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Abstract 
This doctoral thesis investigates genetic diversity, population structure, and evolutionary 

dynamics of aquatic species across marine and freshwater systems through population 

genetic approaches. By integrating phylogenetics, phylogeography, and molecular 

taxonomy, four case studies were conducted on native and invasive species under distinct 

ecological contexts. The results provide insights into the complex interplay among 

evolutionary history, invasion dynamics, taxonomic complexity, and population 

connectivity and dispersal, highlighting the role of historical and contemporary factors in 

shaping genetic differentiation. Particular attention is given to processes including 

demographic decline, habitat fragmentation, and biological invasions, which represent 

major challenges for aquatic biodiversity. This research contributes to the understanding of 

evolutionary resilience, diversification, and adaptation in aquatic environments and 

highlights the role of population genetics as a unifying framework for interpreting 

evolutionary processes. Additionally, the findings offer relevant information to support 

biodiversity monitoring, management and conservation strategies. 
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Riassunto 
Questa tesi di dottorato ha come obiettivo principale lo studio della variabilità genetica, 

della struttura di popolazione e delle dinamiche evolutive di specie acquatiche, sia marine 

che di acqua dolce, mediante l’utilizzo di diversi approcci di genetica di popolazione. 

Integrando la filogenetica, filogeografia e tassonomia molecolare, sono stati condotti quattro 

casi di studio su specie native e invasive in differenti contesti ecologici. I risultati forniscono 

approfondimenti sull’articolata interazione tra storia evolutiva, dinamiche di invasione, 

complessità tassonomica, connettività e dispersione, evidenziando il ruolo di fattori storici 

e contemporanei nel modellare il differenziamento genetico. Particolare attenzione è stata 

dedicata a processi quali il declino demografico, la frammentazione degli habitat e le 

invasioni biologiche, che rappresentano sfide significative per la biodiversità acquatica. 

Questa ricerca contribuisce alla comprensione delle dinamiche di resilienza, della 

diversificazione e dell’adattamento negli ecosistemi acquatici, sottolineando il ruolo della 

genetica di popolazione come filo conduttore nell’interpretazione dei processi evolutivi. 

Inoltre, i risultati forniscono informazioni rilevanti a supporto delle strategie di 

monitoraggio, gestione e conservazione della biodiversità.  
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General introduction 

 

1. Population genetics 

Population genetics is a central discipline of evolutionary biology that investigates the 

genetic composition of populations and how it changes under the influence of evolutionary 

processes (Okasha, 2024). At its foundation lies the connection between evolution and 

natural selection: evolution can be defined as a change in the genetic composition of 

populations across generations, while natural selection represents one of the several 

mechanisms capable of driving such change. Alongside selection, processes including 

mutation, migration, genetic drift, and non-random mating can shape the genetic structure 

of populations (Okasha, 2024; Charlesworth & Charlesworth, 2017).  

Genetic diversity represents the basis upon which evolutionary change occurs, and it 

enables species to evolve and adapt in response to environmental and climatic shifts, 

emerging diseases, competitors, and predators (Frankham et al., 1996, 1997; Montgomery, 

2000; Frankham et al., 2004, 2010). A reduction in genetic diversity decreases a population’s 

adaptive capacity and is often associated with reduced reproductive success and survival, 

referred to as reduced fitness (Frankham et al., 2004, 2010). Given its fundamental role in 

evolutionary resilience, genetic diversity is a key parameter evaluated in population 

genetics. It refers to the variation in DNA sequences within and among populations and 

species. This diversity can influence functional, morphological, or behavioural differences 

among individuals (Frankham et al., 2004, 2010).  

The discipline emerged in the early 20th century through the foundational contributions of 

Fisher (1930), Wright (1931), and Haldane (1930), who independently developed 

mathematical models describing the behaviour of genes in populations governed by 

Mendelian inheritance and subject to Darwinian natural selection (Okasha, 2024). Their 

work demonstrated that Mendelian genetics and natural selection are not only compatible 

but essential for understanding evolutionary change (Okasha, 2024). 
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A primary aim of population genetics is to understand the origin, maintenance, and 

distribution of genetic variation within populations, and to explain how this variation gives 

rise to genetic differentiation among populations over space and time. This objective relies 

on the integration of theoretical models with empirical data obtained from the analyses of 

evolutionary processes in both natural and artificial populations (Charlesworth & Smith, 

1983). Because evolutionary change depends on the existence of genetic variation within 

populations, quantifying such variation is crucial in population genetic research (Lewontin, 

1974). While early studies relied largely on observable phenotypic traits, advances in 

molecular genetics made it possible to directly characterise variation at the level of genes 

and DNA sequences (Charlesworth & Smith, 1983).  

A major shift in the discipline occurred from the 1960s onwards, when molecular 

approaches enabled the direct measurement of genetic variation in natural populations. In 

this context, the application of protein electrophoresis revealed levels of genetic 

polymorphism that were unexpected at that time, prompting renewed debate about the 

roles of random genetic drift and natural selection in shaping genetic variation (Kimura & 

Crow, 1964). These empirical findings coincided with fundamental theoretical 

developments, such as the formulation of the neutral theory of molecular evolution 

(Kimura, 1983; Charlesworth & Smith, 1983; Charlesworth & Charlesworth, 2017).  

In subsequent decades, the introduction of increasingly informative molecular markers and 

DNA sequencing technologies further expanded the scope of population genetics. These 

advances strengthened the interaction between theory and empirical data, consolidating the 

discipline as a powerful tool for reconstructing demographic histories, interpreting 

evolutionary patterns, analysing population structure, and estimating gene flow (Moritz, 

1995; Charlesworth & Charlesworth, 2017).  

 

1.1 Conservation genetics 

Conservation genetics builds upon the theoretical foundations of evolutionary and 

population genetics established by Wright, Fisher, Haldane, and further developed by 

Dobzhansky, Crow, and Kimura (e.g., Fisher, 1930; Haldane, 1930; Wright, 1931; 
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Dobzhansky, 1951; Crow, 1961; Kimura, 1969). It integrates molecular genetic concepts with 

ecological principles to understand and mitigate threats to the species persistence (O’Brien, 

1994). 

Conservation genetics is an applied subdiscipline that uses genetic theory and 

methodologies to support the preservation of biodiversity. In this context, biodiversity 

encompasses the variety of ecosystems, species, populations, as well as the genetic diversity 

both among and within these populations (Frankham et al., 2004, 2010).  

The conservation of genetic diversity is recognised as one of the three fundamental levels of 

biodiversity and as a global conservation priority by the World Conservation Union (IUCN), 

the leading international authority on biodiversity conservation. The primary goals of 

conservation genetics include the genetic management of small or declining populations to 

maintain their genetic diversity and limit its loss, the clarification of taxonomic 

uncertainties, the identification of biologically relevant management units, and the 

application of molecular tools to support conservation strategies aimed at preserving 

genetic variation (Hedrick & Miller, 1992; Frankham et al., 2004, 2010).  

 

The theoretical background developed in the following sections provides the basis for the 

empirical chapters of this doctoral thesis. The research primarily focuses on the application 

of population genetics to aquatic organisms, reflecting the broader scope of population 

genetics as a discipline able to investigate a wide range of biological contexts, from species 

on the brink of extinction to populations affected by climate change, habitat loss, 

fragmentation, biological invasions, and emerging diseases. Across these different case 

studies, population genetics is applied as a unifying conceptual and methodological 

framework that integrates approaches, such as phylogenetics, phylogeography and 

molecular taxonomy to explore the mechanisms shaping genetic variation, population 

connectivity, and long-term evolutionary viability, with the ultimate aim of informing 

monitoring, management, and conservation strategies. 
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2. Fundamentals of population genetics  

2.1 Genetic diversity: measures and quantification 

Quantifying genetic diversity is an essential stage in population genetics because it provides 

direct information on the evolutionary potential and health status of populations. Genetic 

diversity can be described using various metrics, each capturing different aspects of the 

underlying variation (Frankham et al., 2004, 2010).  

➢ Metrics of genetic diversity 

Heterozygosity (Ho, He): reflects the level of genetic diversity at a single locus. The observed 

heterozygosity (Ho) is the proportion of the individuals that are heterozygous at a given 

locus, whereas the expected heterozygosity (He) represents the probability that two alleles 

randomly chosen from the population are different (Frankham et al., 2004, 2010). 

Polymorphism: is the proportion of loci that are variable within a population (Frankham et 

al., 2010). 

Allelic diversity (A): is the number of alleles per locus, averaged across loci (Frankham et 

al., 2004, 2010). 

Haplotype diversity (h): is the probability that two randomly sampled haplotypes are 

different (Frankham et al., 2004, 2010). 

