasive species on the genetic diversity of
Hungarian native species.

The National Centre for Biodiversity and Gene Conservation has established an ex-situ live
GenBank and a cryobank to help achieve the study's intended aims. Ex-situ conservation

practices must emphasize the genetic structure and identity of translocated individuals.
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8. SUMMARY

Tench (Tinca tinca L. 1758) and crucian carp (Carassius carassius L. 1758) are two cyprinid fish
species with declining population numbers and sizes in Hungary and in the neighboring countries.
The conservation of these species requires an understanding of their population structure and also
phylogeographic knowledge. Due to a number of strengths, mitochondrial DNA (mtDNA) and
microsatellite markers are increasingly being employed in such studies. The present study is a part
of biosystematics studies that focus on the importance of population structure and diversity,
biogeographic history, and phylogenetic relationships at the molecular level. During the 2018—
2022 research period, the main objectives achieved are summarized below. However, the COVID-

19 pandemic hampered the lab work and caused the research to fall behind schedule.

First, the genetic diversity and phylogeographic structure of seven wild tench populations were
investigated to establish the genetic knowledge base for successful conservation efforts and
selective breeding. Twelve microsatellite markers and the sequencing of a 615 bp section of
mtDNA (Cytb) were used to analyze the genetic variation and structure among 175 individuals.
Furthermore, phylogeographic identification of individuals from each site was assessed using
PCR-RFLP analysis of two nuclear markers (Act) and (RpS7). All microsatellite loci were found
to have moderate levels of polymorphism. The pairwise Fs values between population pairings
were moderate; the populations were aligned into four clusters. The Cytb gene showed 20
haplotypes; 67.1% of individuals were categorized as Eastern, while 32.9% belonged to the
Western haplogroup. On both sides of the Danube, Eastern origins were dominant. However, the
results of the PCR-RFLP analysis of the nuclear Act and Rps7 genes did not match those of the
Cytb genes. The majority of the individuals belonged to the hybrid group (50% in the case of Act
and 41% in the case of the Rps7 gene) and to the Western haplotype (33% in the case of both
genes), indicating a significant level of hybridization among the two geographic clades within the
sampled populations. Thus, Hungarian tench populations are genetically less diverse compared to
natural populations in Western Europe, but they still represent valuable genetic resources. Lake
Fert6, Lake Kolon, and Csorndc-Herpeny6 populations can be optimal candidates for future
selective breeding programs. Moreover, the PCR-RFLP assays of the two independent nuclear-
encoded exon-primed intron-crossing (EPIC) markers were shown to be a reliable approach for
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assessing phylogeographic structure and identifying the Western and Eastern origins of the

Hungarian tench populations.

Second, in the case of crucian carp (Carassius carassius L. 1758), thirteen microsatellites were
used to assess the genetic diversity and differentiation of 320 crucian carp individuals from eight
wild populations and three farmed populations in Hungary. All microsatellite loci had high levels
of polymorphism, with a total number of 245 alleles in all populations. The number of alleles in
different populations ranged from 61 to 133, with a total of 49 private alleles with frequencies
ranging from 0.016 to 0.250, mostly observed in wild populations. The lowest number of alleles
was found on locus GF1 (3), while the highest number of alleles (75) was detected on
HLJYJ041. The mean observed heterozygosity (Ho) and expected heterozygosity (He) for all
populations was 0.509 and 0.551, respectively. From the He and Ho values, it was inferred that in
most of the natural populations, these two values were close to each other, while in the case of two
farmed stocks (NBGK-HGI stock and HAKI stock), the Chi-square test for Hardy-Weinberg
equilibrium presented a significant heterozygote deficit in six of the thirteen loci. According to
genetic parameters including allelic richness, observed heterozygosity, and expected
heterozygosity, wild crucian carp populations showed a rather higher level of polymorphism than
cultured populations. The global Fst was 0.226 (95% CI: 0.137-0.340). Pairwise Fst from low to
high values (0.015-0.467) showed a robust structure and a significant level of population
differentiation. Bayesian model-based clustering (STRUCTURE) analysis has consistently
confirmed the existence of three sub-populations within the eight populations that are classified as
wild populations. AMOVA revealed that genetic variation was mostly found within populations.
The above results revealed moderate to high genetic variation in the populations of Hungarian
crucian carp, and that the farmed populations had lower genetic diversity compared to the wild
populations. Thus, it is important to maintain the wild crucian carp populations since they are vital

genetic resources.

