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SANTRAUKA

Paprastasis karpis (Cyprinus carpio Linnaeus 1758) yra viena svarbiausiy zuvy rasiy
pasauliniu mastu ekonominiu bei moksliniu poziiiriu. Siekiant palaikyti Sios Zuvies placiag
morfologing ir geneting jvairove, biitina sutelkti esamy veisliy i§saugojimo pastangas. Siuo darbu
buvo siekiama jvertinti Lietuvos zuvininkystés tikiuose auginamy paprastyjy karpiy veisliy geneting
jvairove, populiacijy diferenciacijg ir struktiirine sudétj, siekiant sukurti molekuliniy duomeny baze
padésiancia iSsaugoti Lietuvoje auginamas karpiy veisles. I§ viso buvo tirtos 5 karpiy populiacijos:
1 ¢ekiskos kilmés (Kapliy populiacija) ir 4 lietuviskos kilmés (Arnionys, Simnas, Bartzuve ir
Silavotas), kuriy genetiné jvairové buvo jvertinta genotipuojant méginius panaudojus 10
mikrosatelitiniy Zymeny. Viso tirtose populiacijose buvo nustatyti 97 aleliai, vidutinis aleliy
skai¢ius populiacijoje svyravo nuo 3.222 (Silavotas) iki 3.977 (Kapliai). Visose populiacijose
pastebétas mazesnis heterozigotiskumas nei tikétasi pagal Hardy-Weinberg pusiausvyra, taciau
Silavote skirtumas buvo maZiausias, o Simne — didZiausias. Taigi, nustatyta, kad Silavoto
populiacija pasiZymejo maZziausia jvairove, Kapliy — didziausia, o Simno populiacija pasiZymejo
inbrydingo depresijos poZymiais. Jvertinus diferenciacija tarp populiacijy, buvo atrasta, kad Kapliai
ir Silavotas labiausiai diferencijavosi nuo likusiy 3 populiacijy. Visy 5 populiacijy genetinés
struktiiros analizé parodé, kad Kapliai ir Silavotas turéjo unikalig ir savita genetine sudétj, badinga
grynaveisléms populiacijoms, o Arnionys, Simnas ir BartZuvé pasizyméjo misria, taiau panasia
struktiira, leidzian¢ia manyti, kad tarp §iy populiacijy vykta geny mainai. Sios i§vados leidZia

1zvelgti dabarting Lietuvoje auginamy paprastojo karpio veisliy geneting buklg.
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SUMMARY

The common carp (Cyprinus carpio Linnaeus 1758) is one of the most important fish species
across the world, economically and scientifically. Given the wide morphological and genetic
diversity of the species, it is imperative to maintain the measures of preservation of its many
varieties. This work sought to assess the genetic diversity, population differentiation, and structural
composition of common carp strains raised within Lithuanian fish farms, creating a molecular
background to help with the current conservation efforts within the country. In total there were 5
carp populations, 1 of Czech origin strain (Kapliai population), and 4 of Lithuanian origin strains
(Arnionys, Simnas, Bartzuvé, and Silavotas), the genetic diversity of which were assessed by
genotyping the samples with a set of 10 microsatellite markers. In total, 97 alleles were determined
across all populations, with the mean allele count per population ranging from 3.222 (Silavotas) to
3.977 (Kapliai). All populations had lower observed heterozygosities than what was expected
within the Hardy-Weinberg equilibrium, however, Silavotas had the lowest difference, while
Simnas — the highest. It was found, thus, that the Silavotas population had the lowest diversity,
Kapliai — the highest, and that the Simnas population was the most at risk of imminent inbreeding
depression. An insight into population differentiation found that Kapliai and Silavotas had the
highest differentiation from the remaining 3 populations. Insight into the genetic structural
composition across all 5 populations has found that Kapliai and Silavotas had unique and distinct
genetic compositions reminiscent of purebred strains, while Arnionys, Simnas, and BartZuve had a
shared structure which suggests that these are hybrid strains that experience a high degree of stock
exchange between these fish farms. The current findings serve as an insight into the current genetic

stature of strains raised in Lithuania.



INTRODUCTION

The common carp (Cyprinus carpio Linnaeus 1758) is one of the most important fish species
around the world, being a highly lucrative fish sold within the aquaculture trade on a global scale
(Svasand et al., 2007). Its long domestication history within Europe has influenced the economic
and cultural significance the common carp has grown across the globe, and this, in turn, had
influenced the development of its many morphological and genetic varieties (Balon, 2004; Wang et
al., 2010; Vilizzi, 2012). Furthermore, due to its wide geographical spread, broad genetic
variability, and the complexity of its genome, the common carp is beheld as a nearly perfect model
animal for the study of freshwater fish (Nedoluzhko et al., 2020; Chen et al., 2022). As such, the
importance of this fish species can’t be limited to its purpose as a food source alone, thus making

the preservation of the species a pertinent objective.

A certain effort has been put into investigating the genetic diversity of the common carp
strains raised within Lithuania, however, it has been decidedly limited. The most recent
investigation was a Bachelor’s work which has investigated the genetic diversity of Lithuanian
common carp strains within the government-funded Silavotas Subdivision of the Department of
Inland Waters and Aquaculture, or otherwise the Silavotas subdivision (Liubartaité, 2022). In this
work, it has been found that the national purebred strains (Bubiai and Silavotas) raised within this
fish farm had been characterized by a critically low degree of genetic diversity, thus raising worries
over the state of the common carp strains raised within the country. Furthermore, with the closing of
the Silavotas subdivision, the fate of the aforementioned purebred strains has become uncertain. Put
altogether, the risk of genetic diversity loss, that may eventually cause the extinction of national
strains, and the lack of genetic testing within carp fisheries has become a driving factor in the rising
need for a country-wide assessment of the current state of genetic composition of common carp

strains raised within the country.
Aim of the work

To assess the genetic diversity and structural composition of the common carp strains raised

within 5 Lithuanian fish farms.
Objectives

1. To determine the genotypes of 122 carp individuals, utilizing 10 microsatellite markers.
2. To determine the genetic diversity parameters within the 5 studied carp populations.



3. To determine the genetic differentiation and structural composition within and between the 5

studied populations.



1. LITERATURE REVIEW
1.1. The importance of Cyprinus carpio

1.1.1. The common carp and its long-lasting significance

The common carp (Cyprinus carpio Linnaeus 1758), of the large freshwater fish family
Cyprinidae, is one of the most important fish species on a global scale, and it bears a long
domestication history that spans thousands of years (Thai et al., 2007; Laloei et al., 2013; Fabrice,
2018). Found natively across multiple European and Asian regions (Figure 1.1.), this species has
long since become widely introduced and distributed globally, and is known for its variation in
body shape, scale coverage, skin colour, and size — all of which are a by-product of the species’
extensive geographical spread and long farming history (Laloei et al., 2013; Fabrice, 2018, T6th et
al., 2020). Consequently, the common carp is a high value fish in aquaculture trade: not only does it
hold cultural significance across multiple countries, it is also often used for leisure activities such as
angling, and accounts for nearly 10% of all freshwater aquaculture trade (Balon, 2004; Svasand et
al., 2007; Khatei et al., 2021).
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Figure 1.1. Common carp distribution natively through Eurasia. Potential distribution shown in
coloured areas; grey indicating low likelihood of native distribution, black — high likelihood.
Adapted from Zambrano et al., 2006.



The rise of this lucrative fish species in Europe dates back to the Roman Empire: nearly 2000
years ago, the ancient Romans have taken a liking to keeping certain fish species for food in self-
fashioned reservoirs called ‘piscinae’; the common carp was among these fishes — in fact, it appears
to have been the dominant fish species amongst all others (Balon, 2004). The growing popularity of
these private reservoirs has thus influenced the active dissemination of carp across the Empire, and
in the coming centuries the species was thereafter spread across the entire continent (\VVandeputte,
2003; Balon, 2004).

In modern day, the common carp can be recognized from its tell-tale morphological traits
(Figure 1.2.): an elongated, torpedo-shaped body, thick lips with two pairs of barbels, and with
dense and large scales that are often yellow or grey in colour (Virbickas, 2000; Yaqoob, 2021).
Besides their classic exterior traits, the common carp, as a fish species, is also known to be able to
grow quite large: the common carp can grow to be upwards of 45 kilograms in weight and 150
centimetres in length (Virbickas, 2000). Although they are part of the same species, the wild and
domesticated carp have significant differences, both morphological and biological, heralded by the
long farming history of the species: the mouth gape and intestinal length are smaller in the
domesticated carp as opposed to the wild fish; the body of the domesticated carp is deeper, less
cylindrical, no doubt influenced by the lack of natural movement in unnatural bodies of water,
which has likely also influenced the lower level of erythrocytes, a higher level of fat content, and
worse vascularization in the organs within the domesticated form of the carp in comparison to the
wild (Balon, 1995; Balon, 2004).

Figure 1.2. The common carp. Retrieved from The Fishes of North Carolina.

It is important to note, however, that the true wild form of the common carp is on the brink of

extinction, and the feral colonies found within European waters are likely naturalized domesticated
10



carp stock that had escaped (or been released) into natural waters (Balon, 2004; Svasand et al.,
2007; ClimeFish, 2020).

1.1.2. The common carp: an ecological engineer

The common carp can survive and prosper in a variety of environments: lakes, water
reservoirs, high- and low-stream rivers, flooded areas, and natural or man-made ponds (FAO,
2005). These fish are hardy and have high longevity, as well as high tolerance to environmental
stressors; one of the few true requirements that the common carp needs for its environment is a
proper place for spawning: these proportional spawners tend to release eggs at around 18°C, in
spring or summer, preferably in inundated areas containing grass blades, and can spawn up to
nearly 600,000 eggs per female fish (Balon, 1995; Kloskowski, 2011; Mutethya et al, 2020).

Generally, these fish are considered omnivores, with their primarily carnivorous diet often
being supplemented by a variety of additions, such as plants, seeds, and stalks (FAO, 2005;
Kloskowski, 2011). In addition to their varied diet and high tolerance to stress, the common carp is
often dubbed as an “ecological engineer”; its way of bottom feeding via suction of the sediment
tends to raise the turbidity of the water, thus lowering oxygen levels within the upper levels of the
water and displacing nutrient availability within the water bed (Kloskowski, 2011; Rahman, 2015).
This, in turn, tends to have adverse effects on biodiversity found within the ecological niche that the

common carp makes a home in.

Altogether, these traits of high survivability, environment-disruptive feeding habits, and eager
reproduction, culminate in the common carp being considered among the world’s 100 worst

invasive fish species (Mutethya et al., 2020).

1.1.3. The breeding practices of the common carp

Globally, multiple forms of carp production are utilized, ranging from pond cultures to
commercial farms of a large scale; they can be raised in both, monocultural and polycultural
systems, as well as either in stagnant natural waters, or in manmade water ponds (FAO, 2005;
Vilizzi, 2012). The commercial breeding of these fish, most commonly, is done by either cross-
breeding or selective breeding, although selective breeding, in particular, is important for the
upkeep of the dozens of common carp strains which have developed over time (Vandeputte, 2003;
Svasand et al, 2007; Téth et al., 2020).

11



It is believed that the common carp has been farmed in Lithuania from the the 17" century
onwards, and that from the 19" century C. carpio has been among one of the most prevalent fish
species in Lithuanian aquaculture (Peciukénas, 2006). In the years between the First and the Second
World Wars, carps used to be raised in primarily monocultural man-made ponds, although
polycultural stocks were also seldomly farmed. Today, that practice remains true in common carp

fisheries: C. carpio are often raised in monocultural ponds (Figure 1.3.), sometimes introducing

herbivore fish species alongside it (Virbickas, 2000).

Figure 1.3. Man-made common carp ponds in Lithuania. (A) Pond from the Silavotas farm. (B)
Pond from the Arnionys farm. Photographed by Dr. (HP) Dalius Butkauskas.