Nucleotide diversity (π): is the average number of nucleotide differences per site between 

two randomly selected sequences (Frankham et al., 2004, 2010). 

Fixation index (F): the Wright's fixation index or inbreeding coefficient represents the 

probability that two alleles at a locus in an individual are identical by descent; it quantifies 

heterozygosity reduction due to non-random mating (Wright, 1969; Frankham et al., 2004, 

2010). 

➢ Molecular markers for measuring genetic diversity  

The accurate evaluation of genetic diversity relies on distinguishing genotypes that differ at 

loci relevant to evolutionary and conservation processes. Because such differences are not 

always detectable at the phenotypic level, molecular markers are employed as indirect 

indicators of allelic variation (Schlotterer, 2004). These tools are widely used across several 
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biological disciplines, including conservation genetics, phylogenetics, gene mapping, 

forensics, and parentage analysis (Schlotterer, 2004). Advances in molecular biology have 

progressively improved the resolution of genetic assays, giving rise to performative marker 

systems capable of detecting fine-scale genetic variation (Schlotterer, 2004; Le Roux & 

Wieczorek, 2009). Patterns of genetic diversity reflect underlying demographic, migration, 

and evolutionary processes. Because different classes of genetic markers vary in their 

mutation rates, modes of inheritance and levels of polymorphism, marker selection is a 

crucial step in any population and conservation genetic studies (Baverstock & Moritz, 1996; 

Cavalli-Sforza, 1998; Sunnucks, 2000; Le Roux & Wieczorek, 2009).  

The first molecular markers employed to quantify genetic variation were allozymes, 

introduced in the 1970s. Allozymes consist of enzyme variants separated through gel 

electrophoresis, which enable the detection of allelic differences based on shifts in protein 

mobility (Frankham et al., 2004; Schlotterer, 2004; Le Roux & Wieczorek, 2009; Frankham et 

al., 2010). Despite their foundational role, allozymes identify only protein-level differences 

representing a limited portion of underlying DNA variation, often underestimating true 

levels of genetic diversity (Frankham et al., 2004, 2010). Their application is also constrained 

by the requirement for fresh or fresh-frozen samples, which can necessitate invasive 

sampling procedures. Nevertheless, allozyme analysis remains a cost-effective option when 

financial resources are limited and fine-scale genetic resolution is not essential (Schlotterer, 

2004; Frankham et al., 2004; Le Roux 2009; Frankham et al., 2010).  

The development of DNA-based molecular markers represented a major methodological 

advance, as they characterise genetic variation at the DNA sequence level rather than at 

proteins level (Schlotterer, 2004). This shift was accelerated by the introduction of 

polymerase chain reaction (PCR), developed by Kary Mullis in 1983, for which he was 

awarded the Nobel Prize in Chemistry (Bartlett & Stirling, 2003). PCR allows the 

amplification of specific genomic regions from small amounts of DNA, enabling non-

invasive sampling and fine-scale genetic analyses by using samples of different nature 

(Schlotterer, 2004; Frankham et al., 2004, 2010). 
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Among DNA markers, mitochondrial DNA (mtDNA) has become widely used in 

population and conservation genetic studies. Generally, in animal taxa, mtDNA is 

maternally inherited, occurs in multiple copies per cells, and does not undergo 

recombination (Cavalli-Sforza, 1998). Moreover, the mitochondrial genome typically has a 

high mutation rate, generating substantial sequence variation even within species 

(Frankham et al., 2004, 2010). These biological features facilitate amplification and 

sequencing from degraded or low-quality samples and make mtDNA a valuable marker for 

inferring evolutionary relationships, as well as dispersal and phylogeographic patterns 

(Frankham et al., 2004, 2010). However, since it represents a single locus that reflects the 

maternal lineage, mtDNA alone may provide an incomplete picture of population-level 

processes (Frankham et al., 2004, 2010), therefore, it is often complemented with nuclear 

markers (Schlotterer, 2004). In some taxa, particularly in large mammals, mitochondrial 

DNA analyses are complemented by Y chromosome markers, representing the paternal 

counterpart of mtDNA (Cavalli-Sforza, 1998; Greminger et al., 2010; Kharkov, 2021), useful 

for tracing male-mediated dispersal patterns and demographic histories (Underhill et al., 

2001; Cavalli-Sforza & Feldman,  2003; Greminger et al., 2010; Panigrahi et al., 2025). 

Microsatellites, also known as short tandem repeats (STRs) or simple sequence repeats 

(SSRs), represent one of the most widely used classes of nuclear DNA markers in 

conservation and population genetic studies. Composed of short tandem repeats (2-6 bp), 

they exhibit significant levels of polymorphism due to elevated mutation rates and 

codominant inheritance, allowing robust estimates of allelic diversity, heterozygosity, and 

population structure (Frankham et al., 2004; Schlotterer 2004; Le Roux & Wieczorek, 2009; 

Frankham et al., 2010). Their PCR-based amplification enables the use of minimal amounts 

of DNA, allowing their application for a wide range of sample types, including those 

obtained through non-invasive sampling (Schlotterer, 2004; Frankham et al., 2004, 2010). 

Although species-specific primer development may be time-consuming and PCR artefacts, 

including stutter bands, may challenge allele scoring and interpretation, well-validated 

microsatellite panels remain highly informative across ecological, evolutionary and 



13 
 

conservation applications (Schlotterer, 2004; Frankham et al., 2004, Le Roux & Wieczorek, 

2009; Frankham et al., 2010). 

Minisatellites, also known as variable number tandem repeats (VNTRs) or DNA 

fingerprints, were among the earliest DNA markers used in forensic applications and 

individual identification. They consist of longer repeat units (10-100 bp), often producing 

highly distinctive multilocus patterns in which individual has a unique “barcode”. 

However, they require high-quality and high-quantity DNA, which makes them unsuitable 

for degraded or non-invasively collected samples. Consequently, they have been largely 

replaced by PCR-based markers such as microsatellites (Schlotterer, 2004; Frankham et al., 

2004, Le Roux & Wieczorek, 2009; Frankham et al., 2010).  

Several additional markers exist but are currently less commonly used in population and 

conservation genetics. Restriction fragment length polymorphisms (RFLPs) detect DNA 

polymorphisms based on differences in restriction enzyme recognition sites. However, they 

are labour-intensive and not cost-effective, with low reproducibility (Le Roux & Wieczorek, 

2009). Random amplified polymorphic DNA (RAPDs) markers use short oligonucleotide 

sequences as primers to amplify uncharacterised genomic regions through PCR. Their 

dominant inheritance and low reproducibility significantly restrict their application 

(Schlotterer, 2004; Le Roux & Wieczorek, 2009). Amplified fragment length polymorphisms 

(AFLPs) combine restriction digestion and selective PCR amplification, enabling the 

detection of a high number of polymorphisms, without prior genomic information. 

However, the dominant inheritance reduces their informativeness (Schlotterer, 2004; Le 

Roux & Wieczorek, 2009). In contrast, single nucleotide polymorphisms (SNPs) represent 

single-nucleotide variation and occur at high density across the genome. Despite their 

effectiveness, SNPs discovery and genotyping typically require next-generation sequencing 

(NGS) approaches (e.g., whole genome sequencing), making their development time and 

cost intensive (Schlotterer, 2004).  

The rise of NGS technologies is shifting population genetics towards genome-wide analyses. 

Traditional markers, particularly mtDNA and microsatellites, have been highly efficient, 

cost-effective, and pivotal in this field for decades, reducing the incentive to adopt genomic 
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approaches in routine studies (Kohn et al., 2006). Nevertheless, modern genomic tools allow 

the simultaneous genotyping of thousands of loci, potentially offering finer reconstruction 

of demographic histories and assessment of population structure and genetic variability 

(Ryder, 2005; Kohn et al., 2006; Allendorf et al., 2010). Genome-wide approaches have also 

facilitated the investigation of functional variation. For instance, microarray technology has 

enabled large-scale analyses of gene-expression within and among species, providing 

insights into evolutionary processes at both structural and regulatory level (Frankham et al., 

2004; Ranz & Machado, 2006; Whitehead & Crawford, 2006; Frankham et al., 2010). Even 

though the application of genomic approaches has so far been restricted to a limited number 

of species with available genomic resources, the rapid expansion of sequencing technologies 

indicates that genomic data will become increasingly accessible and broadly integrated into 

future population and conservation research (Allendorf et al., 2010).  