Finally, in an effort to better understand the taxonomic status of two species in the genus Carassius,
Carassius carassius and Carassius gibelio, a preliminary study of the phylogenetic relationship
between the two species was conducted. Sequence variation patterns in the mtDNA Cytochrome
C Oxidase I (COI) region from 104 crucian carp samples were compared to those available in

GenBank for Carassius carassius and Carassius gibelio. Among the 104 new COI sequences, 47
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haplotypes were found, six of which were found to belong to Carassius gibelio. The presence of
gibel carp haplotypes in four crucian carp populations (Mura Vizgyiijté, Cun-Szaporca Holt-
Drava, NBGK-HGI -genebank, and Alag Eger) suggests an invasion of this invasive species and
a possible hybridization event. The Neighbor-Joining phylogenetic tree revealed that the samples’
genetic profiles were clearly separated. At the same time, the distinct distribution of haplotypes

makes it possible to presume that these two species are different from each other.
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9. OSSZEFOGLALO

A compo (Tinca tinca L. 1758) és a széles karasz (Carassius carassius L. 1758) két 6shonos
pontyféle, melyek populdcioi hanyatlé tendencidt mutatnak mind hazankban, mind pedig a
kornyez6 orszagokban. A fajok megorzéséhez sziikséges, hogy megértsiik populaciogenetikai
strukturajukat és informaciot nyerjink filogeografidjukrol. Elényos tulajdonsagaik miatt az ilyen
jellegli vizsgalatokhoz gyakran alkalmaznak mitokondridlis DNS markereket, illetve
mikroszatellit DNS markereket. Jelen vizsgalat egy olyan pélyazat részeként valésult meg, amely
a két faj megdrzését célozza a fajok hazai populdcidinak molekularis genetikai vizsgalataval, a
genetikai valtozatossaguk leirasaval, filogenetikai kapcsolatrendszerik feltarasaval. A 2018-2022-
ig terjedé id6szakban a projekt elérte f6 célkitlizéseit, bar a Covid-19 vilagjarvany nagyban
akadalyozta munkankat és komoly késéseket indukalt a laboratériumi vizsgélatok soran.

A munka sordn el6szor 7 vadon €16 compd populacid 175 egyedének genetikai
valtozatossagat és filogeografiai szerkezetét vizsgaltuk annak érdekében, hogy a megOrzési
munkahoz, illetve a szelekcios tenyésztés megkezdéséhez is megfelelé informaciokkal birjunk. 12
mikroszatellit DNS marker (fragmensanalizissel vizsgalva), a mitokondrialis Cytb gén egy 615
bazispar hosszusagu szakasza (szekvenalassal vizsgalva), illetve az Act és RpS7 nukleéris gének
(PCR-RFLP-vel vizsgalva) analizisével igyekeztiink a fent leirt céljainakt elérni. Minden
mikroszetllit 10kusz esetében kdzepes szintli polimorfizmust talaltunk. Az egyes populacioparok
kozotti Fst értékek ugyancsak kozepesek voltak, a populacidk négy klaszterba sorolédtak. A Cytb
gén esetében 20 haplotipust irtam le; az egyedek 67,1 %-a keleti, mig 32,9 %-a nyugati
haplocsoportba tartozott. A Duna mindkét oldalan a keleti csoportba tartozé egyedek voltak
talsulyban. Az Act és Rps7 nuklearis gének vizsgalatanak eredményei nincsenek dsszhangban a
Cytb gén vizsgalati eredményeivel. Az egyedek dontd tobbsége vagy a hibrid csoporthoz tartozik
(50% az Act és 41% a Rps7gén esetében), vagy pedig a nyugati haplotipushoz (33% mindkét gén
esetében. Ez a két csoport kozotti hibridizacid magas szintjét mutatja a vizsgalt tertileten és
populaciokban. A hazai compd populaciok dsszességében kevésbé valtozatosak, mint a Nyugat-
Eurépaban ¢l természetes compd populaciok, de igy is jelentds genetikai erdforrasként