At the time, however, little is known about the breeding and spawning practices in current
day fish farms. In 2022, the government-funded Silavotas Subdivision of the Department of Inland
Waters and Aquaculture has definitively closed down, leaving the remaining fisheries in Lithuania
privately-funded and closed-practice. Before the closing of the Silavotas subdivision, it was a
common practice to share the Silavotas carp stock with other carp fish farms in the country, thus
allowing for a dissemination of genetic material between farms. Now, it is unclear whether an
exchange of genetic material between the remaining farms occurs. Furthermore, the exact minutiae
of carp breeding in Lithuania are currently not known: it isn’t clear what metrics of spawner
selection the farms utilize, or what the breeding schemes are, therefore making the stature of the

current genetic structure of the common carp strains in Lithuania unknown.
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1.2. The genetic intricacies of Cyprinus carpio

1.2.1. Genetic variation

The genetic composition of the common carp seems to be a dichotomy, separating its
subspecies into the European common carp (Cyprinus carpio carpio) and the East Asian carp
(Cyprinus carpio haematopterus), although the true phylogenetic differentiation of the species
remains a topic of discussion (Wang et al., 2010; Dong et al., 2015). In 1967, Kirpitchnikov has
suggested the existence of a third subtype, Cyprinus carpio viridiviolaceus (Figure 1.4.), however,
this claim is yet to be substantiated on a genetic level and has later on been questioned by the author
himself (Kirpitchnikov, 1967; Kirpitchnikov, 1999; Vilizzi, 2012). Instead, studies investigating the
genetic composition of European and Asian carps have found that strains of each regional subtype
tend to cluster with their own respective strains from either European or Asian regions, with some
minor deviations (Vandeputte, 2003; Wang et al., 2010; Dong et al., 2015). Furthermore, direct
genetic differences between the two subtypes have been noted, with up to 326 candidate genes
determined to contain genetic differences between European and Asian carp strains (Xu et al.,
2014).

European subspecies Cyprinus carpio carpio
m Far Eastern subspecies Cyprinus carpio haematopterus

South-East Asian subspecies Cyprinus carpio varidivlaceus

Figure 1.4. Suggested native distributions of common carp subspecies within Eurasia. Adapted
from Chistiakov & VVoronova, 20009.
13



On a morphological level, centuries of domestication, geographic dispersion, and adaptation,
have influenced a range of variations across different carp populations and strains, with one of the
most notable being scalation (Wang et al., 2010; Vilizzi, 2012). The four most common variations
of scale cover are as follows (Figure 1.5.): (a) the fully scaled variation, with a full cover of scales
across the body of the fish, resembling that of its wild ancestor; (b) the mirror variation, which
bears large scales that are scattered across the body in an irregular pattern; (c) the line variation,
which bears a lateral line of large scales; and lastly, (d) the leather variation, which has no scales
and is considered a “nude” carp (Svésand et al., 2007; Vilizzi, 2012). In full, a total of two alleles
are responsible for the variation of scale cover: the S and N alleles, localized within two unlinked
autosomal loci; the combinations of these alleles are responsible for nine possible genotypes, six of
which are viable and responsible for the four described phenotypes: the scaled phenotype bears the
genotype of SSnn or Ssnn; the mirror carp is coded by the genotype ssnn; the line carp has the
genotypes of either SSNn or SsNn; and lastly, the nude carp has the genotype of ssNn. The
genotypes ssSNN, SsNN, and SSNN are unviable, suggesting to the lethal effects of the N allele
(Kirpitchnikov, 1999). It is also important to note that not all viable phenotypes are equal:
Kirpitchnikov himself has stated that the mirror carp and the fully scaled carp have a higher
viability and disease resistance than the line and leather carp, which bear a far smaller scale cover

than the former phenotypes.

Figure 1.5. The four different scale cover types of the common carp. (a) Scaled carp, (b) mirror
carp, (c) line carp, (d) nude carp. Adapted from Andria Mananjara et al., 2016.
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Nishigoi, or the Asian koi fish, as it has come to be called in this day, is yet another genetic
variation of the common carp (Dani et al., 2012). Besides the structural differences between C. c.
carpio and C. c. haematopterus, the Koi carp bears a genetic colour aberration that provides it with
its tell-tale variety of vibrant colours across the body, ranging from yellow, blue, silver, gold, red,
black, and more (Balon, 1995). There are currently over 15 recognized colour aberrants of the koi
fish (Balon, 2004). These colour aberrations are coded by complex interactions between several
genes, including non-coding RNAs, as opposed to being coded by a singular or pair of genes (Dani
etal., 2012; Luo et al., 2018). Furthermore, genetics determine only the localization of the

pigmentation, meanwhile the diet of the fish determines the pigmentation itself (Khatei et al., 2021).

1.2.2. The tetraploid genome

The common carp genome comes up to a total of 1.7 Gb in size and 50 pairs of chromosomes,
nearly twice the amount commonly found within the Cyprinidae fish family (Figure 1.6.; Xu et al.,
2016; Li et al, 2021). The first common carp genome assembly was published in 2014, in which Xu
et al. have combined sequencing data from several next-generation sequencing platforms to produce
an assembly of Cyprinus carpio var. Songpu. This assembly characterized the common carp
genome as containing nearly 53 thousand protein-coding genes (91.4% of which having been
proven to be expressed), GC content of 37%, and 31% of the genome having been found to consist
of transposable elements. Owing to the technical limitations at the time, however, the assembly is
not without its faults: only half of the scaffolds have successfully anchored onto the chromosomes,
leaving the remaining half ambiguous when it came to homoeologous relationships. Therefore, in
2019, the researchers have followed up on this study, conducting a more in-depth common carp
genome analysis and assembly (Xu et al., 2019). In this study, the researchers have assembled the
genomes of 3 different common carp strains: the Yellow River carp, the Hebao red carp, and the
German Mirror carp. In comparison to the previous study, the new assemblies had improved
coverage, 82-92% scaffolds anchored, and was characterized by 44 thousand annotated protein-
coding genes, around 29% of transposable elements within the genomes, and with a GC content of
37%. Furthermore, in 2016 and 2021, respectively, the full transcriptome and full mitochondrial

genome of the common carp have also been assembled (Kolder et al., 2016; Wang et al., 2021).

One of the more recent common carp genome assemblies was published in 2021: Cyprinus

carpio var. Songpu was sequenced, assembled, and annotated with a much higher coverage than the
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previous created assemblies (Li et al, 2021). Overall, this genome assembly was characterized by
nearly 48 thousand protein-coding genes, 37% GC content, and had higher genome completeness,
more anchored sequences, and more aligned RNA-seq reads than all the previous assemblies,

ensuring that the current reference assembly is up to par with today’s sequencing technologies.
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Figure 1.6. The phylogenetic relationships and genome ploidy distributions of fish species within
the Cyprinidae family. A red dot represents the placement of the fourth (carp-specific) WGD
(Cs4R). Adapted from Xu et al., 2019.

As mentioned before, the common carp is one of the few fish species that have double the
amount of chromosomes commonly found within the Cyprinidae family (Xu et al., 2016). The
hypothesis stating that the common carp genome is a tetraploid one has been raised nearly 60 years
ago (Ohno et al., 1967). Over the years, research has been accruing proof of the possibility that the
common carp, as a teleost fish, has undergone several whole-genome duplications (WGD); all
teleost fishes have been theorized to have undergone WGD a total of 3 times, while the common
carp, among a few other cyprinid fishes, has had a fourth WGD event after, thus making the
genome tetraploid (Ohno et al., 1967; Chistiakov & VVoronova, 2009; Xu et al., 2016). Molecular
evidence implies that the most recent duplication occurred via an allopolyploidization event, as
opposed to autopolyploidization (Xu et al., 2014).
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Given the differing origins of the two subgenomes that make up the tetraploid carp genome, a
considerable effort has been made to determine the origin of them both (Xu et al., 2019; Li et al.,
2021; Chen et al., 2023). It is said that one of the subgenome progenitors must have originated from
the subfamily lineage of Barbinae (subgenome B); the remaining subgenome (subgenome A),
however, has no detected direct ancestors, suggesting that perhaps subgenome A may have
belonged to a progenitor fish species that has gone extinct. Though quite a bit of effort has been
made to determine the time of the latest C. carpio WGD (Larhammar & Risinger, 1994; Wang et
al., 2012; Xu et al., 2019; Li et al., 2021), the exact time of it occurring remains elusive. In 2019,
Xu et al. claimed that the tetraploidization may have occurred 12.4 million years ago, and more
recently, Li et al. have claimed that the range of possible tetraploidization occurrence sits between
13.5 and 25.6 million years ago (Li et al., 2021).

Sizeable differences have been detected between the two subgenomes of the common carp.
Xu et al. have noticed that while the subgenomes show no significant difference in gene structure,
repeating element distribution, or GC content, they are differentially expressed: subgenome B has
been found to be expressed dominantly, as well as containing a higher gene content than subgenome
A (Xu et al., 2019). Similarly, Chen et al. have found subgenome differences that indicated the
dominance and stability of subgenome B: the researchers have found that not only is subgenome B
more conserved and stable than subgenome A, but it also contributes more to immune-related,
developmental, and temperature tolerance functions (Chen et al., 2023). Tetraploid genomes, on a
whole, have been found to often be evolutionarily advantageous for a species: higher
heterozygosity, double the amount of chromosomes, and the hybridization of two different species
may result in a permanent heterosis effect, which may have contributed to the high stress-resilience,
adaptability, and phenotypic variability of the common carp (Chen et al., 2022; Chen et al., 2023).

Its status as a polyploid hybrid species, intense genetic and phenotypic variability, as well as
its cultural importance and wide, global spread, has accumulated into the belief that the common
carp is an ideal model for genetic fish studies (Nedoluzhko et al., 2020; Chen et al., 2022). In
modern day, the common carp has been and is continuously studied in terms of vertebrate
evolution, immunology and disease resistance, hybridization and selective breeding, phenotypic
plasticity, and more (Xu et al., 2014; Xu et al., 2019; Chen et al., 2022; Chen et al., 2023).
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1.2.3. An abundance of strains

Through differing environmental pressures, such as geographic isolation, mutations,
adaptation, and human-driven selective breeding, the common carp as a species has been segmented
into a large variety of different strains; to this day, there are over 35 established domesticated
common carp strains globally, and a majority of them is maintained here in Europe, within the
Research Institute for Fisheries, Aquaculture and Irrigation in the city of Szarvas, Hungary (FAO,
2005; Wang et al., 2010). These distinct strains bear differences in a range of characteristics, such
as skin colour and scale cover, growth rate, stress-tolerance, body shape, and more (Chen et al.,
2022). In 2019, Xu et al. have conducted a thorough investigation into the genetic differences
lurking behind these phenotypic variations. For example, upon investigating the variation of body
shape between strains, hundreds of candidate genes have been found, with a particular few being of
interest: gene trhr, which has been previously associated with the development of a lean body shape
(Liu et al., 2009), and gene bmprlb, which is associated with regulating skeletal development (Qi et
al., 2014). Furthermore, the researchers have also discovered several distinct gene candidates which
may be responsible for the scale cover pattern and skin colouration. Similarly, in a study conducted
last year, the ties between skin colour, strain differentiation, and a large list of morphological
features have been explored (He et al., 2023). In this study, the researchers have found that between
the differently-coloured Asian strains of the common carp, distinct differences exist, with variations

spanning between growth rates, predatory ability, survival rate, and nutritional quality.

Based on these studies, it is clear that there appears to be a morphological and genetic
variation between the strains of the common carp, however, morphology alone does not cover the
plethora of differences found between the strains. In 2011, Jeney et al. have found that different
strains have different resistance rates to bacterial infection with Aeromonas hydrophila, while
Piackova et al. (2013) have similarly found different resistance rates to a viral infection with the
cyprinid herpesvirus 3. In 2020, Nedoluzhko et al. have found over 700 candidate genes which
could explain the differences in cold resistance between European and Northern-Russian carp

strains.