 

2.2 Origin and persistence of genetic diversity 

Genetic variation is the fundamental substrate upon which evolutionary processes act, and 

its origin and persistence determine the adaptive potential of populations (Frankham, 1996; 

Bohonak, 1999). Understanding how variation arises, is maintained, lost, and regenerated 

through time is central to evolutionary biology, population, and conservation genetics. In 

natural populations, levels of genetic diversity reflect the balance among processes that 

generate new alleles, primarily mutation, those that modify allele frequencies, including 

migration (gene flow), natural selection, and genetic drift, and those that alter genotype 

frequencies, including non-random mating (Frankham et al., 2004, 2010). These 

evolutionary forces shape the distribution of genetic variation among and within 

populations and influence their evolutionary paths (Frankham et al., 2004, 2010). 

In nature, genetic variation can be classified into three categories, each with distinct 

implications for conservation (Kohn et al., 2006): 

⁻ Neutral genetic variation encompasses differences that do not directly influence fitness 

and are shaped primarily by evolutionary forces such as mutation, gene flow, and 

genetic drift (Kohn et al., 2006). 
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⁻ Detrimental genetic variation includes genetic changes that negatively affect individual 

fitness. Such variation can accumulate through mutations, limited gene flow, or genetic 

drift, particularly in small populations. Its effects often emerge as inbreeding depression, 

driven by increased homozygosity for recessive deleterious alleles (Kohn et al., 2006). 

⁻ Adaptive genetic variation refers to variation in genes that allow populations to respond 

to environmental pressures, such as climate change, habitat alteration, or emerging 

pathogens (Kohn et al., 2006). 

Assessing how evolutionary forces shape genetic variation requires a theoretical baseline 

describing how allele and genotype frequencies behave in the complete absence of 

evolutionary change. This foundation is provided by the Hardy-Weinberg equilibrium, 

formulated independently by the British mathematician Godfrey H. Hardy and the German 

physician Wilhelm Weinberg in 1908 (Hardy, 1908; Weinberg, 1908). The Hardy-Weinberg 

principle states that in a large, randomly mating diploid population with non-overlapping 

generations and no mutation, migration or selection, allele and genotype frequencies reach 

an equilibrium after a single generation and remain constant over time (Frankham et al., 

2004; Frankham et al., 2010; Chen, 2010; Charlesworth & Charlesworth, 2010; Okasha, 2024). 

Under these conditions, the expected genotype frequencies are given by p2, 2pq and q2, 

where p and q represent the allele frequencies (Hardy, 1908; Weinberg, 1908; Hartl & Clark, 

1997; Frankham et al., 2004; Frankham et al., 2010; Chen, 2010; Charlesworth & 

Charlesworth, 2010; Okasha, 2024). 

➢ Mutation 

Spontaneous mutation is recognised as the primary source of genetic variation 

(Dobzhansky, 1982; Charlesworth & Smith, 1983; Frankham et al., 2004, 2010; Charlesworth 

& Charlesworth, 2010). A mutation can be defined as a heritable change in an allele or 

chromosome, and the term refers both to molecular events that generate new variants, such 

as errors arising during DNA replication, and to the resulting altered genetic products 

(Frankham et al., 2004, 2010). Since every new allele originates from mutational events, 

mutation represents the starting point for all evolutionary processes (Frankham et al., 2004, 

2010).  
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The most frequent forms of mutations are single-nucleotide substitutions, whereas small 

insertions and deletions caused by replication slippage are also common (Charlesworth & 

Smith, 1983). Other classes of mutations include transposable element insertions, large-scale 

deletions and duplications, changes in chromosome number, and structural rearrangements 

such as inversions and translocations. These alterations can have significant consequences 

for genome organisation and evolution (Charlesworth & Smith, 1983). Notably, mutations 

may vary widely in their effects, for instance, those occurring at loci influencing fitness, 

particularly deleterious or lethal mutations, are evolutionarily important. In contrast, many 

mutations in non-coding regions or those not altering amino acid sequences, have little or 

no effect on fitness. Despite their selective neutrality, these variants are extremely 

informative for assessing genetic differences among individuals, populations, and species 

(Frankham et al., 2004, 2010).  

Overall, mutation rates tend to be very low in most organisms (Charlesworth & Smith, 1983; 

Lande, 1995; Frankham et al., 2004, 2010), largely because of the efficiency of DNA repair 

and error-correction mechanisms (Charlesworth & Smith, 1983; Charlesworth & 

Charlesworth, 2010). Genomes that lack such mechanisms, including those of RNA viruses 

and mitochondrial DNA, exhibit higher mutation rates (Charlesworth & Smith, 1983; 

Charlesworth & Charlesworth, 2010). Although mutation is essential as the source of new 

genetic variation, its low rate makes it a weak evolutionary force at individual loci. For a 

new mutation to contribute to evolutionary change, it must increase to a detectable 

frequency within the population (Charlesworth and Charlesworth, 2010). Consequently, the 

regeneration of genetic diversity lost through evolutionary processes is slow, often 

requiring thousands to millions of generations for variation at a single locus to be restored 

(Frankham et al., 2004, 2010).  

➢ Migration 

Migration, or gene flow, refers to the movement of reproductively successful individuals 

among populations (Allendorf, 1983; Hartl & Clark, 1997). When immigrants enter a 

population, they introduce alleles from genetically distinct sources, mixing gene pools and 

potentially restoring genetic diversity that has been lost. The degree of this contribution 
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depends on both the proportion of immigrants, and the difference in allele frequencies 

between source and recipient populations (Frankham et al., 2004; 2010). Because even a 

small number of migrants can alter allele frequencies, gene flow is far more efficient than 

mutation at restoring genetic variation (Frankham et al., 2004, 2010).  

In isolated or captive populations of species that remain abundant elsewhere, the 

introduction of individuals from large, genetically distinct source populations provides a 

powerful means of reintroducing genetic diversity. While comparable to mutation in its 

effect, gene flow typically occurs at higher rates (Lacy, 1987). Additionally, the genetic 

impact of migration on allele frequencies depends on how much the recipient population 

has diverged from the source. For this reason, immigration produces proportionally 

stronger genetic effects in small populations than in larger ones (Lacy, 1987). Finally, gene 

flow may have detrimental consequences for endangered species when it results in 

introgression from closely related, non-endangered taxa (Frankham et al., 2004, 2010). 

➢ Natural selection 

Natural selection is defined as the differential success of genotypes in contributing offspring 

to the next generation (Allendorf, 1983; Hartl & Clark, 1997). The concept was introduced 

by Charles Darwin in 1859 in “On the Origin of Species”, drawing on his studies of artificial 

selection in domesticated species as well as observations from natural populations (Evans, 

1984). For species to persist over long timescales, they must respond to changing physical 

and biotic conditions, such as shifts in climate, the emergence of new diseases, or the arrival 

of novel competitors and predators. In this context, adaptive evolution plays a leading role 

(Frankham et al., 2004, 2010). Depending on the selective mode, natural selection may 

operate in three forms: directional, which favours a single phenotype, shifting the mean trait 

to one direction; stabilizing, which favours intermediate phenotypes and reduces genetic 

variation; and disruptive, which favours extreme phenotypes over intermediates and 

increases genetic variation. Through these processes, the frequency of alleles that enhance 

reproduction and survival increases, thereby enabling populations to adapt to 

environmental change (Frankham et al., 2004, 2010). 
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Selection decreases the frequency of deleterious alleles while increasing the prevalence of 

advantageous ones, gradually shaping the genetic composition of populations toward 

higher average fitness (Frankham et al., 2004, 2010).  

Notably, a mutation-selection balance is established when the continual introduction of 

deleterious alleles through mutation is mitigated by their removal through natural selection 

(Hartl & Clark, 1997; Frankham et al., 2004, 2010). As a result, low frequencies of harmful 

alleles persist in all naturally outbreeding populations, a phenomenon known as the 

mutation load, originally conceptualised by Haldane (1937) and Muller (1950) 

(Charlesworth & Smith, 1983; Hartl & Clark, 1997; Frankham et al., 2004, 2010). 

Selective sweep 

Natural selection is commonly described as a gradual change in allele frequencies driven by 

differences in fitness among genotypes. However, selection may also generate rapid and 

strong effects on patterns of genetic variation when an advantageous mutation arises. In 

such cases, positive selection may drive a beneficial allele to increase rapidly in frequency, 

often leading to its fixation within the population (Stephan, 2019). These processes are 

described by the concept of “selective sweep” (Berry et al., 1991; Stephan, 2019), historically 

known as the genetic hitch-hiking effect, first described by Maynard Smith and Haigh 

(1974). During a selective sweep, the rapid spread of a favourable allele leads to a parallel 

increase in the frequency of linked neutral variants, resulting in a reduction of genetic 

variation in genomic regions surrounding the selected site (Frankham et al., 2004, 2010; 

Charlesworth & Charlesworth, 2017; Stephan, 2019). 