tekinthetiink rajuk. A Fert6-t0, a Kolon-t6 és a Csdrndc-herpenyé compd allomanyai jo alapul
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szolgalhatnak jovObeni szelekcids tenyésztési programokhoz. Ezen kiviil elmondhatd, hogy a 2
fentebb emlitett EPIC (nuclear-encoded exon-primed intron-crossing) marker (Act és Rps7gen)
megbizhatd eszkdznek bizonyult a hazai compopopulaciok filogeografiai strukturajanak
leirasahoz, a keleti és nyugati haplotipusok elkildnitéséhez.

A munka masodik fazisaban 13 mikroszatellit DNS marker segitsegével vizsgaltam 7 természetes
vizi és négy farmokrol sz&rmazd széles karasz (Carassius carassius L. 1758) allomény 320
egyedének genetikai valtozatossagat. A vizsgalt markerek nagyon valtozatosak voltak, 6sszesen
245 allél jelenlétét irtam le a vizsgalat soran. Az allélszdmok az egyes populacidkban 61 és 133
kozott valtoztak, mig az egyedi allélok szama 49 volt, frekvencidjuk pedig 0,016 és 0,250 kozott
mozgott. Az egyedi allélek nagy tobbségét a természetes vizi populdcidkban talaltam. A
legalacsonyabb allélszamot (3) a GF1-es l6kuszon talaltam, mig a legmagassabat (75) a HLJYJ041
I6kusz esetében irtam le. Az atlagos megfigyelt heterozigozitas és atlagos vart heterozigozitas az
0sszes populacidra vonatkoztatva 0,509 és 0,551 volt. A két érték a termeészetes vizi populacidkban
kdzel van egyméshoz, mig a farmokon tartott alloméanyok esetében, a két érték jobban eltér
egymastdl, a Hardy-Weinberg egyensuly tesztelésére hasznalt Khi-négyzet préba a 13-bol hat

I6kusz esetében mutatott ki szignifikansan heterozigéta deficitet.

Osszességében elmondhato, hogy a kiilonféle populacidgenetikai paraméterek alapjan, beleértve
az allélgazdagsagot, a vart és megfigyelt heterozigozitas értékeket a vadon €10, természets vizi
széles karasz populaciok magasabb genetikai valtozatossaggal birnak, mint a farmokon tartott
allomanyok. A vizsgalat soran az Fst érték 0,226 (95% CI: 0,137-0,340) volt. A populaciéparok
kozotti Fst értekek az alacsonytdl (0,014) a magas értékekig (0,455) valtoztak ¢€s jelentOs

struktaraltsagot, valamint a populaciok kozottis szignifikans differencialodast jeleztek.

A Bayesi modellen alapuld Structure analizis harom klaszter jelenlétét valosziniisiti a nyolc
vizsgalt természetes vizi populéacio esetében. Az AMOVA eredményei alapjan kijelenthetjik,
hogy a genetikai valtozatossag legnagyobb részét a populaciokon belili genetikai valtozatossag
teszi ki. A fenti eredmények szerint a hazai természetes vizi széles karasz allomanyok kozepes
vagy er0s genetikai valtozatossaggal birnak, mig a farm populéacidok genetikai valtozatossaga
alacsonyabb. Mindezek alapjan kijelenthetjik, hogy fontos a természetes vizi széles karasz