These tangible differences suggest that strains from different regions and bearing different
breeding histories are characterized by their own distinctive genetic structural compositions, which
therefore must be investigated and described to achieve a full view of the distinction between the

established strains. To achieve this, scientists have been abundantly interested in investigating the

18



genetic diversity of the common carp on a global scale (Ludanny et al., 2010; Tomljanovi¢ et al.,
2013; Napora-Rutkowski et al., 2017; Téth et al., 2020). The characterization of genetic diversity of
a species is incredibly important for the sake of conservation of said species; although the common
carp is a hardy and tenacious fish, factors such as over-fishing, habitat pollution, climate change,
and over-exploitation of specific phenotypic traits still pose a risk of possible genetic diversity loss
(Téth et al., 2020; He et al., 2023). In fact, multiple studies have already established that genetic
diversity found within fishing farms of domesticated common carp is commonly lower than in wild
carp populations (Vandeputte, 2003; Svasand et al., 2007; Matsuzaki et al., 2009). The degradation
of genetic material within and between strains may lead to not just difficulties in further breeding
programs and upkeep of healthy fish stock, but in loss of cultural significance that the different carp
strains provide as well (Téth et al., 2020; Ramya & Behera, 2023). In addition to this, an imperative
point is food security: loss in genetic diversity inadvertently leads to loss in fitness and adaptability,
therefore threatening the food security that the abundant common carp fish trade provides globally
(Toth et al., 2020; Khatei et al., 2021).

In Lithuania, several hybrid and purebred strains are kept across multiple farms; most notably,
the national strain of Bubiai, which has been bred and maintained for many decades, and Silavotas,
which has been established as an official, selectively-bred strain in 2010 (Samuiloviené et al.,
2018). Despite the cultural significance of these strains, little is known about the conservation
efforts being put forth within our country. The Silavotas strain has been bred and primarily
maintained within the Silavotas subdivision; with its closing, the fate of this strain became largely
unknown to the public. Additionally, with the remaining fish farms in Lithuania being closed-
practice, little is known about the current state of our national strains from a genetic perspective. To
this degree, it is imperative to investigate the current carp stock raised within the country, and raise,
alongside it, questions regarding the possible future conservation efforts pertaining these national

strains.
1.3. The genetic diversity of Cyprinus carpio

1.3.1. Genetic markers

The primary tool for assessing the genetic diversity of a population is genetic markers. In
aquaculture, particularly in the assessment of C. carpio genetic diversity, the most commonly used
molecular markers have been allozymes, Random Amplified Polymorphic DNA, Restriction
Fragment Length Polymorphisms, Amplified Fragment Length Polymorphisms, microsatellites,
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mitochondrial DNA (mtDNA), Expressed Sequence Tags (EST), and Single Nucleotide
Polymorphisms (SNP) (Xu et al., 2016; Khatei et al., 2021). Besides genetic diversity
investigations, genetic markers can be applied in a variety of ways: manage aquaculture farm stock,
determine evolutionary events such as population fluctuations, genetic drift, and mutation rates, as
well as aid in determining the phylogeny of a species (Ramya & Behera, 2023). Within fisheries, in
particular, genetic markers help with genetic marking of individuals, conservation efforts, pedigree

determination, disease prevention, and the characterization of strains on a molecular level.

Despite the abundance of viable markers, with the development of genetic technologies,
several markers have taken the spotlight when it came to assessing the genetic diversity of fishes:
mtDNA, microsatellite markers, and SNPs (Chistiakov & Voronova, 2009; Khatei et al., 2021).
However, not all genetic markers are created equal: in fact, it seems that in regards to C. carpio
research, mtDNA and SNPs fall behind in comparison to microsatellite markers. MtDNA has a
higher evolutionary rate than the nuclear genome, thus allowing for an informative phylogenetic
and genetic diversity investigation; however, it poses several limitations, such as non-Mendelian
inheritance, inconsistent evolutionary rates, and a financial burden necessitated by sequencing
(Chistiakov & Voronova, 2009; Dong et al., 2015; Khatei et al., 2021). Likewise, although a SNP
genotyping array has been developed, as well as naturally providing a high resolution investigation
into genetic diversity, SNP studies within the common carp diversity field are not abundant (Xu et
al., 2014; Xu et al., 2019; Li et al., 2021; Ji et al., 2022). The reasons for this might be the
abundance of drawbacks that comes with using SNPs as a genetic diversity marker: SNPs require
more DNA material than microsatellite markers, have lower polymorphic information content than
microsatellite markers, and are far more costly (Ramya & Behera, 2023). In all, microsatellite
markers appear to be used most often within the genetic diversity study field when it concerns the
common carp, and the reasons for that are quite simple: they are abundant in information, are cost-
effective, and show variability within and between populations (Biba et al., 2014; Singh et al., 2015;
Toth et al., 2020; Khatei et al., 2021).

1.3.2. Microsatellite markers

Microsatellites are 2-6 bp long tandem repeat sequences evenly distributed across the genome
(Khatei et al., 2021). On average, in fish genomes, microsatellites are found roughly every 10 kb,
however, due to the common carp’s tetraploidy, microsatellite counts have been found to be

increased (Liu & Cordes, 2004; Xu et al., 2016). Within the common carp genome, over 79
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thousand microsatellites have been distinguished, with an occurrence rate of at least one
microsatellite per 3.88 kb (Ji et al., 2012). These repeating sequences can be found in protein-
coding, regulatory, and non-coding parts of the genome, however, they are primarily distributed
across non-coding regions (Liu & Cordes, 2004; Khatei et al., 2021; Lei et al., 2021).

As was mentioned above, the usage of microsatellite sequences as genetic markers is quite
wide and abundant. These co-dominant, neutral markers have high evolutionary rates, often
resulting in high variability of allele lengths per microsatellite locus (Liu & Cordes, 2004; Khatei et
al., 2021). However, their high polymorphism and mutagenicity are not the only upsides that make
microsatellite markers so popular; in addition to these features, these markers are also primarily
polymerase chain reaction-based (PCR), ensuring that products can be amplified from a small
amount of DNA (Khatei et al., 2021).

Besides genetic diversity, these markers are often applied in pedigree analyses, genetic
fluctuation monitoring, breeding strategy creation, and evolution studies (Thai et al., 2007, Ramya
& Behera, 2023).

A wide range of microsatellite marker sets have been created for the common carp. The first
set of markers was created in 1997 (Crooijmans et al., 1997). In this study, the researchers have
isolated 32 polymorphic microsatellite loci of poly-CA repeats, several of which were capable of
reflecting the tetraploid nature of the common carp genome. In the original study, the number of
alleles within the amplified loci ranged from 2 to 7, and had mixed ranges of heterozygosity.

Two years later, Aliah et al. created a small set of microsatellite markers to measure the
genetic diversity of the Koi carp (Aliah et al., 1999). This set of 3 markers was created on the
isolation of GT microsatellite sequences, and the loci have shown significant polymorphism, with
alleles ranging from 5 to 9 and a wide range of heterozygosity values. Similarly, in 2001, a new set
of microsatellite markers was developed for the Koi carp (David et al., 2001). After screening the
carp genome for microsatellites with CA and CT motifs, the researchers have isolated a full set of
47 new microsatellite markers, all of which averaged 4.7 alleles per locus and 44.2% mean
heterozygosity. It is important to note, additionally, that although the markers Aliah et al. and David
et al. have created were designed for the Koi carp, these markers can be used on other strains of the

common carp, as well.

A more recent set of microsatellite markers for the common carp was created in 2004 (Yue et

al., 2004). In this study, the researchers have attempted to isolate CA-motif microsatellite sequences
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located within ESTs, in an attempt to create type | microsatellite markers. As such, they have
created 36 microsatellite markers, the majority of which were located within the 5 or 3’
untranslated regions. During the study it was found that 34 out of 36 isolated markers were

polymorphic, with the average allele count per locus being 7.3.

Altogether, with over a hundred available microsatellite markers for the investigation of
genetic diversity within the common carp, the abundance may be overwhelming when preparing for
such an investigation. In their study, Yue et al. emphasize the importance of using a varied and
standardized set of markers across all diversity investigations, however, the reality is quite different:
over the past few decades, while the most commonly used set of markers belongs to Crooijmans et
al. (1997), the selection of markers from this particular set rarely overlaps (Ludanny et al., 2010;
Tomljanovi¢ et al., 2013; Napora-Rutkowski et al., 2017; Toth et al., 2020).

1.3.3. Research of carp genetic diversity in Lithuania

The degree to which the diversity of the common carp has been assessed within Lithuania is
limited. In 2017, an investigation of common carp strains raised within the Silavotas subdivision
was reported (Samuiloviené et al., 2018). In this report, the researchers have assessed the genetic
differences between 5 strains (2 Lithuanian strains and 3 foreign) utilizing 4 microsatellite markers:
MFW1, MFW6, MFW7, and MFW28. The number of alleles per population ranged between 3.25
and 5.25, with Lithuanian strains being characterized by a lower allele diversity than most foreign
strains. This investigation has also reported that the mean heterozygosity across the populations was
lower than what was statistically expected. This investigation was further supplied by a Bachelor’s
work in 2021, conducted within the Nature Research Centre laboratory of molecular ecology
(Lentinaite, 2021). In this work, a total of 9 strains (5 purebred and 4 hybrid) raised within the
Silavotas subdivision were assessed, utilizing 11 microsatellite markers (MFW1, MFW2, MFW3,
MFW6, MFW7, MFW9, MFW11, MFW13, MFW17, MFW20, MFW?28). The thorough research of
these strains has yielded an interesting observation that the highest genetic diversity amongst all
strains was detected within one Lithuanian carp strains (Bubiai strain), while the lowest — within

another (Silavotas strain).

The following year, these Lithuanians strains — Bubiai and Silavotas — were investigated
further within another Bachelor’s work (Liubartaite, 2022). In this work, 15 individuals per strain
were investigated utilizing 11 microsatellite markers (MFW1, MFW2, MFW3, MFW6, MFW?7,
MFW9, MFW11, MFW13, MFW17, MFW20, and MFW28). The results of this investigation have
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shown that the strains, at the time raised within the Silavotas subdivision, were characterized by a
worryingly low genetic diversity: the per locus allele count ranged from 2 to 4. This finding has
raised some alarm for the state of the strains raised within Lithuanian fish farms, as a low genetic
diversity among strains may lead to potential loss of the unique genetic makeup that can only be
detected in national strains. As such, it had become an objective of this work to conduct a more
thorough investigation into the genetic diversity and composition found within national carp fishery
populations, in the hopes that the in-depth characterization of the strains raised within the country

would provide aid in maintaining these carp stocks within a healthy capacity.
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Sample collection

The common carp fish individual samples were collected within 5 different farmlands across

Lithuania (Table 2.1.).

Table 2.1. Information on the collected samples

Population code Strain Location Sample size
. . . Silavotas, Silavotas
) ) thhuagli?;lv(olf:st;lal and Subdivision of the
Silavotas (S) (purebred, known Department of Inland 30
P ori i1n) Waters and
g Aquaculture*
Arnionys (A) (ml_iggga:)nrlizri]n) Arnionys 48
Simnas (S) (ml_iggga:)nrlizri]n) Simnas 15
. Lithuanian Elektrénai, LLC
Bartzuve (B) (mixed origin) “Bartzuve” 15
Czech
Kapliai (K) (purebred, known Aukstieji Kapliai 44
origin)

*The Silavotas population samples were collected two years prior to this investigation and were analysed in-
depth within a previous work (Liubartaite, 2022).

In total there were 152 samples, 122 of which were genotyped during this work, 30 — during a

previous work (Liubartaité, 2022). 2-3 cm of terminal fin clips were collected from each individual,

thereafter stored in ethanol solution until DNA extraction.

2.1.2. DNA extraction reagents

1. 20% sodium dodecyl sulphate (“SERVA Electrophoresis GmbH”, Germany).
2. 96% ethanol (“Thermo Fisher Scientific Baltics”, Lithuania).
3. Homogenizing buffer: 10 mM Tris-HCI, pH 8,0; 0,4 M NaCl; 2 mM EDTA, pH 8,0

(“Reachim”, Russia).

4. lIsopropanol (“Chempur”, Poland).
5. NaCl 6 M (“Artiomsol”, Ukraine).

6. Proteinase K, 20 mg/mL (“Thermo Fisher Scientific Baltics”, Lithuania).

24



2.1.3. Polymerase chain reaction reagents

1. Microsatellite locus primers (MFW1, MFW2, MFW3, MFW6, MFW7, MFW9, MFW11,
MFW13, MFW17, MFW20, MFW28; “Applied Biosystems”, United Kingdom).
2. DNA polymerase DreamTaq (“Thermo Fisher Scientific Baltics”, Lithuania).

3. Nuclease-free water (“Thermo Fisher Scientific Baltics”, Lithuania).

2.1.4. Agarose gel electrophoresis reagents

50X TAE buffer (“Thermo Fisher Scientific Baltics”, Lithuania).