➢ Genetic drift  

Genetic drift refers to random fluctuations in allele frequencies that arise from the stochastic 

sampling of gametes from one generation to the next (Allendorf, 1983; Hartl & Clark, 1997). 

The power of genetic drift intensifies as population effective size (Ne, the size of an idealised 

population that would undergo genetic drift or inbreeding at a rate equivalent to that 

observed in the population under study) declines, causing its effects to be most evident in 

small populations. In this context, it may cause the loss of genetic diversity and the fixation 

of alleles, with the increase of homozygosity and the reduction of evolutionary potential 
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(Charlesworth & Smith, 1983; Frankham et al., 2004, 2010). It can also drive divergence 

among populations that originated from the same ancestral source, such as in the case of 

habitat fragmentation (Charlesworth & Smith, 1983; Frankham et al., 2004, 2010). When such 

fragmented populations are analysed as a unique, large genetic group, their differentiation 

can lead to an overall reduction in heterozygosity, a phenomenon known as the Wahlund’s 

effect, which arises from differences in allele frequencies among subpopulations (Wahlund, 

1928; Charlesworth & Smith, 1983; Hartl & Clark, 1997; Garnier-Géré & Chikhi, 2013). 

Finally, genetic drift may even overwhelm the effects of natural selection, allowing alleles 

to change in frequency regardless of their fitness consequences (Frankham et al., 2004, 2010).  

Since the power of drift increases as population size decreases, its effects are particularly 

severe during episodes of sharp population decline or colonisation events. These processes, 

known as bottlenecks and founder effects represent key scenarios where genetic drift can 

reshape genetic variation (Frankham et al., 2004, 2010). Additionally, these demographic 

models lay the foundation for the neutral theory of molecular evolution, which proposes 

that most of the genetic variation observed among and within species is governed by genetic 

drift acting on neutral mutations (Kimura, 1983; Charlesworth & Smith, 1983; Kreitman & 

Akashi, 1995). 

Bottleneck  

A bottleneck occurs when a population experiences a sudden and severe reduction in size. 

This often leads to the loss of alleles, particularly those occurring at low frequencies, to a 

decline in overall genetic diversity, and to random changes in allele frequencies due to 

genetic drift (O’Brien, 1994; Frankham et al., 2004, 2010). Consequently, such bottlenecks 

reduce the evolutionary potential of the affected population (Frankham et al., 2004, 2010). 

Founder effect 

The founder effect arises when a new population is formed by a reduced number of 

individuals originating from a larger source population. This typically leads to a reduction 

in genetic diversity, pronounced genetic drift and an increased likelihood of inbreeding 

(Frankham et al., 2004, 2010). 
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➢ Non-random mating 

In most studies of natural, outbreeding populations, mating is assumed to occur at random; 

similarly, in populations subdivided in small subpopulations, individuals are generally 

considered to mate randomly. Non-random mating therefore refers to any pattern of mate 

choice that deviates from the expectation of random mating under Hardy-Weinberg 

equilibrium (Caballero & Hill, 1991; Keller & Waller, 2002). It can take different forms, each 

with distinct consequences for offspring, including variation in individual mating success, 

assortative mating, and frequency-dependent mating success. In particular, assortative 

mating can occur in two forms: positive assortative mating, where individuals preferentially 

mate with those with similar phenotypes, and negative assortative mating, where 

individuals preferentially mate with those with dissimilar phenotypes (Partridge, 1983). 

Additionally, inbreeding represents an extreme form of positive assortative mating and has 

the greatest impact on genetic variation and offspring fitness (Partridge, 1983; Pierce, 2016). 

Inbreeding 

Inbreeding is defined as the mating between related individuals. In small or closed 

populations, it is unavoidable because of the limited number of founders and the reduced 

population size (Hartl & Clark, 1997; Keller & Waller, 2002; Frankham et al., 2004, 2010). 

While inbreeding can arise also in larger populations, it accumulates more slowly due to the 

greater availability of unrelated mating partners. Its evolutionary and conservation 

relevance is considerable, indeed, as related individuals mate, heterozygosity declines and 

the risk of expressing deleterious recessive alleles rises, ultimately leading to reduced 

reproductive fitness and survival, a condition known as inbreeding depression (Reed et al., 

2002; Frankham et al., 2004, 2010).  

 

2.3 Neutral theory of molecular evolution 

The neutral theory of molecular evolution, first proposed by Kimura (1983), suggests that a 

large portion of genetic variation is generated by neutral mutations whose evolutionary fate 

is shaped by random genetic drift rather than natural selection (Kimura, 1983; Charlesworth 
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& Smith, 1983; Frankham et al., 2004, 2010; Kern & Hahn, 2018). Even though most neutral 

mutations are rapidly lost, new mutations are continually introduced into populations, and 

a small fraction increase in frequency purely by chance, with some eventually reaching 

fixation (Frankham et al., 2004, 2010).  

A key prediction of the neutral theory is that the rate of molecular evolution remains 

constant over long timescales and is largely independent of population size, since it is 

determined primarily by the mutation rate (Kimura, 1983; Charlesworth & Smith, 1983; 

Frankham et al., 2004, 2010). The neutral theory also predicts higher levels of polymorphism 

in genomic regions experiencing weak selective constraints, such as non-functional 

sequences or synonymous sequences, where neutral mutations are more likely to 

accumulate (Kimura, 1983; Charlesworth & Smith, 1983; Frankham et al., 2004, 2010). 

➢ The coalescent theory  

Within the framework of the neutral theory of molecular evolution, the coalescent theory 

provides a retrospective approach for describing genetic processes by tracing the ancestry 

of sampled alleles backward in time (Charlesworth & Smith, 1983; Hartl & Clark, 1997; 

Rosenberg & Nordborg, 2002; Frankham et al., 2004, 2010; Charlesworth & Charlesworth, 

2017). Originally formalised by Kingman (1982) and subsequently developed by Hudson 

(1983) and Tajima (1983) (Charlesworth & Charlesworth, 2017), this concept describes how 

gene lineages merge, or coalesce, toward a single ancestral sequence as a consequence of 

genetic drift acting on a finite population (Charlesworth & Smith, 1983; Frankham et al., 

2004, 2010; Charlesworth & Charlesworth, 2017). In this context, coalescent theory provides 

a means of modelling the persistence and transmission of alleles over time, with 

genealogical relationships among sequences commonly represented as branching trees 

(Charlesworth & Smith, 1983, Rosenberg, 2002; Frankham et al., 2004, 2010; Charlesworth & 

Charlesworth, 2017). Moreover, it establishes the conceptual basis for interpreting genetic 

data in terms of population divergence, historical relationships, and evolutionary history 

(Frankham et al., 2004, 2010). 
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2.4 Population genetic structure 

Investigating population genetic structure is fundamental for understanding species 

evolution, as it reveals whether populations are diverging along independent evolutionary 

paths or remain connected through ongoing gene flow. Weak genetic structure typically 

reflects high connectivity, whereas strong differentiation may indicate initial stages of 

speciation. Patterns of genetic structure are also shaped by life-history traits, geographic 

distribution, and other ecological characteristics that directly or indirectly influence gene 

dispersal (Duminil et al., 2007).  

Most natural populations exhibit some degree of fragmentation rather than behaving as a 

single, panmictic unit. The genetic consequences of fragmentation depend strongly on the 

extent of gene flow among habitat fragments (Charlesworth & Smith, 1983; Frankham et al., 

2004, 2010). When fragmentation occurs without sufficient gene exchange, subpopulations 

may experience elevated levels of inbreeding, accelerated loss of genetic diversity and an 

increased risk of extinction (Frankham et al., 2004, 2010).  

In this framework, several theoretical models describe how populations may be genetically 

structured. At one extreme, there are completely isolated fragments, where no gene flow 

occurs. At the opposite end, there are systems in which gene flow is sufficiently frequent 

that fragments function as a single, large population (Frankham et al., 2004, 2010). 

Intermediate scenarios include the island model, in which equally sized subpopulations 

exchange migrants at uniform rates; the linear stepping-stone model, where gene flow 

occurs only between neighbouring populations (e.g., along a river or coastline); and the two-

dimensional stepping-stone model, where migration is limited to adjacent populations (e.g., 

along a landscape with units in multiple directions) (Charlesworth & Smith, 1983; Frankham 

et al., 2004, 2010). Additional models include mainland-island (source-sink) structures, 

where gene flow moves predominantly from a large central population into smaller 

peripheral ones, and metapopulations, characterised by recurrent local extinction events 

and subsequent recolonisation (Frankham et al., 2004, 2010). 