allomanyok védelme, mert fontos genetikai er6forrast jelentenek.
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Végil munkam befejezd részében eldzetes vizsgalatokat végeztem két, a Carassius genusba
tartozo faj filogenetikai kapcsolatainak felderitésének érdekében. A mitokondrialis cytochrome ¢
oxidase I (COI) gén szekvencidit hasonlitottam 0ssze 104 altalam gyiijtott széles kardsz és a
GeneBank-ban talalt széles kérasz (Carassius carassius) €s ezlistkdrasz (Carassius gibelio)
esetében. A 104 COI szekvencia kdzott 47 haplotipost talaltam, melyek kozil 43 haplotipus Gjnak
bizonyult. Az Uj haplotipusok kodzil 5 az ezlistkarasz fajhoz tartozik, mig a tébbit széles karasz
haplotipusként azonositottam. Az ezistkardsz haplotipusok jelenléte a széles karasz
alloméanyokban jelzi, hogy az invaziv ezustkarasz véltozatlanul hibridizal a szeles kérésszal,
veszelyeztetve ezzel annak populécidit. A Neighbor-Joining mddszerrel késziilt filogenetikai fa
reprezentalja, hogy a két fajbdl szarmazd mintak genetikai profilja jol elkulondl egymastol.
Ugyanakkor a haplotipusok eltérd eloszlasa lehetové teszi, hogy a két fajt és hibridjeiket
elkulonitsik egymastal.
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10.2 Supplemental figures and tables

Table S1. Shows the Bootstrap 95% intervals in (Tench).

Bootstrap resampling over loci

95% Confidence Interval

Fstusing ENA

popl123456

2 0.026597

30.012056 0.039435

4 0.055988 0.034012 0.049325

50.035837 0.040072 0.035934 0.018674

6 -0.007836 -0.013096 0.008634 0.028294 0.005958

7 0.024281 0.061687 0.020606 0.125868 0.018682 -0.001042
123456

20.112890

30.053829 0.187639

4 0.221342 0.085823 0.232698

50.133531 0.101153 0.166058 0.106995

6 0.030467 0.088785 0.081721 0.262879 0.087417

7 0.086011 0.216891 0.125099 0.301231 0.262631 0.115319
Bootstrap resampling over loci

95% Confidence Interval

Dc using INA

popl23456

20.182155

30.160872 0.188869

4 0.240800 0.187950 0.166871

50.201712 0.173565 0.158259 0.168431

6 0.174579 0.153780 0.173678 0.196591 0.159823

7 0.244113 0.228536 0.193688 0.243137 0.196719 0.180876
123456

20.278428

30.258626 0.307429

40.359948 0.275390 0.349669

50.309089 0.296183 0.314396 0.285505

6 0.306838 0.237443 0.319085 0.338340 0.303587

7 0.330250 0.356527 0.301229 0.411157 0.334063 0.330196
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Table S2. The mean log likelihood data and Evanno’s delta K of the hierarchical in STRUCTURE analysis in
(Tench).

#k Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |ILn"(K)| Delta K
1 10 -3428.4700 0.0483 NA NA NA

2 10 -3390.0200 5.0376 38.45 1.38 0.27394
3 10 -3352.9500 16.4488 37.07 0.36 0.021886
4 10 -3316.2400 11.4254 36.71 46.47 4.067243
5 10 -3326.0000 17.2303 -9.76 41.42 2.403900
6 10 -3377.1800 72.2788 -51.18 87.78 1.214465
7 10 -3516.1400 53.9164 -138.96 71.51 1.326313
8 10 -3583.5900 80.2669 -67.45 23.04 0.287042
9 10 -3628.0000 77.1919 -44.41 46.15 0.59786
10 10 -3718.5600 151.2057 -90.56 NA NA

Table S3. The mean log likelihood data and Evanno’s delta K of the hierarchical in STRUCTURE analysis in
(Crucian carp).