Agarose TopVision (“Fermentas”, Lithuania).

6X DNA Loading Dye (“Thermo Fisher Scientific Baltics”, Lithuania).

Ethidium bromide 10 mg/mL (“Invitrogen”, United States).

GeneRuler 100 bp Plus DNA Ladder (“Thermo Fisher Scientific Baltics”, Lithuania).

o~ w0 DN e

2.1.5. Fragment analysis reagents

1. GeneScan 600 LIZ dye Size Standard v2.0 (“Thermo Fisher Scientific Baltics”, Lithuania).

2. Hi-Di formamide (“Thermo Fisher Scientific Baltics”, Lithuania).
2.2. Methods

2.2.1. DNA extraction

The DNA extraction was performed according to the protocol developed by Aljanabi &
Martinez (1997), with some minor adjustments. 0.1 g of a fin clip is cut into small, 1-2 mm strips
and incubated in 200 pL of homogenizing buffer, 40 pL of 20% sodium dodecyl sulphate, and 8 uL
of 20 mg/mL proteinase K at 55 °C in a thermostat that’s set to continuously shake the samples. The
samples are incubated for 1.5 h. Thereafter, 300 pL of 6 M NaCl is added, the samples are vortexed
for 10 s and centrifuged for 15 min at 10 000 g. After centrifugation, the supernatant is collected
into a new sterile tube and 500 pL of isopropanol is added. The sample is left to freeze at -20 °C for
at least 24 hours to allow for the DNA to precipitate. Afterwards, the samples are centrifuged once
again at the same conditions, the supernatant is discarded, and the precipitate is washed with 200 pL
of 70% ethanol, then left to dry. Once dry, the samples are dissolved in 100 pL of nuclease-free
water. The DNA concentrations of the samples are then measured via a spectrophotometer

NanoPhotometer (“Implen”, Germany).
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2.2.2. Microsatellite loci amplification

Microsatellite loci were amplified via PCR utilizing 10 microsatellite loci primers that are

marked with fluorescent dyes (Table 2.2.). The total volume of the PCR mix is 25 pL, which

consists of: 5 uL of 50 ng/uL. genomic DNA, 12.5 uL. DreamTag DNA polymerase mix, 1 pL of

S5pmol/uL forward and reverse primer solutions, and 5.5 uL of nuclease-free water. A certain

number of primers have been partnered together in a multiplex PCR (Table 2.2.; up to 2 primers per

reaction) — in which case, the volume of added nuclease-free water is reduced to 3.5 pL. The

unpartnered primers have been found to be difficult to amplify in a multiplexed reaction.

Table 2.2. Information on the microsatellite loci used for the investigation of genetic diversity.
Microsatellite markers were created by Crooijmans et al., 1997. Adapted from Lentinaité, 2021.

L ocus Primer sequence IE"; Fluogescent Multiplex | Fragment

ye group range, bp
e | TS, (e e | 1| weas
e | L ACRCCSCTACTReRS [ ga| v || wooas
e | e 55| oran | 2 | o
e | EpACTTISCTORCCRSonse S| vie | 2 | woaw
s | T RICICRICATITITS (92 neam || v
wrwir | £ CATTOCCTIONICCTISTS, (| vie | |
iz | EISICASCATIOTIASS 23] ormn | 5 | s
ey | ISR (B2 v | 5 | e
oo | £ CACTCACRSSATTACETICS [59] w0 | 1 |
ez | LONCECTTTOMTG |BE e || e

The reaction was done across all primers with the same conditions: 1 cycle of initial

denaturation at 95 °C for 2 min; 35 cycles of denaturation at 94 °C for 30 s, primer annealing at

55 °C for 45 s, and extension at 72 °C for 45 s; lastly, 1 cycle of final extension at 72 °C for 5 min.

Once the reaction is complete, its success is evaluated via qualitative agarose gel

electrophoresis (AGE). The AGE is done on a horizontal 1.5% gel, using the ladder GeneRuler
100 bp Plus DNA Ladder, for up to 30 min at 90 V. Once the AGE is complete, the gel is analyzed

visually under UV light (BioDocAnalyze; “Biometra”, Germany). The gel is evaluated for:
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unidentifiable bands (possible contamination) and respective microsatellite locus bands (if said

bands are not present, the PCR is repeated).

2.2.3. Fragment analysis

The exact length of the amplified microsatellite loci are determined via Sanger’s capillary
electrophoresis by a laboratory technician. The samples are first prepared with a series of steps:
first, the sample is mixed with formamide at a ratio of 1:9; thereafter, the mix is denatured (Veriti
96 Well Thermal Cycler; “Applied Biosystems”, United States) at 95 °C for 5 min, after which the
denatured mix is quickly cooled to 4 °C. The prepared samples are analysed with the 3500 Genetic
Analyzer (“Applied Biosystems”/ “Hitachi”, United States). The ladder used for the analysis is
GeneScan 600 L1Z dye Size Standard v2.0.

2.2.4. Genotype identification

Once the samples have undergone capillary electrophoresis, the generated files are analysed
with GeneMapper v4.1. The resulting file is an electropherogram — a graph in which one can
observe the length of the detected DNA fragments, and the fluorescence of each fragment, the
intensity of which indicates the volume of fragments detected per estimated length. These peaks —
usually of a large fluorescent intensity — are identified among those of lesser intensity as the
amplified microsatellite loci alleles. The length of the allele is determined by taking into account the
original exemplary allele length per each locus, as was noted in the article describing the created
alleles (Crooijmans et al., 1997), and the alleles determined in previous works within the laboratory
(Lentinaité, 2021; Liubartaité, 2022), so as to not misidentify a non-allelic signal as an allele.
Therefore, each locus has an approximate range of possible allele lengths per each locus (Table
2.2)).

The alleles are identified by evaluating the highest peaks within the given range of the locus;
the presence of only one highermost allele denotes a homozygote genotype, meanwhile the
identification of a heterozygote genotype can be more complicated. When observing the presence of
two (or more) high peaks, the size difference both in fluorescence and fragment length are
determined. First and foremost, due to the nature of the polymerase, there must be at least 3
nucleotides between each peak for them to be considered as separate alleles. Furthermore, the
fluorescence intensity of the smaller peak (if they are not of the same intensity) must reach at least

10% of the larger peak.
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Lastly, when identifying alleles, patterns are taken into consideration: each genotype is
profiled visually and saved for comparison between each separate genotype; if a signal looks
different and unique to other profiles, the sample is run through PCR and capillary electrophoresis a

second time to ensure its validity.

2.2.5. Statistical analysis

The mean number of alleles (Na), effective alleles (Ne), private alleles (P), allele frequencies,
and observed and expected heterozygosities (Ho and He, respectively) within each population were
calculated with GenAlEx v6.51 (Peakall & Smouse, 2006; Peakall & Smouse 2012). Principal
coordinate analysis was also conducted with GenAlEx v6.51 on a standardized dataset. Estimated
deviation from the Hardy-Weinberg equilibrium and heterozygosity deficit presence across the
populations was calculated with the web edition of GenePop v4.7 (Raymond M. & Rousset F, 1995;
Rousset, F., 2008), with Bonferroni corrections applied with 1000 dememorization steps, 100
batches, and 1000 iterations per batch. The within-population inbreeding coefficient values (Fis)
were calculated with the software FSTAT v2.9.4 (Goudet, 1995).

The estimation for null allele frequencies within the populations were calculated with the
software FreeNA (Chapuis & Estoup, 2007, Chapuis et al., 2008). This software was subsequently
used to calculate the population differentiation values (Fst) and the Cavalli-Sforza and Edwards
distances (Dc; Cavalli-Sforza & Edwards, 1967), adjusted for the estimated presence of null alleles.
The calculations with FreeNA were conducted with 95% confidence and 1000 bootstrap iterations.
The D, distances were further used to create a dendrogram of all 5 populations with Mega v11.0.13
(Tamura et al., 2021) using the Neighbour-Joining method (Saitou & Nei, 1987).

The analysis of molecular variance (AMOVA) within and between the populations was done
with Arlequin v3.5.2.2 (Excoffier & Lischer, 2010), based on allele frequency values with 1000

permutations.

Lastly, the software Structure v2.3.4 (Pritchard et al., 2000) was used to determine the
admixture patterns of genetic structure between the populations. Analyses were run for K values 1-
10, with 10 iterations for each K value, each with a burnin period of 10 000 and 50 000 Markov
chain Monte Carlo repetitions. Afterwards, to ascertain the true K value (AK), the results were ran
through STRUCTURE HARVESTER v0.7 (Earl & vonHoldt, 2012) using the Evanno method
(Evanno et al., 2005).
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3. RESULTS

The presented work is a continuation of a previous research conducted within the laboratory.
It aims to assess the genetic diversity of one previously assessed and 4 newly assessed common
carp populations raised in Lithuanian fish farms. To fully assess the genetic diversity and
composition of said populations, the work sought to determine the genetic diversity parameters,

genetic differentiation, and structural composition between and within the populations.

3.1. Genotyping results

In total, 122 carp individuals were genotyped during this work, utilizing 10 microsatellite loci
markers. The full table of all determined genotypes can be found in appendices (Appendix 1). 44
samples had instances of null genotypes (0/0), whereas the alleles within the given loci had not
amplified in their original and repeat PCR runs, assumedly due to possible mutations within the
primer hybridization zone in DNA sequence. The presence of null alleles is assumed in loci MFW1
(in 5 samples), MFW2 (in 1 sample), and MFW9 (in 41 samples).

The analysis of molecular data was conducted on the genotypes assessed within this work, as
well as including genotypes of 30 additional carp individuals that have been genotyped in a
previous work (Liubartaité, 2022; Silavotas population), that have not been analysed on a genetic
structural level. The full range of genotypes determined within this sample pool can be found in
Liubartaité, 2022.

All loci across all of the populations were assessed for the estimated frequency of other
possible null alleles (Table 3.1.). Largely, all of the studied loci had some degree of estimated null
allele presence, but the estimated frequencies varied from locus to locus. Loci MFW2, MFW6, and
MFW?20 were estimated to have null alleles present in up to 2 populations, with negligible
frequencies that do not reach 10%. On the other hand, several loci exhibited large null allele
estimates: MFW1, MFW9, and MFW28 were estimated to have null alleles across almost all
populations (with the exception of MFW28, which had estimated null alleles in 4 of the 5
populations). These estimated frequencies ranged from 0.034 (MFW28 population Arnionys) to
0.707 (MFW9 population Silavotas). The calculated presence of a null allele that was estimated to
reach above 30% frequency was considered to be concerning and was exhibited by two loci: MFW1
and MFW9. The locus MFW1 exhibited a frequency above 30% within one population (0.420,

population Simnas), while MFW9 exhibited such frequencies within all assessed populations.
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Table 3.1. Null allele estimated frequencies across all studied loci and populations

Population | MFW1 | MFW2 | MFW6 | MFW7|MFW9| MFW11| MFW13 | MFW17 | MFW20 | MFW28
Kapliai 0.079 | 0.000 | 0.000 | 0.126 | 0.459 | 0.038 | 0.083 0.034 | 0.000 0.213
Arnionys | 0.257 | 0.052 | 0.023 | 0.000 | 0.636 | 0.020 | 0.000 0.062 0.000 0.034
Simnas 0.420 | 0.076 | 0.000 | 0.074 | 0.605 | 0.143 | 0.122 0.000 | 0.066 0.172
Bartzuve | 0.071 | 0.000 | 0.000 | 0.000 | 0.691 | 0.000 | 0.067 0.139 0.000 0.242
Silavotas | 0.186 | 0.000 | 0.000 | 0.000 | 0.707 | 0.186 | 0.096 0.086 | 0.000 0.000

As such, MFW9 was discarded from further analyses.