The extent of genetic differentiation among population fragments can be quantified using 

Wright’s F-statistics, which partition overall inbreeding into components that reflect 
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variation within and among sub-populations. Wright (1969) divided the total inbreeding 

coefficient, FIT, into FIS, which measures the reduction in heterozygosity of individuals 

relative to their own subpopulation (averaged across all fragments), and FST, which 

quantifies the proportion of genetic variance attributable to population subdivision, 

reflecting genetic differences among subpopulations in relation to the total population. For 

multi-allelic loci, this component is commonly denoted GST (Frankham et al., 2004, 2010). 

➢ Genetic distance 

Genetic distance was originally developed to quantify the degree of genetic differentiation 

among populations. It indicates any numerical measure of genetic divergence derived from 

molecular data, whether based on differences in DNA sequences or on variation in allele 

frequencies, and it can be calculated between individuals, populations, or species. 

Conceptually, genetic distances can be represented as distances among points in a multi-

dimensional space. Many distance measures based on population genetic models includes 

distances derived from FST estimates, as well as Nei's D (Nei, 1972; Beaumont et al., 1998). 

Among the various metrics available, Nei’s genetic distance remains one of the most widely 

used measures of genetic differentiation across populations and species. In general, genetic 

distance increases with the degree of reproductive isolation (Frankham et al., 2004, 2010). 

➢ Idealised population and effective population size 

Population and conservation genetic theory often relies on “idealised” population models, 

which assume a closed population with random mating, constant size, non-overlapping 

generations, equal sex ratios, equal reproductive success among individuals, and the 

absence of evolutionary forces. Because natural populations rarely satisfy these conditions, 

idealised models provide a theoretical baseline against which real populations can be 

evaluated, and deviations from these ideal conditions can be interpreted (Frankham et al., 

2004, 2010). 

Effective population size (Ne) 

The effective population size (Ne) describes the size of an idealised population that would 

undergo genetic drift or inbreeding at a rate equivalent to that observed in the population 

under study (Hartl & Clark, 1997; Frankham et al., 2004, 2010). In a scenario where a natural 
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population fully conforms to the assumptions of an ideal population, Ne would be equal to 

the census size (N). However, real populations almost always depart from idealised 

conditions, causing Ne to differ from, and typically be lower than, N. Factors such as 

variance in individual reproductive success, unequal sex-ratios, generational overlap, and 

temporal fluctuations in population size contribute to reducing Ne relative to the census size 

(Frankham et al., 2004, 2010). 

 

3. Fundamentals of evolutionary biology applied to 

population genetics 

3.1 The biological species concept and speciation 

Defining species boundaries is a central issue in evolutionary biology and has direct 

implications for conservation genetics, as taxonomic decisions directly influence 

conservation priorities, protection initiatives, and management strategies. Within this 

framework, the principal aim is the identification of taxa with unresolved or unknown 

taxonomic status, to prevent their inadvertent extinction. These include the so-called 

“cryptic” or “sibling” species, representing individuals which are morphologically 

indistinguishable, but genetically different and reproductively isolated (Frankham et al., 

2004, 2010).  

Because no single, universally accepted definition of species exists, numerous species 

concepts have been proposed over time. Early approaches were dominated by the 

morphological species concept until the 1930s (Coyne, 1994), followed by alternative 

frameworks such as the internodal species concept introduced by Kornet in 1993 (Kornet, 

1993; Coyne, 1994). Of particular relevance to modern genetic studies is the phylogenetic 

species concept (PSC), which defines species as the smallest monophyletic groups sharing a 

common evolutionary history (Cracraft, 1989; de Queiroz & Donoghue, 1990). Despite the 

diversity of perspectives, the biological species concept (BSC) has emerged as the most 

influential evolutionary definition of species and remains central to population, 

evolutionary, and conservation genetics (Coyne, 1994, Frankham et al., 2004, 2010).  
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Originally formulated by Dobzhansky in 1935 and subsequently refined by Mayr in 1942, 

the biological species concept defines a species as a group of actually or potentially 

interbreeding natural populations that can exchange genetic material among themselves but 

are reproductively isolated from other such groups (Dobzhansky, 1935; Mayr, 1942; Coyne 

1994). Reproductive isolation is therefore a defining feature of species boundaries under the 

BSC, as it prevents gene flow between distinct species and maintains their evolutionary 

independence (Frankham et al., 2004, 2010). This concept has remained the dominant 

evolutionary framework largely because it integrates biological and genetic perspectives, 

defines species as distinct evolutionary entities, and provides a coherent basis for 

interpreting biological diversity (Coyne, 1994). Nevertheless, the concept is considered 

controversial, as it is difficult to apply to asexual and inbreeding organisms, to taxa that 

hybridise, and fossil species. Despite these limitations, the BSC represents a practical and 

widely used approach for genetically delimiting species (Coyne, 1994; Frankham et al., 2004, 

2010).  

In this context, subspecies are typically defined as geographically or ecologically distinct 

groups of populations within a species that exhibit partial genetic differentiation from other 

conspecific populations. Unlike species under the biological species concept, subspecies 

rarely display complete reproductive isolation. However, they often represent populations 

undergoing evolutionary divergence, potentially constituting early stages of speciation 

(Frankham et al., 2004, 2010).  

➢ Speciation 

Speciation refers to the evolutionary process through which new species originate and can 

be defined as the splitting of a single ancestral lineage into two or more independently 

evolving daughter species (Mayr, 1963). In most cases, speciation proceeds through the 

evolution of reproductive isolation, which limits gene flow and leads genetic differences to 

accumulate over time (Mayr, 1963; Templeton, 1981; Coyne, 1994; Frankham et al., 2004, 

2010). This process is driven by evolutionary forces such as mutation, genetic drift, and 

natural selection, and is often reinforced by geographic separation, ecological divergence, 

or behavioural barriers (Mayr, 1963; Coyne, 1994; Frankham et al., 2004, 2010).  
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Based on the mechanisms and spatial context through which reproductive isolation evolves, 

speciation can be classified into several major modes. These comprise instantaneous 

speciation, as well as forms of gradual speciation, including allopatric speciation and 

sympatric speciation (Mayr, 1963; Coyne, 1994; Frankham et al., 2004, 2010). 

Instantaneous speciation 

Instantaneous speciation denotes the emergence of a new species from a single individual 

or from the offspring of a single reproductive event that is both reproductively isolated from 

its parental species and capable of persisting as an independent population. In such cases, 

reproductive isolation arises in a single generation (Mayr, 1963). This mode of speciation is 

rare in most sexually reproducing animals but may occur in parthenogenetic organisms or 

self-fertilizing hermaphrodites, where reproduction does not require outcrossing. In plants, 

however, instantaneous speciation is relatively common and is most often associated with 

polyploidy (Mayr, 1963; Frankham et al., 2004, 2010).  

Allopatric speciation 

Allopatric or geographic speciation is generally considered the most common mode of 

speciation in animals and is also likely to be prevalent in plants (Mayr, 1963; Frankham et 

al., 2004, 2010). It occurs when populations of a species become physically separated by 

geographic barriers or through colonisation of new areas, resulting in the interruption of 

gene flow (Frankham et al., 2004, 2010). Over time, they evolve independently, leading to 

the development of reproductive isolating mechanisms that prevent interbreeding if 

populations come into secondary contact. These barriers allow the formerly isolated 

populations to potentially coexist in sympatry as distinct species (Mayr, 1963; Coyne, 1994). 

Divergence is often reinforced by adaptation to different environments, ecological 

specialisation, and sexual selection, all of which contribute to the establishment and 

maintenance of reproductive isolation (Templeton, 1982; Frankham et al., 2004, 2010). 

Sympatric speciation 

Sympatric speciation occurs when evolutionary divergence takes place within the 

geographic range of the ancestral species, in the absence of physical barriers to gene flow. 
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Therefore, sympatric populations occupy the same or overlapping areas and have the 

potential to exchange genes (Mayr, 1963; Frankham et al., 2004, 2010).  

This mode of speciation is based on two key conditions. First, subsets of a population 

become established in different ecological niches within the normal dispersal range of the 

ancestral population. Second, reproductive isolation must evolve between these emerging 

groups and the parental population, thereby restricting gene flow (Mayr, 1963). Strong 

ecological differentiation or behavioural isolation can rapidly reinforce divergence, for this 

reason most models of sympatric speciation imply a relatively rapid process of species 

formation (Mayr, 1963). 

Although sympatric speciation is generally considered less frequent than allopatric 

speciation, the number of documented cases has increased in recent decades, particularly 

where ecological specialisation plays a central role (Coyne, 1994; Frankham et al., 2004, 

2010).  