K Reps Mean LnP(K) Stedev LnP(K) Ln*(K) ILn""(K)| Delta K
1 10 -14582.010000 0.882484 - T

2 10 -12219.690000 1.503662 2362.320000 1830.750000 1217.52745
3 10 -11688.120000 6.999016 531.570000 168.510000 24.076242
4 10 -11325.060000 3.6485 363.060000 254.600000 69.782094
5 10 -11216.600000 6.717804 108.460000 124.470000 18.528377
6 10 -11232.610000 28.533117 -16.010000 17.780000 0.623136
7 10 -11230.840000 83.932184 1.770000 39.970000 0.476218
8 10 -11189.100000 104.807177 41.740000 96.530000 0.921025
9 10 -11243.890000 187.877593 -54.790000 25.130000 0.133757
10 10 -11273.550000 200.618772 -29.660000 24.050000 0.119879
11 10 -11327.260000 245.509503 -53.710000 90.910000 0.370291
12 10 -11290.060000 260.954497 37.200000 562.280000 2.154705
13 10 -11815.140000 538252486 -525.080000  -----  —mee-
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Figure S1. Polymorphic sites in Cytochrome C Oxidase 1 (COI) haplotypes of the Hungarian crucian carp, made by
DnaSP 5.10 (Librado & Rozas, 2009).

137



11. LIST OF PUBLICATIONS

Peer-reviewed articles with impact factor
1-Q1; impact factor: 2.465

Al Fatle, F. A., Meleg, E. E., Sallai, Z., Szabd, G., Varkonyi, E., Urbanyi, B., Kovacs, B., Molnar,
T., & Lehoczky, I. (2022). Genetic Structure and Diversity of Native Tench (Tinca tinca
L. 1758) Populations in Hungary—Establishment of a Basic Knowledge Base for a
Breeding Program. Diversity, 14(5), 336. https://doi.org/10.3390/d14050336.

2-Q1; impact factor: 2.752

Molnér, T., Lehoczky, I., Edviné Meleg, E., Boros, G., Specziar, A., Mozsér, A., Vital, Z., J6zsa,
V., Allele, W., & Urbanyi, Al Fatle, F.A., Kovéacs, B., B. (2021). Comparison of the
Genetic Structure of Invasive Bigheaded Carp (Hypophthalmichthys spp.) Populations in
Central-European Lacustrine and Riverine Habitats. Animals, 11(7), 2018.

International conferences

Al-Fatle, F. A., Meleg, E. E., Molnar, T., & Lehoczky, I. (2019). A PRELIMINARY GENETIC
STUDY FOR THE CONSERVATION OF HUNGARIAN CRUCIAN CARP
(CARASSIUS CARASSIUS) POPULATIONS. JKusbie Cucmemui-2019, 88—89.

F. Al-Fatle Ali Abdulhur, E. Edviné Meleg, K. Ihasz, T. Molnar, B. Kovacs, I. Lehoczky (2019)
Conservation of the native Cyprinid species in Hungary — preliminary results on the genetic
variability of Crucian carp (Carassius carassius L. 1758) and Tench (Tinca tinca L. 1758)
populations and stocks. Aquaculture Europe 19. Berlin, Germany, 2019.10.07.-10. Book of
Abstracts p: 54-55.

F. A. Al Fatle, E. Edviné Meleg, T. Molnéar, B. Kovacs, & |. Lehoczky. (2021). Genetic
characterization of crucian carp (Carassius carassius L. 1758) populations in Hungary
using microsatellite markers for conservation. CASEE Universities as Laboratories for
New Paradigms in Life Sciences and Related Disciplines” June 7th — 8th, 2021, 30-31.

Al Fatle Fatema Ali, Tamas Molnér, Erika Edviné Meleg, Gergely Szab0, Gabor Fekete, Zoltan
Sallai, Balazs Kovacs and Istvan Lehoczky (2021) Genetic variability of Hungarian Tench
(Tinca tinca Linnaeus 1758) populations — preliminary results, 56th Croatian & 16th
International Symposium on Agriculture, Vodice, Croatia, 2021.09.05.-10. Book of
Abstracts pp: 211.

138



Al Fatle Fatema Ali, Taméas Molnar, Erika Edviné Meleg, Gergely Szabd, Gabor Fekete, Zoltan
Sallai, Balazs Kovacs and Istvan Lehoczky (2021) Genetic Analysis of seven natural
populations of Tench (Tinca tinca L. 1758) in Hungary — establishment the biological basis
of selective breeding. Aquaculture Europe, Madeira, 2021.10.04.-07. Book of Abstracts p:
350-351.