3.2. Genetic diversity

In total, 97 alleles were determined across all populations. The mean allele count per
population (Table 3.2.) ranged from 3.222 (Silavotas) to 6.778 (Simnas and Kapliai), meanwhile the
mean effective allele count ranged from 2.560 (Silavotas) to 3.977 (Kapliai), indicating that the
Silavotas population had the lowest genetic diversity, while Kapliai — the highest. While the
Lithuanian strain populations had a handful of private alleles (up to 7), the Czech strain population
(Kapliai) had 20 private alleles. Across the populations, 3 to 5 loci significantly deviated from the
Hardy-Weinberg equilibrium (HWE; Table 3.2.), with the highest count of deviating loci being
within the Silavotas population, while the lowest — within the Bartzuvé population. The observed
heterozygosities ranged from 0.570 (Silavotas) to 0.639 (Kapliai), and all of the populations had
lower observed heterozygosities than it was expected within the HWE (expected heterozygosities
ranged from 0.575 to 0.713). As such, all populations had a certain degree of inbreeding, with the
highest being within Simnas, which had an inbreeding coefficient of 0.241. Conversely, Silavotas
and Arnionys had the lowest signs of inbreeding (0.025). Upon further investigation, a global HWE
test for significant heterozygote deficit has found that 4 out of 5 populations (Kapliai, Arnionys,
Simnas, and Bartzuvé) had a significant heterozygote deficit (P-value < 0.01).

Table 3.2. Genetic diversity metrics within each population. Na — mean number of alleles within a
population. Ne — mean number of effective alleles within a population. P — number of private

alleles. dHWE — number of loci that significantly deviate from the Hardy-Weinberg equilibrium. He
— expected mean heterozygosity. Ho — observed mean heterozygosity. Fis — inbreeding coefficient.

Strain Na Ne P dHWE He Ho Fis

Kapliai 6.778 3.977 20 4 0.710 0.639 0.112
Arnionys 6.111 3.026 3 4 0.643 0.608 0.064

Simnas 6.778 3.925 7 4 0.713 0.565 0.241
Bartzuve 5.556 3.368 4 3 0.685 0.637 0.104
Silavotas 3.222 2.560 — 5 0.575 0.570 0.025
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Each locus within the populations had between 1 and 3 alleles dominating the allele pool by
frequency in one or several populations (Table 3.3.). Alleles that are considered to dominate among
the allele pool must take up at least 40% of all alleles within a given population; the full table of
allele frequencies across all populations can be found in appendices (Appendix 2). Nearly all loci
have had alleles that dominated over half of the allele pool, the exceptions being MFW?7 and
MFW13. The highest frequency of a common allele was 0.818 (MFW28, population Kapliai).
Interestingly, alleles that have been found to dominate the allele pool within a Lithuanian strain
population could also be commonly found in other Lithuanian strain populations, such as alleles
206 (MFW1), 142 (MFW®6), 196 (MFW11), 237 (MFW17), 251 (MFW20), 285 (MFW28), and 301
(MFW?28). Similarly, there have been alleles that had higher rates of frequency across the
Lithuanian strain populations, but had an exceptionally low frequency within the Czech strain
population, such as 206 (MFW1), 186 (MFW?7), 182 (MFW13), 241 (MFW17), 242 (MFW20), 251
(MFW?20), 285 (MFW28), and 301 (MFW28). Conversely, an instance of a high frequency in the
Czech strain, but a low frequency in the Lithuanian strain populations, has been found within the
allele 290 (MFW28).

Table 3.3. Common allele frequencies (> 0.4) within the given populations

Locus Allele | Kapliai | Arnionys | Simnas | Bartzuvé | Silavotas
MFW1 206 0.057 0.544 0.500 0.367 0.100
212 0.386 0.222 0.385 0.233 0.550
MFW?2 250 0.261 0.362 0.300 0.567 0.217
MFW6 142 0.307 0.802 0.633 0.600 0.600
MFW7 186 0.000 0.427 0.300 0.267 0.317
MFW11 196 0.352 0.406 0.333 0.433 0.750
MFW13 182 0.000 0.177 0.100 0.133 0.400
190 0.205 0.427 0.367 0.367 0.217
MFW17 237 0.250 0.427 0.567 0.300 0.550
241 0.057 0.208 0.100 0.433 0.000
274 0.477 0.281 0.200 0.133 0.450
MFW20 242 0.159 0.396 0.267 0.267 0.717
251 0.057 0.302 0.400 0.500 0.267
MFW?28 285 0.068 0.240 0.200 0.400 0.517
290 0.818 0.052 0.267 0.100 0.000
301 0.057 0.563 0.400 0.400 0.100

3.3. Genetic differentiation and structure

A molecular variance analysis (AMOVA, Table 3.4.) has found that the majority of the
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variation (86.16%) comes from within the populations, rather than between. The result has been

found significant (P-value < 0.01).

Table 3.4. Analysis of molecular variance of 5 populations

Source of Degrees of Sum of Variance Percentage P-
variation freedom squares components variation, % value
Among 4 122.821 0.481 13.840 0.000
populations
Within 299 895.321 2.994 86.160
populations
Total 303 1018.141 3.475

A principal coordinate analysis (PCoA; Figure 3.1.) has suggested the formation of 3 different

clusters: a) a cluster consisting largely of the representatives of Silavotas population; b) a cluster

consisting largely of the Kapliai population; and c¢) a cluster consisting of the carps representing

Arnionys, Simnas, and BartZzuvé populations. Distribution patterns of individual specimens in the

PCoA plot discriminate Lithuanian (Silavotas) and Czech (Kapliai) carp strains, with the Kapliai

population forming a large, insular cluster that overlaps very little with the Lithuanian strains. In

particular, some individuals representing the Simnas population seemed to, in part, mix with the

representatives of the Kapliai population. Conversely, the Silavotas population formed a distinct

cluster that is comparably smaller in size. It should be noted that some representatives of the

Silavotas carp strain mixed with the populations of Arnionys, Simnas, and Bartzuvé. Lastly, the

latter 3 populations formed a large cluster representing a highly intermixed genetic pool.

Principal Coordinate Analysis

Principal Coordinate 2

AA

Y
M

A

Kapliai

Arnionys
A Simnas

Bartzuve

A Silavotas

Principal Coordinate 1

Figure 3.1. Results of the principal coordinate analysis depicting the genetic similarities and
variabilities between the carp individuals attributed to five studied populations.
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The Fst values have indicated a substantial differentiation between some of the populations
(Table 3.5.). The smallest Fst value was found between the populations of Bartzuvé and Simnas
(0.014), while the largest — between Simnas and Silavotas (0.200). The largest differentiation values
were found between the Kapliai population and the Lithuanian strain populations, and, interestingly,
between Silavotas and the remaining 3 Lithuanian strain populations. Arnionys, Simnas, and
Bartzuvé had comparably low differentiation values between each other. The D¢ values largely
corresponded to the differentiation inferred from the Fs values: the largest distances were found to
be between the Kapliai population and the rest of the Lithuanian carp populations, as well as
between Silavotas and the remaining Lithuanian carp populations. Likewise, the smallest distance
was found to be between Bartzuvé and Arnionys (0.214), while the largest — between Kapliai and
Silavotas (0.529).

Table 3.5. Fst values and Cavalli-Sforza and Edwards distance (D¢) values across all populations. Fst
values are below the diagonal, and the D. values are above the diagonal.

Kapliai Arnionys Simnas Bartzuvé Silavotas
Kapliai 0.469 0.423 0.467 0.529
Arnionys 0.163 0.276 0.214 0.357
Simnas 0.101 0.017 0.280 0.378
Bartzuvé 0.134 0.020 0.014 0.414
Silavotas 0.195 0.114 0.200 0.119

The phylogenetic relationships among the studied carp populations were reconstructed in the
Neighbour-Joining tree (Figure 3.2.), revealing closer genetic distances between the Lithuanian carp
populations of Arnionys, Bartzuve, and Simnas, compared to the distances between the Lithuanian
and Czech carp strains represented by Silavotas and Kapliai populations, respectively. Furthermore,
within the cluster of Lithuanian strain populations, it was found that the populations of Arnionys
and Bartzuvé were the most genetically close. The distance between the Arnionys-Bartzuvé clade

and the Simnas population was much smaller than between the 3 populations and Silavotas.

To ascertain the distribution of genetic structure within the populations, a Bayesian admixture
model was applied (Figure 3.3.). The AK value was determined to be 2 (Figure 3.3A.), however, for
the purpose of illustrating the genetic composition distribution across all 5 populations, an analysis
of K =5 was selected as well (Figure 3.3B.). AK value of 2 suggests that the most probable genetic
composition is differentiated into 2 distinct populations: one is represented by the Czech strain, and

the other is represented by the pool of Lithuanian carp strain populations raised within the country.
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Figure 3.2. Neighbour-Joining dendrogram of 5 common carp populations based on the data of 9
microsatellite loci. Tree generated by Mega v11.0.13 with the Cavalli-Sforza and Edwards distance
(D¢) values. Bootstrap value generated with 1000 replicates.

Within the K = 2 assessment (Figure 3.3A.), it was found that the Czech and Lithuanian carps
shared some of the genetic structure: the Kapliai population had a small portion of specimens that
shared a certain amount of microsatellite alleles characteristic of the studied Lithuanian carp
populations. Likewise, all of the Lithuanian carp populations shared at least marginal levels of
genetic similarity to the Czech strain — most of all, the population of Simnas had a visible and
distinct shared genetic structure, which reflects what was gleaned from the principal coordinate

analysis (Figure 3.1.).
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Figure 3.3. Assignment of individual fish to one of the studied carp populations estimated based on
multi-locus genotyping data using Structure software, v2.3.4. The Y axis represents the estimated
membership coefficient Q indicating individual proportion of membership to each of two (A) or
five (B) clusters, respectively.

An analysis of K = 5 portrayed a much more in-depth look at the genetic distribution across
the populations (Figure 3.3B.). The results of this analysis were threefold. First of all, the Kapliali
population, like in the K = 2 analysis, showed a distinct genetic structure which was unique
comparing to the other 4 populations. Second of all, and similarly, the Silavotas population, despite
being a representative of Lithuanian strain populations, showcased a unique genetic structure that
had a fairly limited overlap with the other 3 Lithuanian carp populations. In addition to this, it was
found that the genetic influence of the Silavotas population was present within the remaining 3
Lithuanian carp populations. And third, while the genetic structure within the Simnas, Arnionys,
and Bartzuvé populations varied from population to population, a clear common genetic
composition was found. These results reflect what was ascertained within the principal coordinate
analysis (Figure 3.1.), Fstvalue distribution (Table 3.5.), and the constructed dendrogram (Figure
3.2).
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4. DISCUSSION OF RESULTS

In this work, the genetic diversity and structural composition of 5 different carp populations —
4 of Lithuanian-strain representatives, and 1 of Czech-strain representatives — were assessed,

utilizing 9 microsatellite markers.
4.1. Genetic diversity

4.1.1. Allelic distribution

It was found that the genetic diversity in terms of allelic distribution is quite comparable
within most populations, with the exception of Silavotas. The highest mean allele number was
found within the Simnas population, and it was on par with the allelic diversity found within the
Czech strain population (Kapliai), while also being comparably similar to two other Lithuanian
strain populations (Arnionys and Bartzuvé). Similar allelic diversity values can also be found within
other studies: for example, a 2017 study of common carp strains in Poland has found that the allelic
diversity between 20 strains raised in Poland ranged from 2.182 to 9.273, with the mean value being
4.473 (Napora-Rutkowski et al., 2017). Likewise, an investigation of 8 Russian common carp
strains has found the mean allele values ranging from 4.0 to 7.3 (mean value 5.7), (Ludanny et al.,
2010); while an investigation of 5 farm-raised Croatian carp strains found the values ranging from
2.210 5.1 (Tomljanovi¢ et al., 2013). Furthermore, investigations of Czech strains by Kohlmann et
al. (2005) and Hulak et al. (2010) have found that mean allele values per Czech strain to be 5.00
within both studies. This shows that, largely, the allelic diversity within carp strains investigated in
Lithuanian fish farms is similar to values found in other European carp populations, which, in turn,
must reflect the stock management practices within the currently operating Lithuanian fish farms

that are on par with those in other European countries.