 

4. Applications of population genetics 

Molecular population genetics studies the role of evolutionary forces in shaping the 

molecular sequence variation observed within populations (Frankham et al., 2004, 2010). 

This is achieved through the integration of mathematical models, statistical estimation of 

population genetic parameters, and empirical observations (Hartl & Clark, 1997). Today, the 

discipline addresses a broad range of biological questions, spanning phylogenetic 

relationships, phylogeographic patterns, taxonomic uncertainties, and phylodynamic 

processes. 

 

4.1 Phylogenetics 

Phylogenetics is the study of evolutionary relationships among genes, populations, and 

species, with the aim of reconstructing their ancestral history and patterns of divergence 

through time. Within evolutionary biology, it provides a framework for interpreting genetic 
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similarities and differences as a result of historical evolutionary processes (Nei, 1996; Hartl 

& Clark, 1997).  

The introduction of molecular techniques for determining nucleotide and amino acid 

sequences represented a major turning point in phylogenetic research. In classical 

phylogenetic approaches, phenotypic traits and morphological observations were the 

primary basis for inferring relationships among organisms and reconstructing evolutionary 

trees (Nei, 1996). However, morphological characters may not always be heritable and can 

be influenced by environmental factors. In contrast, molecular characters provide heritable 

information that accumulates over generations, making them particularly informative for 

evolutionary inference. This advance led to major shifts in the reconstruction of 

evolutionary relationships across almost all levels of biological classification, from 

kingdoms to species, and even among intraspecific populations, and revealed deep 

evolutionary relationships previously unrecognised (Nei, 1996; Okazaki, 2021).  

Over time, several researchers have made relevant contributions to the development of 

phylogenetics by introducing statistical approaches and analytical tool for tree 

reconstruction and interpretation. These contributions include early work by Fisher (1922), 

followed by foundational developments by Zuckerkandl and Pauling (1965), Cavalli Sforza 

and Edwards (1967), Felsenstein (1973, 1978), and Adachi and Hasegawa (1992, 1996), 

establishing the modern phylogenetic basis (Okazaki, 2021). 

Phylogeny refers to the evolutionary history of a group of taxa or species descending from 

common ancestors, including the order of branching events and, in some cases, estimates of 

divergence times (Patwardhan et al., 2014). These relationships are typically represented as 

phylogenetic trees composed of branches and nodes, where branches represent the 

persistence of genetic lineages through time and nodes correspond to lineage-splitting 

events (Yang & Rannala, 2012). Different methods are available for reconstructing 

phylogenies, and their application depends on the scope and objectives of the analysis. 

These include distance-based methods and character-based methods, the latter 

encompassing maximum parsimony, maximum likelihood, and Bayesian inference (Yang 

& Rannala, 2012; Okazaki, 2021).  
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Today, phylogenetic analyses are applied across a wide range of biological areas, including 

the reconstruction of hierarchical patterns of species evolution, the investigation of 

evolutionary history in gene families, and the study of adaptive evolution at the molecular 

level (O’Brien, 1994; Nei, 1996; Yang & Rannala, 2012). A range of molecular markers is 

commonly used in phylogenetic studies, including ribosomal RNA genes (e.g. 18S, 16S, 28S,) 

and mitochondrial DNA genes (e.g., Cytochrome c Oxidase subunit I - COI, cytochrome b, 

and Control Region), which have proven to be particularly effective for resolving 

phylogenetic relationships at both species and population levels (Patwardhan et al., 2014). 

Overall, phylogenetics represents a powerful approach for addressing fundamental 

questions in evolutionary biology, improving the understanding of how genetic diversity is 

structured across lineages and through time, and providing crucial insights into the 

evolutionary processes and relationships shaping species and populations (Yang & 

Rannala, 2012).  

 

4.2 Phylogeography 

Phylogeography is a subfield of population genetics that focuses on the geographic 

distribution of genetic lineages, particularly within and among closely related species 

(Avise et al., 1987; Avise, 1995; Emerson & Hewitt, 2005; Avise, 2008). The term was first 

introduced by Avise and colleagues in 1987 (Avise et al., 1987; Avise, 2008).  

Early phylogeographic studies relied primarily on mitochondrial DNA (mtDNA) to explore 

the genealogical connections between conspecific individuals through shared ancestors 

(Torroni et al., 1996; Avise, 2008). Due to its maternal inheritance, lack of recombination, 

and relatively high mutation rate, mtDNA has proven to be suitable for detecting 

population structure and historical migration patterns, particularly at intraspecific levels 

(O’Brien, 1994). The genetic variants of mtDNA are referred to as haplotypes, and it is 

typical to find multiple haplotypes coexisting within a species (Torroni et al., 1996; Avise, 

2008). 
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Nuclear DNA can also be employed for phylogeographic studies, but its generally slower 

evolutionary rate at many loci and the challenges in isolating nuclear haplotypes limited its 

widespread application in phylogeographic research (Avise, 2008).  

Phylogeographic studies typically investigate multiple populations, distributed across a 

geographic region, which may have experienced past or contemporary barriers to dispersal. 

These barriers could be physical, such as rivers or mountains, or behavioural, limiting gene 

flow and leading to varying degrees of population isolation. Populations may therefore be 

partially isolated by distance, with occasional gene exchange, or completely isolated for 

extended periods. Notably, species with high dispersal capability, such as many marine 

organisms, have shown evidence of historical barriers to gene flow (Avise, 2008).  

The primary goal of phylogeographic research is to use gene trees or genealogical networks 

to reconstruct the historical and ongoing processes that shape the genetic structure of 

populations and species (Posada & Crandall, 2001; Emerson & Hewitt, 2005). When these 

networks are integrated with information about the geographic distribution of populations, 

phylogeographic analyses can provide insights into demographic history, including past 

population bottlenecks, range expansions, size of ancestral populations, refugial areas, and 

migration paths (Hemerson & Hewitt, 2005). These studies can also highlight the genetic 

consequences of habitat fragmentation, which may vary depending on both the persistence 

of geographic barriers and the historical demographic trajectories of isolated populations 

(Hemerson & Hewitt, 2005; Avise, 2008).  

Although comprehensive phylogeographic studies may integrate data from both nuclear 

and mitochondrial genomes, analyses based only on mtDNA have often been sufficient to 

reveal phylogeographic patterns (Avise, 1991, 2008). Moreover, advances in DNA 

sequencing technologies, including whole-genome approaches, have greatly expanded the 

scope of phylogeographic studies, enabling more detailed investigations into demographic 

histories of populations (Emerson & Hewitt, 2005).  
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4.3 Phylodynamics 

Phylodynamics is an interdisciplinary field within population genetics that focuses on 

inferring changes in population size and transmission dynamics over time using genetic 

data sampled from pathogen populations. The term was introduced by Grenfell and 

colleagues in 2004 to describe an integrative framework combining evolutionary biology, 

epidemiology, and immunodynamics (Grenfell et al., 2004; Lan et al., 2015; Baele et al., 2017, 

2018). Phylodynamic approaches connect patterns of genetic variation to demographic and 

epidemiological processes and are highly informative for investigating evolutionary 

dynamics over short timescales. The central aim of phylodynamics is to reconstruct 

epidemic processes through phylogenetic inference, by examining how these dynamics are 

reflected in the accumulation of mutations in pathogen genomes during outbreaks (Lan et 

al., 2015; Baele et al., 2017). In this context, the integration of statistical modelling and 

computational inference is essential (Lan et al., 2015). 

Phylodynamic analyses often incorporate information on evolutionary ancestry with 

estimates of changes in population size, genealogical branching rates, and, in many cases, 

spatial dynamics (Lan et al., 2015). Phylodynamic models, when combined with 

phylogeographic approaches, can reveal patterns of connectivity underlying transmission, 

estimate movement rates among regions, and trace the spatial dissemination of viral 

lineages (Baele et al., 2018; Attwood et al., 2022). This integrative approach makes 

phylodynamics particularly valuable for investigating the spread of rapidly evolving 

infectious agents, especially RNA viruses, such as influenza (Lan et al., 2015; Scarpa et al., 

2024).  

From a methodological point of view, phylodynamics relies on molecular clock models, 

which describe the rate at which nucleotide substitutions accumulate over time, and on 

population dynamic models that reconstruct changes in population size from genetic 

sequence data (Guinat et al., 2021; Attwood et al., 2022). Bayesian statistical tools are widely 

used, because they provide a coherent and flexible approach for integrating genetic data 

with temporal information (Volz et al., 2013; Baele et al., 2017). Many phylodynamic 

methods are based on coalescent theory and are usually implemented through skyline-
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based plots to estimate historical changes in the effective population size (Attwood et al., 

2022). 