Fatema Ali Al Fatle, Taméas Molnar, Erika Edviné Meleg, Gergely Szabd, Gabor Fekete, Istvan
Kopor, Zoltan Sallai, Gergely Bernath, Zoltan Bokor, Balazs Kovacs and Istvan Lehoczky
(2022) Establishment of novel cyprinid genebanks in the National Centre for Biodiversity
and Gene Conservation. 57th Croatian & 17th International Symposium on Agriculture,
Vodice, Croatia, 2022.06.19.-24. Book of Abstracts pp: 219.

Abstracts and posters in Hungary

Al Fatle Fatema Ali, Quynh Nguyen Thi, Erika Edviné Meleg, Tamas Molnér, Balazs Kovécs,
Doéra Kanainé S., Lehoczky Istvan (2018) Genetic characterization of Hungarian Crucian
carp populations using microsatellite markers for genetic conservation - preliminary results.
XLIl. Halaszati Tudomanyos Tanacskozéas, Szarvas. 2018.05.30.-31. Osszefoglalok
gylijteménye p: 47.

Lehoczky Istvan, Al Fatle Fatema Ali, Téth-1hasz Katalin, Edviné Meleg Erika, Molnar Tamas,
Kovécs Balazs, Oshonos pontyfélék (széles karasz, compod) génmegérzési rendszerének
kialakitasa — A bioldgiai alapok felmérése (el6zetes eredmények). (2019) XLIII. Hal&szati
Tudomanyos Tanacskozas, Szarvas. 2019.05.29.-30. Osszefoglalok gylijteménye p: 105-
107. ISSN 0230-8312.

Al Fatle Fatema Ali, Molnar Tamas, Edviné Meleg Erika, Szab6 Gergely, Fekete Gabor, Sallai
Zoltan, Kovacs Balazs és Lehoczky Istvan (2021) Hét hazai comp6 (Tinca tinca L 1758)
populécid genetikai valtozatossaganak vizsgalata — a tenyésztdmunka bioldgiai alapjainak
megteremtése. A Magyar Biologiai Tarsasag XXXII. Vandorgytlése, Tapioszele 2021.
November 25-26. Osszefoglalok gyiijteménye p: 100.

139



12. ACKNOWLEDGEMENTS

Firstly, let me begin by saying how grateful I am to God for being by my side during this
demanding journey and for giving me the strength to overcome obstacles in order to complete my
PhD. Secondly, | must express my gratitude to the lIraqi Ministry of Higher Education for
nominating me and the Hungarian government for awarding me the Stipendium Hungaricum

Scholarship, which allowed me to pursue a Ph.D.

As a PhD student, | have been fortunate enough to have the support of some special people along
the way. Yet, | would like to thank my supervisor, Dr. Istvan Lehoczky, Head of the Department
of Aquatic Genetic Resources Conservation, National Centre for Biodiversity and Gene
Conservation, Institute for Farm Animal Gene Conservation, for his scientific support, patience,
and guidance during my PhD study. Without his help and encouragement, this project would not
have been achieved. | would also like to thank Dr. Balazs Kovécs, from the Institute of Aquaculture
and Environmental Safety, Hungarian University of Agriculture and Life Sciences, for his noble

guidance and help with the analysis.

| am grateful to Dr. Tamas Molnar, from the National Centre for Biodiversity and Gene
Conservation, Institute for Farm Animal Gene Conservation, for his useful remarks and
suggestions, as well as his assistance with statistical analysis of the data. I am also thankful to all
members of the staff at the Institute for Farm Animal Gene Conservation for their support and
encouragement during my PhD study. Erika Edviné Meleg's guidance and advice during the

experimental work, as well as her explanations of different techniques, are deeply appreciated.

I would also like to thank Dr. Hidas Andras and Dr. Palinkéas Nora for reviewing my dissertation.
Their wise suggestions and thought-provoking questions helped improve the quality of my PhD

dissertation.