A most interesting reflection on the state of the Lithuanian carp stock management was found
while investigating the strains previously raised within Silavotas. At the time of its operation, the
Silavotas subdivision cultivated a wide array of different strains (Samuiloviené et al., 2018,
Lentinaité, 2021), among which were the aforementioned Bubiai and Silavotas strains. Both of
these strains composed the sample pool of the previous investigation (Liubartaite, 2022). In it, it
was found that the allelic diversity of these two strains was strictly limited (from 2 to 4 allele per
locus), and these concerning results were found to be on par with a 2017 investigation conducted
within the country (Samuiloviené et al., 2018). In this study, upon investigating 5 strains raised

within the Silavotas subdivision, the mean allele values for the Bubiai and Silavotas strains were
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found to be 3.50 and 3.25, respectively. On the other hand, in an aforementioned study conducted
within Poland (Napora-Rutkowski et al., 2017), the mean allele value of the strain Bubiai was found
to be much higher (5.091). Thus, the discovered low genetic diversity within these Lithuanian
purebred carp strains that was revealed during the current study indicates a drop of allelic richness,
possibly related with decreased numbers of spawning individuals during the previous breeding

attempts.

Another point of interest in the investigation of diversity is the amount of private alleles
within a given population (Szpiech & Rosenberg, 2011). While no private alleles were found among
carps representing the Silavotas population, which is reflective of its low genetic diversity, the
remaining Lithuanian carp populations possessed from 3 to 7 private alleles. In terms of private
allele distribution among different populations, this number is quite common: Napora-Rutkowski et
al. (2017) have found private allele ranges between 1 and 7, Hulak et al. (2010) — between 0 and 5,
and Kohlmann et al. (2005) — between 1 and 3. Rather than reflect a shared genetic structure,
private alleles are indicative of differentiation that might occur between populations (Szpiech &
Rosenberg, 2011) — this is quite visible in the dichotomy of private allele distribution between the
Lithuanian strain populations and the Czech strain population. The determined number of private
alleles within the Kapliai carp population (20) is nearly three times as much as the largest number
of private alleles found between the other studied Lithuanian carp populations. This indicates that
there must be a structural differentiation between the Czech and Lithuanian carp strains, as the
Lithuanian carp strains bear comparably small amounts of private alleles, and yet their mean
number of alleles is comparable to that found within the Czech strain population. These findings
suggest that there is a larger amount of shared inter-population alleles within the Lithuanian carp
populations, while maintaining that the large amount of private alleles observed within the Czech
strain population must infer the distant genetic origin of the Czech strain on the contrary to the rest
of the studied carp populations. An additional layer of this observation can be gleaned from the
distribution of allele frequencies among the populations — in particular, the most common alleles,
taking up over 40% of the gene pool within a given locus. Alleles common exclusively to the
Lithuanian carp populations have been found in 6 out of 9 analysed loci, indicating that the
Lithuanian strains and the Czech strain must have a degree of distinction between their genetic

structural compositions.
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4.1.2. Genotype distribution

Each population had a similar number of loci deviating from the HWE; simply put, around
40% of loci had deviated across the populations. A number of reasons, in particular within
aquaculture farms, could influence deviation from the equilibrium: an unequal sex ratio among
spawners or a limited number of spawners, deviations from the random mating model, presence of
null allele mutations, or even Wahlund’s effect (Napora-Rutkowski et al., 2017, Hulak et al., 2010).
Largely, across European farms, it has been found that the common reason for deviation from the
equilibrium was an uneven distribution of genotypes, both in terms of homozygote, and
heterozygote excess (Toth et al., 2020). In this study, it was found that 4 out of 5 populations had a
significant heterozygote deficit, which is further reflected in the observed heterozygosity
distributions: all of the populations had, while not always overtly concerning, lower rates of

observed heterozygosities than what was expected based on the Hardy-Weinberg model.

High- and low-ends of the heterozygosity value spectrum were apparent. The Simnas
population had a difference between expected and observed heterozygosities of 0.148 (nearly 15%
less heterozygotes than there should have been), and an inbreeding coefficient of 0.241, suggesting
that the current genotype distribution poses a risk of possible genetic loss and stock health
complications due to inbreeding depression. In Europe, such occurrences appear to be highly
dependent on the region: for example, in the Czech Republic, the majority of the studied 13 carp
strains had indications of population inbreeding (Fis values ranged between 0.050 and 0.265), while
the 13 strains assessed in Hungary by a wide majority displayed an excess of heterozygotes (Fis
values ranged from -0.250 to 0.083; Hulak et al., 2010; T6th et al., 2020).

On the other hand, the Silavotas population displayed a nearly-perfect state of equilibrium in
terms of genotype distribution, with a total difference between expected and observed
heterozygosities being 0.05, and a Fis value of 0.025. This result is quite peculiar, considering the
limited number of alleles across the investigated loci, large number of loci deviating from HWE,
and comparably small frequencies of estimated null alleles. As such, the healthy genotype
distribution and a comparably low occurrence of estimated null allele presence both suggest that the

5 deviating loci within this population must have deviated due to stock management.

Within the remaining populations, it is more plausible that the deviating loci were due to the

presence of null alleles and a skewed distribution of genotypes, the latter of which can often arise if
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the breeding occurs with a limited number of spawners, or if the breeding scheme is done with a

particular focus on a specific phenotype.
4.2. Genetic composition

4.2.1. Molecular variance

The AMOVA test showed that the majority of variance was found within populations, rather
than between, which indicates that high levels of diversity lie within individuals themselves and

don’t reflect a strict distinction between populations.

4.2.2. Strain differentiation

Two populations have been found to be differentiated from the remaining populations:
Kapliai, which has shown a clear distinction between it and the Lithuanian strain populations, and
Silavotas, which has additionally showed a clear differentiation between it and the remaining 3
Lithuanian strain populations. These two populations have shown Fs values between 0.101 and
0.200; in theory these differentiation values vary from 0 to 1, with 0 indicating zero differentiation
between populations, while 1 — complete differentiation between populations (Luo et al., 2019).
Generally, a value greater than 0.15 is considered to reflect a significant differentiation between
populations, suggesting that the genetic variance found within and between these populations is
diverse enough to discern two (or more) different populations (Holsinger & Weir, 2009; Luo et al.,
2019). In light of this, the results suggest several things: a) Arnionys, Simnas, and Bartzuvé may be
considered as populations with a shared genetic structure; b) the Silavotas population, representing
Lithuanian carp strains, possessed a specific genetic structure, which discriminates it from the other
studied carp populations; c¢) the Kapliai population, likewise, has a unique genetic structure that is
differentiated from the rest of the studied Lithuanian carp populations. In a natural environment,
this would be reflective of gene flow and migration; speaking in terms of aquaculture practices,
these results suggest that there is a degree of stock exchange and integration that occurs more
intensely between Arnionys, Simnas, and Bartzuvé — and far less or even restricted within the
Kapliai and Silavotas farms. In addition, the genetic differentiation of the representatives of the
Czech carp strain could be predicted due to the strain being previously raised in Czech Republic

prior to its import into Lithuania, suggesting its reproductive isolation from Lithuanian carp strains.

The determined Fs values were found to be reflective of the differentiation determined within
other studies. Samuiloviené et al. (2018) have found that the differentiation between Lithuanian
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strains (Bubiai and BVP) was low (0.050), while the differentiation between Lithuanian strains and
strains from other regions was comparably as high as it was found within this work, ranging from
0.068 to 0.289. Similarly, Hulak et al. (2010) have found that the Fst values between strains of
different origins ranged between 0.064 and 0.189, while Kohlmann et al. (2005) have found the

ranges between the European strains to be between 0.018 and 0.319.

4.2.3. Structural composition

Concerning the structural composition of the investigated populations, the result of the PCoA
has separated the populations into 3 distinct clusters: separating the Czech strain (Kapliai), the
Lithuanian strains raised within Silavotas, and the remaining 3 Lithuanian carp populations
(Arnionys, Simnas, and Bartzuvé). As such, the populations of Kapliai and Silavotas harbour an
insular nature that suggests a unique genetic structure found within these populations. In addition,
the Kapliai population formed a large-sized cluster that suggests a high genetic variability within
the population, meanwhile the comparably small size of the Silavotas population suggests a low
genetic variability and a genetic structure characteristic of an isolated population with a restricted
gene pool, thus discriminating it from other Lithuanian carp populations. In addition, though largely
insular, both of these populations were found to have had a certain degree of mixing with other
populations. Some individuals from the Kapliai population were found to mix with a portion of the
Simnas population, which suggests a possible strain representative exchange between Kapliai and
Simnas. Silavotas, on the other hand, was found to mix with the populations of Arnionys, Simnas,
and Bartzuve, directly indicating that certain shared genetic characteristics exist between the
Lithuanian strain populations. Lastly, the large cluster of Arnionys, Simnas, and BartZuvé indicates
that these populations must be highly intermixed, or, in other words, the representatives of these
farms must have a largely shared genetic background. Because of the fact that these results can’t be
explained by natural migration and gene flow, it must be supposed that the clustering of these
populations must be due to stock exchange. The distribution of the samples suggests what has been
reflected within the previous results: Arnionys, Simnas, and BartZuvé appear to be highly
“panmitic”, suggesting a high level of stock exchange between the 3 farms. On another note, the
isolated nature of the populations of Kapliai and Silavotas indicates that these populations were kept

isolated and had little to none new stock integration.

The differentiation and distance found between these populations was further visualized

within the Neighbour-Joining tree. Here, the results of the Fst values and PCoA were therefore
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reflected in the findings that Arnionys, Simnas, and Bartzuve clustered together on the basis of
distance, thus indicating that these populations are genetically close. Furthermore, the distant and
unique genetic nature of both, Kapliai and Silavotas, was reflected in the larger genetic distances of

these two populations comparing to the remaining 3 Lithuanian carp populations.

Lastly, the genetic structural compositions inferred from the previous findings were
confirmed once the genetic structure was investigated with the Structure software. The collective
findings of this study had indicated that there is a clear divide between the investigated strains of
two different regions: Lithuania and the Czech Republic. This is something that has been visibly
reflected in the Structure results where K value was 2, which has separated the sample pool into two
subpopulations: the Czech strain, and the Lithuanian strains. Furthermore, the structural analysis
had further validated what was visible from the PCoA: to a certain degree, despite its unique gene
set, the Kapliai population had a small-scale influence on the Lithuanian strains — in particular, the
Simnas population, which appeared to share a good portion of its gene set with the Czech strain,
indicating that a stock exchange must have occurred at some point between these two fish farms.

An expansion of these results was elucidated with a K = 5 analysis. Here a number of
revelations were made. First of all, it had become clear that the populations of Arnionys, Simnas,
and BartZzuv¢ indeed share a common genetic basis: although structural composition varied from
population to population, clear trends of shared structures were visible. This had been suggested by
the low genetic distance and Fs: values between these populations. Furthermore, it had become clear
that the fish stock that was held in Silavotas had a degree of influence on the structural composition
of Arnionys, Simnas, and Bartzuvé, as portions of Silavotas-characteristic alleles were found within
these populations, which suggests that a dissemination of Silavotas fish stock did indeed occur at
some point within other Lithuanian fish farms. This integration of fish stock raised in Silavotas was
also apparent from the lack of private alleles within the population. However, it isn’t clear to what
degree this stock exchange occurred: while it is clear that the genetic structure found within
Silavotas influenced the genetic structure of the remaining Lithuanian strain populations, from the
K =5 analysis it was evident that the influence was not large. In fact, the structural composition
found within Arnionys, Simnas, and Bartzuvé was quite different to the composition found within
Silavotas. The Silavotas population was found to have a composition that was mostly unified and
unigue among the Lithuanian strains populations. This suggests that while this population is not
unique in terms of gene contents, it is unique in its particular composition. Similarly, like Silavotas,
the Kapliai population distinguished itself with a unique structural composition which corresponds
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to the large genetic distances and Fs values found between the Czech strain and the remaining

populations.

Altogether, the distinction of Silavotas and Kapliai shows that these populations were most
likely kept as purebred stocks, while Arnionys, Simnas, and Bartzuve are likely hybrid strain

populations that experience a high turnover of stock exchange.
4.3. Concluding thoughts

4.3.1. Study limitations

Several statistical factors exist which may have influenced the gathered results. First is sample
size. Previously, it has been suggested that, for a microsatellite analysis of 5 to 10 studied markers,
an appropriate number of samples per investigated population should be a minimum of 50
(O’Connell & Wright, 1997). Recent studies, however, have suggested that a practical number of
samples for a microsatellite marker analysis could be between 25 and 35 per population (Hulak et
al., 2010; Toth et al., 2020). This idea comes from the fact that a larger amount of samples might
detect private and less frequent alleles, however, the statistical power of these uncommon alleles is
questionable (Téth et al., 2020). With that said, 2 out of 5 of the studied populations don’t meet this
requirement: Simnas and Bartzuvé each had 15 samples, while the remaining populations had at
least 30 samples within them. As such, the results garnered from these populations may be
questionable; an unequal distribution of samples between each population, moreover, may have
influenced the results to have a particular bias towards certain populations (such as Kapliai and

Arnionys, which had the largest amounts of samples per population).