Besides human health, phylodynamic approaches are increasingly applied to investigate 

disease emergence and transmission across the wildlife-livestock-human system, providing 

insights into zoonotic spillover and cross-species transmission dynamics (Guinat et al., 

2021). 

Developments in whole-genome sequencing technologies have further expanded the 

application of phylodynamics beyond rapidly evolving pathogens to include more slowly 

evolving organisms, broadening its relevance within evolutionary biology and population 

genetics (Guinat et al., 2021).  

 

4.4 Molecular taxonomy and species delimitation 

Taxonomy is a discipline focused on the identification, classification, and naming of 

organisms, providing a framework for recognising biological diversity and assigning 

identities to newly discovered taxa (Wheeler et al., 2004; Kim & Byrne, 2006; Schlick-Steiner 

et al., 2010). By defining species and higher categories, taxonomy plays a fundamental role 

in biological research and provide the basis for comparative, evolutionary and conservation 

studies (O’Brien, 1994; Tautz, 2002; Kim & Byrne, 2006). 

Taxonomic research is particularly important in the context of biodiversity conservation. A 

substantial proportion of Earth’s biodiversity remains undescribed, and many species have 

likely gone extinct before being formally recognised (Frankham et al., 2004, 2010; Rannala 

& Yang, 2020).  

In this regard, taxonomy covers several key roles, including the assignment of individuals 

to known species or higher taxonomic units, the delimitation and description of new species, 

and the identification of cryptic diversity within morphologically similar taxa (Rannala & 

Yang, 2020). Advances in taxonomic research have led to an increasing number of 

discoveries of cryptic species, particularly in understudied groups such as marine 

organisms and tropical terrestrial taxa, while also demonstrating that some nominal species 

previously considered distinct belong to the same species (Schlick-Steiner et al., 2010).  
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Early taxonomic investigations relied primarily on morphological traits, which remain an 

important source of information but may be insufficient for reliable species delimitation. 

Moreover, morphological approaches may be time-consuming, require considerable 

taxonomic expertise, and may fail to detect species boundaries. For these reasons, traditional 

taxonomy can be complemented by the integration of complementary approaches, 

particularly molecular data, to support species identification and delimitation (Schlick-

Steiner et al., 2010; Rannala & Yang, 2020). Since the early 2000s, DNA barcoding has been 

widely used as a standard molecular tool for species identification, with the mitochondrial 

Cytochrome c Oxidase Subunit I (COI) gene proposed as a universal diagnostic marker for 

many animal taxa (Hebert et al., 2003; Frankham et al., 2004, 2010). Hence, the DNA 

barcoding facilitates the recognition of genetically distinct groups and can highlight levels 

of sequence divergence consistent with a differentiation at the species level (Hebert & 

Gregory, 2005; Rannala & Yang, 2020).  

Additionally, a range of statistical species delimitation methods has been developed to 

support and refine taxonomic inference. These models are particularly useful for resolving 

taxonomic uncertainties and they can be broadly classified into two main categories. The 

first comprises methods based on the Phylogenetic Species Concept (PSC), which delimits 

species considering the phylogenetic relationships within the dataset, including the Poisson 

Tree Processes (PTP) and its Bayesian implementation (bPTP) (Zhang et al., 2013), as well 

as the Generalised Mixed Yule Coalescent (GMYC; Pons et al., 2006). The second category 

comprises models based on genetic distances, including the Automatic Barcode Gap 

Discovery (ABGD; Puillandre et al., 2012), the Nucleotide Divergence Threshold (NDT; 

Scarpa et al., 2019), and the Assemble Species by Automatic Partitioning (ASAP; Puillandre 

et al., 2020). Additionally, the K/θ method represents a hybrid approach that integrates both 

the PSC and genetic distances (Birky et al., 2010).  
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5. Contemporary challenges of population genetics 

5.1 Aquatic organisms as model systems  

Aquatic organisms, including marine, freshwater, and estuarine species, represent valuable 

model systems for population genetic studies due to their diverse life-history strategies, 

dispersal capacities, adaptive processes, and patterns of population connectivity and 

isolation (Plough, 2016; Manel et al., 2020). Aquatic ecosystems have unique physical and 

ecological dynamics, including thermal and oxygen gradients, seasonal fluctuations in 

currents, flow rates, and water depth, as well as natural environmental barriers, all of which 

influence gene flow and promote genetic divergence among populations (Grummer et al., 

2019). These characteristics make aquatic systems particularly suitable for investigating how 

ecological and environmental processes, along with evolutionary forces interact to shape 

genetic structure and species diversity. In this context, population genetic approaches 

provide powerful tools for elucidating the mechanisms driving genetic structure and 

diversification across spatial and temporal scales (Manel et al., 2020; Yi et al., 2023). 

Additionally, several aquatic organisms (e.g., marine and freshwater fish and invertebrates) 

have biological traits that make them accessible for genetic investigations, including ease of 

sampling and laboratory handling (Ribas & Piferrer, 2014). 

➢ Threats to aquatic populations 

The continuous growth of global human population poses increasing challenges to the long-

term persistence of animal populations (Reed, 2004; Frankham et al., 2004, 2010; Hogue & 

Breon, 2022). Aquatic biodiversity is currently exposed to a wide range of anthropogenic 

and environmental threats, including habitat loss and fragmentation, environmental 

degradation, biological invasions, emerging diseases, water pollution, overexploitation, and 

climate change (Moyle & Leidy, 1992; Frankham et al., 2004; Reusch et al., 2005; Frankham 

et al., 2010; Arthington et al., 2016; Hogue & Breon, 2022; Nikolaou & Katsanevakis, 2023; 

Zhou, 2024; Mayer & Pŝenîcka, 2024). In addition, population viability is influenced by 

different stochastic factors, comprising demographic, environmental, including 

catastrophic events, and genetic processes (Reed, 2004; Frankham et al., 2004, 2010). 
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Collectively, these pressures affect population connectivity, reduce genetic diversity, and 

potentially increase the extinction risk (Frankham et al., 2004; 2010), particularly in small, 

fragmented, and island populations (Frankham, 1997; Reed 2004). Consequently, effective 

monitoring and management of aquatic ecosystems are essential to preserve the long-term 

sustainability of aquatic resources (Zhou, 2024). 

Fragmented populations and habitat loss 

Habitat alteration and destruction resulting from direct human impacts represent major 

threats to aquatic species, shaping population spatial structure and connectivity (Hogue & 

Breon, 2022). Small populations are particularly vulnerable under these conditions, as 

habitat fragmentation and environmental change can reduce population viability and 

promote genetic erosion (Willi et al., 2006). In both marine and freshwater systems, habitat 

and population fragmentation frequently arise from the construction of artificial barriers, 

such as dams and aquaculture facilities, which can alter natural dispersal routes and 

interfere with ecological processes, affecting population persistence through time 

(Arthington et al., 2016). 

Invasive species  

Biological invasions represent one of the main drivers of ecological change in aquatic 

ecosystems, contributing to habitat degradation, competition with native biodiversity, 

introduction of novel pathogens, and shifts in the evolutionary pathways of recipient 

populations (Le Roux & Wieczorek, 2009). The study of invasive species is essential for 

resolving taxonomic uncertainties, identifying cryptic diversity, reconstructing invasion 

origins and dynamics, assessing dispersal patterns, and determining potential hybridization 

and introgression events with native populations. Notably, high levels of genetic variability 

within invasive populations may further influence their ability to spread and adapt to new 

environments (Sakai et al., 2001; Mooney & Cleland, 2001; Lee, 2002; Le Roux & Wieczorek, 

2009). In this context, population genetics provide a crucial basis for inferring genetic 

structure and colonisation dynamics of invasive species, supporting effective monitoring 

and management strategies to limit their impacts (Sakai et al., 2001).  
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6. Aims of the doctoral project and species involved 

Population genetics represented the unifying thread linking the different studies I 

undertook during my doctoral programme, allowing the investigation of multiple genetic 

and evolutionary aspects of aquatic biodiversity across different biological systems. The 

main aim of this doctoral project was to investigate genetic diversity, population structure, 

and evolutionary dynamics under distinct ecological contexts through the application of 

population genetic approaches, including phylogenetics, phylogeography, and molecular 

taxonomy. 

To this end, different mitochondrial molecular markers have been employed to explore 

genetic processes shaping aquatic biodiversity, including the effects of demographic decline 

and habitat fragmentation, population resilience to anthropogenic pressures and 

environmental changes, patterns of connectivity and isolation, and the genetic dynamics 

associated with biological invasions. The ultimate goal was to provide relevant information 

and support biodiversity monitoring and conservation management strategies in both 

marine and freshwater environments. 