My great appreciation to Prof. Dr. Zoltdn Nagy, Head of the Doctoral School of Biological
Sciences at the Hungarian University of Agricultural and Life Sciences, for giving me the
opportunity to become a PhD student in his school. I also wish to thank Associate Prof. Dr. Janos
Gyorgy Nagy, Secretary of the Biological Sciences School; Csilla Kénai, Head of the International

Relations Centre; Judit Tallarom Czingili, International Relations Coordinator; Zsuzsanna Tassy,

140



International PhD Coordinator; and Moénika Térokné Hajdu, Head of the Doctoral and Habilitation

Center, who have all been very helpful and supportive over the years.

Words cannot express my gratitude to my former supervisor, Prof. Dr. Péter Nagy, Head of the
Department of Zoology and Animal Ecology at the Hungarian University of Agriculture and Life
Sciences for making me feel so welcome and giving me advice when | first moved to Hungary.
Even with his busy schedule, he was always willing to lend a hand, whether it was with a research
problem or a worldly topic. | feel proud to have had the opportunity to work with him, even if it

was for one year due to a change of major.

A big thanks to Prof. Dr. Hussein Daood, from the Doctoral School of Food Sciences, Hungarian
University of Agriculture and Life Sciences, who has been a supportive father to me here, for his

encouragement and guidance, and for giving me the confidence to finish my PhD.

Dr. Krisztina Liptéi, Head of the Department of Gene Conservation Science and Animal
Husbandry, deserves a special thanks for being a constant source of inspiration and moral support
for me. Her warm words have always made me feel like I'm part of her family. She is an amazing

leader and role model.

My heartfelt gratitude also goes to my officemate, Dr. Thieu Ngoc Lan Phuong, who was always

willing to help with any issues I had.

| extend my sincere thanks and appreciation to my best friends for their help and support during
my PhD journey. From the bottom of my heart, | would like to thank Sara Szarka. Her genuine
love, care, and encouragement meant a lot to me, especially when things would get a little difficult
or during moments of homesickness. Tamas Hollo, Qigong expert and trainer, | am very thankful
not only for your psychological and moral support but also for your encouragement and advice in
my business endeavors. Some special words of gratitude go to my PhD colleagues; Dr. Mahek
Anand, Dr. Imane Haddidi, Dr. Mutaz Al-Alawi, Dr. Osama Kanbar, Dr. Dhanashree Katekhaye,
and Sama Huseynova, with whom | have shared bright and dark moments over the course of the
study years. | am also very grateful to my friends, Associate Prof. Dr. Sura Fouad, Associate Prof.
Dr. Lamia Abdel Reda, and Dr. Jwana Yassin, from the University of Baghdad, who, while being
thousands of miles away, have been a constant source of moral support and friendship during this

journey.

141



| gratefully acknowledge the generous financial support provided by the Stipendium Hungaricum
Scholarship and the Tempus Public Foundation, as well as the VEKOP-2.3.2-15-2016-00012
(National Research, Development, and Innovation Office) and TKP2020-NKA-16 (National
Research, Development, and Innovation Office) projects.

I would like to account my special appreciation and thanks to all of the fishermen and farmers who
helped us in collecting samples from various geographical regions in Hungary.

A special gratitude goes to my father, Ali Al Fatle, for the loving support and optimism he has
shown me throughout the course of this study. | wouldn't be where I am now without his
encouragement, love, and blessings. My heartfelt gratitude also goes to my late mother, who was
a driving force behind my career growth. | pray for her soul's eternal rest in heaven. My sisters,
Azhar, Sumea, and Marwa, and my brothers deserve all the thanks in the world for being there for

me and putting up with my fears and complaints during my study years.

Finally, I owe my sincere thanks to my husband for supporting and encouraging me whenever |
needed him. The last word goes to my lovely kids, Ahmed and Mousa, who helped me reach my
goal by being extremely patient. Much appreciation for the strength you gave me. " I dedicate this
thesis to the angels (Ahmed and Mousa) “. Without their support and patience, this study would

not be possible.

142