Yet another limitation is the panel of microsatellite markers selected for this work. Out of the
10 selected markers, 2 have shown estimates of null alleles present in all populations; 4 have shown
null allele estimates in 4 out of 5 populations. Besides locus MFW9, the majority of determined
estimates were low in the studied populations — as such, a large portion of the statistical analyses
have been conducted by adjusting the panel of markers (reducing the panel from 10 markers to 9)
and by utilizing calculation models adjusted for the probable presence of null alleles. However, the
high likelihood of null allele presence within 6 of the 10 studied loci shines light onto the possible
bias that could have been introduced into the statistical analyses. While null alleles are a statistical
inevitability, given the high mutation rate of microsatellite regions (Chapuis & Estoup, 2007), it is
important to review the gathered results critically and apply changes in future research, either by

utilizing additional model adjustments or adjusting the panel of microsatellite markers used.
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Furthermore, the differences between microsatellite markers pose a limitation in terms of data
comparison. Genetic structure depends on the parameters determined within a locus, such as allele
frequency and diversity, divergence of alleles between the investigated populations, and overall
locus polymorphism (Hulak et al., 2010). As such, directly comparing the results gathered from
different panels of microsatellite markers across genetic diversity studies can become challenging.
For example, Napora-Rutkowski et al. (2017) have used 11 microsatellite markers, 8 of which were
created by Crooijmans et al., (1997), 6 of which aligned with the markers chosen for this study.
Similarly, Toth et al., (2020) have investigated 12 loci, out of which only 5 aligned with the loci
within this study. Bearing the diversity differences that occur from locus to locus, it becomes clear
that certain biases or incorrect conclusions can arise when comparing inter-study findings.
Moreover, the exact process of allele identification, as well as direct allele identities found within
specific loci, are often omitted in published studies, thus creating a gap in the possibility of
comparing results. As such, it would be recommendable to establish a wide-use microsatellite
marker panel, first taking into consideration the easily comparable parameters of the chosen
markers, such as commonly-found diversity, tendency to deviate from the HWE, and frequently

found rates of estimated null allele frequencies.

4.3.2. Conservation efforts

Altogether, the picture gleaned from these results is multifaceted. On the one hand, the
diversity parameters within our investigated populations have been reflected within studies on a
global scale, all populations have high rates of heterozygosity, and all populations have varying
degrees of genetic diversity, which suggests that the currently-raised carp stocks are in relatively
good health. On the other hand, certain populations exhibited warning signs of possible future
diversity loss due to inbreeding. Outbreeding heterozygotes out of the genepool may indeed lead to
the extinction not just of the genetic variety within a strain, but, eventually, the strain itself as well
(Téth et al., 2020). Improperly conducted selection and a limited number of high-yield spawners
eventually lead to a loss of fitness within a population, with the potential to introduce recessive
diseases and a lowered resistance, leading to further loss of stock and subsequent diversity
(Kohlmann et al., 2003, Tomljanovi¢ et al., 2013). Studies of carps raised within fish farms have
observed that farm-raised carps were characterized by a significantly lower diversity than carps in
wild populations (Tomljanovi¢ et al., 2013, Hulak et al., 2010, Napora-Rutkowski et al., 2017),
facilitated by the unnatural bottleneck and founder effects raised by the selection schemes within
fisheries. To this effect, it does not go without mentioning the recent events which have put the
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national strains raised within the Silavotas subdivision in jeopardy. These national strains, raised
and cared for within the country for decades, now lay under the question of to whom and to where
the individuals of these strains were disseminated. The potential loss of these strains is astounding.

As such, it is imperative to maintain the measures of preservation of these strains, the basis of
which should be the constant genetic characterization and observation of the strains raised within
the country. The results of this work have successfully described the genetic composition of
common carp populations from 5 Lithuanian fish farms, with the hope of assisting with a more in-
depth and controlled strain maintenance, conservation efforts, and the improvement of carp stocks
within the country.
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CONCLUSIONS

1. 122 carp individuals have been successfully genotyped utilizing 10 microsatellite markers.

2. The mean allele values per population ranged from 3.222 (Silavotas population) to 6.778
(Simnas and Kapliai populations), the private alleles found within the populations ranged
from 0 (Silavotas population) to 20 (Kapliai population), and the inbreeding coefficient (Fis)
values were found to range between 0.025 (Silavotas population) and 0.241 (Simnas
population). The determined genetic diversity metrics suggest that the Silavotas population
had the lowest genetic diversity among all populations, Kapliai — the largest, and that the
Simnas population is the most at risk of diversity loss due to inbreeding depression.

3. 2 populations had higher degrees of differentiation from the remaining 3: the carp
population maintained in Kapliai had the highest differentiation, discriminating it from other
studied Lithuanian strains, and the Silavotas population had, additionally, the highest
differentiation between it and the remaining 3 Lithuanian carp populations (Arnionys,
Simnas, and Bartzuvé), thus suggesting that these 2 populations harbour a distinct genetic
composition represented by purebred strains.

4. The structural composition distribution across all 5 populations had been found to be distinct
within the Kapliai and Silavotas populations, thus confirming their unique genetic structure
and a likely state of purebred strains. Arnionys, Simnas, and Bartzuvé, on the other hand,
had a distinct and yet shared genetic structure, suggesting that these populations are kept as
hybrid strains and have a high degree of stock exchange between these fish farms.
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APPENDICES

Appendix 1. All determined genotypes within the assessed populations of this work

Code

MFW1

MFW?2

MFW6

MFW?7

MFW9

MFW11

MFW13

MFW17

MFW20

MFW28

Al

206/221

238/258

142/142

191/195

119/134

196/202

190/194

241/274

242/251

285/301

A2

206/206

212/238

130/142

186/195

130/130

196/202

182/194

241/274

237/251

285/301

A3

206/206

222/250

142/142

186/286

0/0

196/202

178/190

237/237

242/251

301/301

Ad

206/206

222/250

142/142

186/286

0/0

196/202

178/190

237/237

242/251

301/301

A5

206/206

222/238

142/142

195/286

130/130

202/202

178/190

237/237

247/251

301/301

A6

0/0

0/0

130/142

186/186

134/134

196/206

182/194

2371274

242/242

285/301

A7

212/212

222/264

142/142

199/280

119/119

196/202

190/190

237/237

2471247

281/301

A8

212/212

250/258

142/147

186/195

119/119

196/202

190/190

241/274

242/242

281/290

A9

212/221

250/258

142/142

186/195

111/111

196/206

190/190

241/274

242/251

281/285

Al0

206/206

258/258

142/147

186/186

134/134

202/206

190/190

2741274

247/251

285/301

All

206/221

238/250

142/147

186/195

119/119

202/206

190/194

241/274

247/251

285/301

Al2

206/212

238/258

142/147

186/195

119/119

202/206

190/190

2741274

247/251

290/301

Al3

206/206

250/250

142/142

186/230

134/134

202/206

182/194

237/237

242/251

301/301

Al4

206/212

258/258

142/142

186/186

134/134

196/206

190/194

2371274

242/242

301/301

Al5

206/212

212/258

142/142

186/261

0/0

202/202

182/190

237/237

2471247

301/301

Al6

206/206

208/250

127/142

186/253

119/119

202/202

190/190

241/241

242/247

301/301

Al7

212/212

250/250

142/147

186/230

0/0

196/196

194/194

241/270

242/251

285/301

Al8

0/0

258/258

142/142

186/195

0/0

202/206

182/194

2371274

242/251

285/301

Al9

202/206

258/258

142/147

237/261

0/0

196/202

190/190

237/237

242/247

301/307

A20

212/212

250/250

142/142

186/195

130/130

196/202

182/190

237/270

242/242

285/301

A21

206/206

212/250

142/142

186/261

0/0

196/202

182/190

237/274

242/247

301/301

A22

206/206

212/250

142/147

186/261

0/0

196/202

190/194

241/274

242/251

301/301

A23

0/0

212/250

142/147

186/261

0/0

202/206

190/194

2741274

247/251

285/285

A24

212/212

250/258

142/142

186/195

119/119

196/202

194/194

237/237

242/247

285/290

A25

206/206

258/258

142/142

186/261

0/0

196/206

194/194

241/274

247/251

301/301

A26

206/206

250/264

142/142

186/195

119/119

196/196

182/194

237/237

242/251

301/301

A27

206/206

258/258

142/142

186/195

119/119

202/206

194/194

237/274

251/251

301/301

A28

219/219

250/264

142/142

186/286

0/0

196/202

190/194

237/274

223/251

281/285

A29

206/206

258/258

142/142

186/286

119/119

196/202

182/182

237/274

223/251

301/301

A30

206/221

250/258

138/142

280/280

0/0

196/196

182/194

241/251

242/251

281/290

A3l

206/212

250/258

142/142

186/186

134/134

196/206

190/194

241/274

242/247

290/301

A32

212/219

250/264

147/147

186/195

130/130

152/206

182/190

237/237

242/247

281/301

A33

212/221

250/264

142/142

195/199

119/119

152/206

190/194

241/247

2471247

281/285

A34

212/221

250/258

142/142

195/195

119/119

196/202

190/194

237/237

242/247

281/285

A35

206/206

202/238

130/142

195/261

134/134

196/206

194/194

237/274

242/242

301/301

A36

206/206

250/258

142/142

186/195

134/134

196/206

194/194

237/274

242/251

301/301

A37

206/206

238/250

142/147

186/230

119/119

196/206

190/194

241/241

242/247

301/301

A38

212/219

250/250

142/142

199/286

119/119

196/196

190/194

2371247

2471247

281/281

A39

206/206

238/264

142/142

195/195

119/119

196/206

190/194

2371274

242/251

301/301

A40

212/219

238/250

142/142

186/195

119/119

202/202

182/190

237/241

242/247

281/285

A4l

219/221

238/250

142/142

191/230

0/0

196/202

190/194

2371237

242/242

285/301

A42

206/206

202/264

142/142

186/195

130/130

202/202

190/190

237/270

242/247

301/301

A43

183/183

202/258

142/142

186/253

0/0

196/196

190/194

241/241

242/251

285/285

Ad4

219/219

250/264

142/142

186/286

0/0

196/196

182/190

2471274

251/251

281/285

A45

219/219

250/264

147/147

186/186

0/0

196/196

182/182

2371247

242/247

281/285
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Appendix 1. All determined genotypes within the assessed populations of this work. Continued.

A46

206/206

212/250

142/142

186/261

0/0

202/206

190/194

2741274

242/251

301/301

A47

206/206

250/258

142/147

195/230

134/134

196/206

182/194

237/237

242/251

301/301

A48

202/206

202/250

142/142

186/280

119/119

193/193

190/211

241/241

247/251

285/285

K1l

212/212

178/232

142/147

230/230

0/0

196/206

194/208

237/264

245/249

290/290

K2

178/212

190/244

142/151

195/230

119/134

193/196

194/194

2741274

229/242

281/290

K3

172/212

170/170

147/151

195/230

119/119

196/196

158/202

237/264

242/251

290/290

K4

172/221

170/170

147/151

195/257

134/134

193/206

194/194

2371274

229/245

290/290

K5

206/212

190/244

130/151

195/257

0/0

196/206

194/194

2371274

203/242

285/285

K6

178/225

170/190

142/147

195/257

134/134

162/193

194/202

2741274

245/249

290/290

K7

212/221

170/250

130/142

195/195

134/134

196/206

194/194

274/274

223/245

290/290

K8

212/212

170/170

151/151

195/230

119/134

193/202

158/194

264/274

245/251

290/290

K9

172/212

232/244

130/142

230/230

0/0

162/196

194/202

2371274

203/242

290/290

K10

172/212

170/232

130/142

257/257

119/119

162/193

190/190

2741274

203/245

290/290

K11

206/212

178/250

142/151

195/247

134/134

193/196

158/190

241/274

223/245

301/301

K12

178/219

170/250

142/147

195/230

134/134

162/193

194/194

2371274

242/245

290/290

K13

212/212

190/250

142/142

195/230

134/134

162/193

190/190

270/274

245/249

290/290

K14

212/212

170/244

130/142

195/230

134/134

202/206

158/194

237/270

203/245

281/281

K15

172/212

170/190

142/151

230/247

0/0

196/202

158/194

237/274

223/245

290/290

K16

212/212

178/244

142/147

230/247

0/0

162/193

158/194

237/237

223/249

290/290

K17

178/192

170/232

130/142

230/230

0/0

193/196

158/194

2741274

203/245

290/290

K18

212/221

170/250

130/142

195/195

0/0

196/196

194/194

2641274

203/245

290/290

K19

172/212

190/244

151/151

230/257

134/134

196/206

158/194

264/274

245/251

290/290

K20

212/221

190/250

147/147

195/230

134/134

193/196

158/202

274/274

203/245

290/290

K21

172/178

170/244

130/151

195/230

119/134

193/206

158/194

274/274

229/245

290/290

K22

212/221

178/244

147/147

195/195

134/134

202/206

194/205

264/264

223/245

290/290

K23

206/212

178/250

151/151

195/247

0/0

202/202

158/158

241/274

223/251

285/285

K24

206/225

196/250

142/151

195/195

134/134

193/206

194/211

241/274

245/245

290/301

K25

221/221

250/250

151/155

230/247

134/134

202/206

194/202

237/280

214/245

290/290

K26

206/212

190/238

142/142

191/191

134/134

193/193

190/190

241/274

242/242

290/301

K27

178/192

232/250

130/151

199/199

134/134

193/196

158/194

274/274

242/242

290/301

K28

196/196

232/250

147/155

195/195

134/134

193/196

190/190

274/284

203/249

290/290

K29

178/221

2441244

147/151

230/230

134/134

196/196

190/211

2641274

242/249

290/290

K30

212/221

178/250

142/147

195/257

134/134

196/196

190/190

237/270

199/245

290/290

K31

172/212

170/190

130/147

195/257

134/134

193/196

158/158

237/270

203/242

290/290

K32

219/221

250/250

142/151

195/247

134/134

202/202

194/202

237/280

242/249

290/290

K33

225/225

170/178

147/151

195/230

119/134

193/193

158/202

270/274

229/245

290/290

K34

221/221

190/250

130/142

195/195

119/134

193/193

158/190

241/280

229/245

285/285

K35

212/212

190/264

130/151

195/195

119/134

193/206

158/202

270/270

229/245

281/281

K36

172/178

190/250

130/151

199/199

0/0

193/193

190/190

2371274

245/249

290/290

K37

212/212

178/244

142/147

195/247

134/134

196/196

202/202

237/274

242/249

290/290

K38

212/212

232/244

130/151

230/230

134/134

196/196

158/158

2741274

245/249

290/290

K39

225/225

190/250

147/155

230/247

134/134

196/196

158/202

2371237

223/245

290/290

K40

212/221

250/250

142/151

230/230

0/0

193/196

158/190

237/237

245/249

290/290

K41

219/225

250/250

142/155

195/195

119/134

193/206

194/202

2741274

242/251

290/290

K42

192/212

190/244

130/151

257/257

134/134

196/196

158/194

2371274

203/245

290/290

K43

225/225

178/250

142/142

195/247

0/0

196/206

190/190

2741274

249/249

290/290

K44

225/225

190/244

130/142

2571257

119/119

193/193

158/194

2371274

203/249

290/290
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Appendix 1. All determined genotypes within the assessed populations of this work. Continued.

S1

206/206

202/250

127/142

195/230

130/130

196/206

186/194

2371274

242/242

301/301

S2

206/206

250/264

130/142

195/230

0/0

193/202

186/194

237/237

247/251

290/290

S3

0/0

208/244

142/142

230/265

119/119

202/202

194/194

2371274

247/251

285/290

S4

0/0

250/264

142/151

186/265

0/0

193/202

194/194

2371274

247/251

285/290

S5

202/202

250/250

142/142

253/253

106/106

196/196

190/216

2371247

214/247

270/301

S6

206/206

212/212

127/142

186/230

130/130

196/196

190/190

2371247

242/242

301/301

S7

206/206

160/212

142/142

186/225

0/0

206/206

190/190

241/280

214/251

301/301

S8

212/212

250/258

122/127

186/257

119/119

193/193

186/202

2371274

237/237

285/285

S9

212/212

170/264

142/151

230/230

119/119

196/202

186/190

274/284

247/251

290/290

S10

212/219

160/250

138/142

191/261

130/130

167/167

182/182

237/237

251/251

290/290

Sl1

212/212

258/258

130/142

186/195

134/134

196/206

190/190

241/274

251/251

281/285

S12

206/212

212/250

142/147

186/186

119/119

202/202

182/190

237/237

242/247

301/301

S13

206/206

225/225

142/142

286/286

0/0

196/202

178/190

237/237

242/251

281/301

S14

212/212

238/258

142/151

186/191

119/134

196/206

194/194

237/241

242/251

281/285

S15

206/206

222/250

142/142

186/286

0/0

196/202

178/190

237/237

242/251

301/301

B16

212/212

250/250

122/142

186/195

0/0

196/206

182/190

241/241

242/251

285/301

B17

206/212

250/264

142/147

186/195

0/0

196/202

190/190

237/274

2471247

281/301

B18

206/212

250/258

142/142

195/230

130/134

193/196

186/194

241/241

247/251

281/281

B19

219/219

222/250

122/142

191/261

0/0

196/206

182/194

241/241

251/251

285/285

B20

183/183

212/250

142/180

195/286

134/134

196/206

164/186

237/237

251/251

285/285

B21

183/219

202/250

142/147

186/195

0/0

196/206

182/194

241/274

242/251

285/285

B22

206/212

202/250

122/142

186/195

119/119

196/206

190/194

241/274

242/251

301/301

B23

206/219

184/202

142/147

186/253

130/130

196/202

190/190

237/241

242/251

290/301

B24

206/219

202/250

142/142

261/286

0/0

202/206

194/194

237/237

242/242

301/301

B25

206/221

250/250

147/147

230/253

119/119

196/196

186/194

241/241

242/251

285/285

B26

206/212

202/250

142/142

191/286

0/0

202/206

182/190

237/237

237/251

301/301

B27

206/212

212/250

142/142

186/191

0/0

202/202

190/190

270/270

247/251

290/290

B28

206/206

250/258

142/151

186/195

130/134

196/206

194/194

241/274

247/251

285/301

B29

219/219

202/250

142/142

186/191

0/0

202/202

194/194

2371247

237/251

285/285

B30

172/206

250/250

134/147

199/199

111/111

196/196

190/190

241/251

242/251

301/301
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Appendix 2. All allele frequencies by population

Locus Allele Kapliai Arnionys Simnas Bartzuvé Silavotas
MFW1 172 0.102 0.000 0.000 0.033 0.000
178 0.091 0.000 0.000 0.000 0.000
183 0.000 0.022 0.000 0.100 0.000
192 0.034 0.000 0.000 0.000 0.000
196 0.023 0.000 0.000 0.000 0.000
202 0.000 0.022 0.077 0.000 0.350
206 0.057 0.544 0.500 0.367 0.100
212 0.386 0.222 0.385 0.233 0.550
219 0.034 0.111 0.038 0.233 0.000
221 0.148 0.078 0.000 0.033 0.000
225 0.125 0.000 0.000 0.000 0.000
MFW2 160 0.000 0.000 0.067 0.000 0.000
170 0.193 0.000 0.033 0.000 0.000
178 0.102 0.000 0.000 0.000 0.000
184 0.000 0.000 0.000 0.033 0.000
190 0.170 0.000 0.000 0.000 0.000
196 0.011 0.000 0.000 0.000 0.000
202 0.000 0.043 0.033 0.200 0.317
208 0.000 0.011 0.033 0.000 0.000
212 0.000 0.064 0.133 0.067 0.167
222 0.000 0.043 0.033 0.033 0.000
225 0.000 0.000 0.067 0.000 0.000
232 0.080 0.000 0.000 0.000 0.000
238 0.011 0.106 0.033 0.000 0.300
244 0.159 0.000 0.033 0.000 0.000
250 0.261 0.362 0.300 0.567 0.217
258 0.000 0.277 0.133 0.067 0.000
264 0.011 0.096 0.100 0.033 0.000
MFW6 122 0.000 0.000 0.033 0.100 0.000
127 0.000 0.010 0.100 0.000 0.283
130 0.182 0.031 0.067 0.000 0.117
134 0.000 0.000 0.000 0.033 0.000
138 0.000 0.010 0.033 0.000 0.000
142 0.307 0.802 0.633 0.600 0.600
147 0.193 0.146 0.033 0.200 0.000
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Appendix 2. All allele frequencies by population. Continued.

151 0.273 0.000 0.100 0.033 0.000
155 0.045 0.000 0.000 0.000 0.000
180 0.000 0.000 0.000 0.033 0.000
MFW7 186 0.000 0.427 0.300 0.267 0.317
191 0.023 0.021 0.067 0.133 0.000
195 0.398 0.240 0.100 0.233 0.000
199 0.045 0.031 0.000 0.067 0.300
225 0.000 0.000 0.033 0.000 0.000
230 0.295 0.052 0.200 0.067 0.000
237 0.000 0.010 0.000 0.000 0.000
247 0.102 0.000 0.000 0.000 0.000
253 0.000 0.021 0.067 0.067 0.200
257 0.136 0.000 0.033 0.000 0.000
261 0.000 0.083 0.033 0.067 0.183
265 0.000 0.000 0.067 0.000 0.000
280 0.000 0.042 0.000 0.000 0.000
286 0.000 0.073 0.100 0.100 0.000
MFW11 152 0.000 0.021 0.000 0.000 0.000
162 0.068 0.000 0.000 0.000 0.000
167 0.000 0.000 0.067 0.000 0.000
193 0.330 0.021 0.133 0.033 0.000
196 0.352 0.406 0.333 0.433 0.750
202 0.102 0.344 0.300 0.267 0.217
206 0.148 0.208 0.167 0.267 0.033
MFW13 158 0.273 0.000 0.000 0.000 0.000
164 0.000 0.000 0.000 0.033 0.000
178 0.000 0.031 0.067 0.000 0.000
182 0.000 0.177 0.100 0.133 0.400
186 0.000 0.000 0.133 0.100 0.000
190 0.205 0.427 0.367 0.367 0.217
194 0.341 0.354 0.267 0.367 0.383
202 0.136 0.000 0.033 0.000 0.000
205 0.011 0.000 0.000 0.000 0.000
208 0.011 0.000 0.000 0.000 0.000
211 0.023 0.010 0.000 0.000 0.000
216 0.000 0.000 0.033 0.000 0.000
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Appendix 2. All allele frequencies by population. Continued.

MFW17 237 0.250 0.427 0.567 0.300 0.550
241 0.057 0.208 0.100 0.433 0.000
247 0.000 0.042 0.067 0.033 0.000
251 0.000 0.010 0.000 0.033 0.000
264 0.091 0.000 0.000 0.000 0.000
270 0.080 0.031 0.000 0.067 0.000
274 0.477 0.281 0.200 0.133 0.450
280 0.034 0.000 0.033 0.000 0.000
284 0.011 0.000 0.033 0.000 0.000
MFW20 199 0.011 0.000 0.000 0.000 0.000
203 0.125 0.000 0.000 0.000 0.000
214 0.011 0.000 0.067 0.000 0.000
223 0.080 0.021 0.000 0.000 0.017
229 0.068 0.000 0.000 0.000 0.000
237 0.000 0.010 0.067 0.067 0.000
242 0.159 0.396 0.267 0.267 0.717
245 0.330 0.000 0.000 0.000 0.000
247 0.000 0.271 0.200 0.167 0.000
249 0.159 0.000 0.000 0.000 0.000
251 0.057 0.302 0.400 0.500 0.267
MFW28 270 0.000 0.000 0.033 0.000 0.000
281 0.057 0.135 0.100 0.100 0.150
285 0.068 0.240 0.200 0.400 0.517
290 0.818 0.052 0.267 0.100 0.000
301 0.057 0.563 0.400 0.400 0.100
307 0.000 0.010 0.000 0.000 0.233

62