The aims of this thesis are addressed through four case studies focusing on different aquatic 

organisms, spanning both marine and freshwater habitats. Each chapter, dedicated to a 

specific species, begins with a general introduction to the species and a presentation of the 

study objectives, followed by the corresponding scientific article.  

From a marine perspective, Chapter 1 focuses on the Mediterranean Pinna nobilis, a marine 

bivalve species endemic to the Mediterranean Sea (Butler et al., 1993), currently on the brink 

of extinction due to the combined effects of multiple anthropogenic pressures and a 

multifactorial disease that began affecting its populations in 2016 (Scarpa et al., 2020). 

Chapter 2 investigates the invasive blue crab Callinectes sapidus, a crustacean species native 

to the western Atlantic that has recently undergone a rapid expansion into the 

Mediterranean Sea, where it represents a significant threat to native biodiversity and human 

activities (Nehring, 2011). 
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From a freshwater perspective, Chapter 3 examines Salmo letnica, an endemic trout species 

of Lake Ohrid, one of the oldest lakes in Europe, located on the border between Albania and 

North Macedonia (Stanković, 1960). The presence of four distinct morphotypes within the 

lake makes the taxonomic status of this species particularly puzzling (Sušnik et al., 2007). 

Chapter 4 focuses on Salariopsis fluviatilis, a benthic fish species inhabiting freshwater 

environments across several Mediterranean countries, whose populations are affected by 

environmental and anthropogenic stressors leading to population fragmentation (Laporte 

et al., 2014). 

Finally, Appendix A includes a list of additional studies in which I took part during the 

doctoral programme, as well as a study applying population genetic and phylodynamic 

approaches to Orf virus (ORFV; Family: Poxviridae), a potentially zoonotic virus mainly 

affecting small ruminants (Bergqvist et al., 2017). While not focused on aquatic organisms, 

this study illustrates the broader applicability of population genetics beyond aquatic 

systems. 
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Chapter 1 

Pinna nobilis 

Pinna nobilis Linnaeus 1758, commonly known as the noble pen shell or fan mussel, is a large 

marine bivalve species endemic to the Mediterranean Sea (Butler et al., 1993). It belongs to 

the family Pinnidae (Mollusca: Bivalvia) and is a sessile filter-feeder typically associated 

with soft-bottom substrates within Posidonia oceanica meadows (see Figure 1), where 

individuals are partially buried in the sediment and anchored to the substratum by byssus 

threads (Butler et al., 1993; García-March, 2005). Due to its large size and longevity, P. nobilis 

plays an important ecological role in Mediterranean coastal ecosystems, acting both as a 

flagship and a keystone species through its contribution to ecosystem functioning (Butler et 

al., 1993; Scarpa et al., 2021; Nebot-Colomer et al., 2022). 

 

Figure 1. Individuals of Pinna nobilis in Posidonia oceanica meadows. Photo credits: Fabio Scarpa 

Throughout its history, P. nobilis has been exposed to multiple anthropogenic threats. These 

include direct exploitation for the harvesting of byssus threads used in the production of 

precious textiles (sea silk), collection for human consumption (particularly the adductor 

muscle), and use as fishing bait (Greenwald, 1996; Rabaoui et al., 2010; Basso et al., 2015; 

Scarpa et al., 2021). In parallel, indirect human activities such as anchoring, pollution, and 

habitat degradation have further impacted its populations (Vázquez-Luis et al., 2015; Öndes 
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et al., 2020). Consequently, these pressures led to a rapid population decline across the 

Mediterranean Sea, which peaked during the 1980s (Öndes et al., 2020), resulting in the 

species being placed under European protection in the early 1990s.  

However, since 2016 the species has experienced severe mass mortality events (MMEs) 

across the Mediterranean basin (e.g., Vázquez-Luis et al., 2017; Catanese et al., 2018; 

Katsanevakis et al., 2019). These events have been associated with a multifactorial disease 

caused by different etiological agents (protozoan, bacteria and viruses) acting in 

combination with environmental stressors, whereas the exact mechanisms are still under 

investigation (Carella et al., 2019; Scarpa et al., 2020, Prado et al., 2020; Carella et al., 2023, 

2024). As a consequence, the conservation status of the species was reassessed and upgraded 

from “Endangered” to “Critically Endangered” (Kersting et al., 2019). In response to this 

dramatic decline, several Mediterranean institutions have implemented ex situ conservation 

programmes, focusing on captive breeding and reintroduction actions, alongside targeted 

efforts to protect the few remaining wild populations (Kersting et al., 2019; Haberle et al., 

2020). 

Within this critical conservation context, the research on Pinna nobilis presented in this thesis 

is organised into two main studies aimed at investigating the genetic and evolutionary 

dynamics of the species in relation to its recent demographic collapse, both based on 

analyses of the mitochondrial Cytochrome c Oxidase subunit I (COI) gene. 

The first study aimed to shed light on the evolutionary history of the species before MMEs 

and to better understand the evolutionary processes underlying its adaptation to the 

Mediterranean Sea. Specifically, the objectives were: (i) to reconstruct the phylogeographic 

patterns and assess levels of genetic variation in P. nobilis prior to MMEs; (ii) to test the 

hypothesis of a genetic boundary between western and eastern Mediterranean populations, 

proposed to occur eastward of the Sicilian Strait (Sanna et al., 2013 ); and (iii) to investigate 

the temporal and geographical origin of P. nobilis by integrating phylogeographic and 

phylogenetic approaches. This latter objective also aimed to provide insights into the 

evolutionary relationships between P. nobilis and other members of the family Pinnidae, 

particularly its congeneric species Pinna rudis.  
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The second study aimed to further investigate the evolutionary history of Pinna nobilis 

through the analysis of biological samples from ancient byssus glands. These samples, 

dating back up to approximately three hundred years, offered a unique opportunity to 

explore temporal changes in the genetic composition of the species and its potential to 

respond to human-mediated stressors. By comparing ancient specimens with populations 

sampled both before the MMEs (modern populations) and after the MMEs (surviving 

populations), this study sought to: (i) examine population dynamics during the early 

Pleistocene and (ii) assess the effects of long-term environmental and anthropogenic 

pressures on genetic diversity across different time periods.  
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Chapter 2 

Callinectes sapidus 

The blue crab, Callinectes sapidus Rathbun 1896 (Arthropoda: Malacostraca: Portunidae), is 

a crustacean species native to the western Atlantic Ocean and considered an invasive alien 

species in the Mediterranean Sea (Zenetos et al., 2017; Figure 2). It is an opportunistic 

predator and a scavenger that primarily inhabits estuaries and lagoons and is able to tolerate 

a wide range of environmental conditions, including broad temperature fluctuations (7°-

32°C) (Marchessaux et al., 2022, 2023a).  

 

Figure 2. Callinectes sapidus specimens collected from Sardinian lagoons (Italy): (a) ovigerous female and (b) 

male specimen from the Avalè–Su Pedrosu lagoon; (c) individuals of C. sapidus from the Tortolì lagoon. Photo 

credits: Noemi Pascale. 

Over the last decades, Callinectes sapidus has rapidly expanded across the Mediterranean 

basin, mainly as a result of intentional or accidental introductions, particularly via ballast 

water transport (Nehring, 2011). Its successful colonisation of new habitats is further 

facilitated by a combination of biological and behavioural traits, including strong swimming 
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abilities, high dispersal capacity, long-distance movements of adult females, and larval 

dispersal (Hill et al., 1989; Nehring, 2011; Marchessaux et al., 2023a, 2023b).  

Callinectes sapidus is widely recognised for its negative impact on biodiversity, fisheries, and 

aquaculture activities. Due to its aggressiveness, the species is known to damage fishing 

nets, cause fish mutilations, and compete with autochthonous species, particularly for food 

resources (Streftaris & Zenetos, 2006; Marchessaux et al., 2023a, 2023b). Additionally, the 

establishment of C. sapidus populations raises concerns regarding the potential transmission 

of pathogens and viral diseases to native crustaceans. Notable examples include the 

dinoflagellate Hematodinium sp. (e.g., Small et al., 2007; Lattos et al., 2024) and Callinectes 

sapidus reovirus 1 (CsRV1) (e.g., Flowers et al., 2018; Lively et al., 2023). 

The earliest record of C. sapidus in European waters dates back to 1901, along the French 

coast (Bouvier, 1901), while historical reports suggest its presence in the Aegean Sea in 1935. 

However, the first confirmed observation in the Mediterranean region was reported in 1949 

in Italy, in the northern Adriatic Sea (Mizzan, 1993; Nehring, 2011).  

In light of this background, the study presented in this thesis focused on investigating 

genetic variation and evolutionary history of Callinectes sapidus across both its native and 

introduced ranges of distribution, based on analyses of the mitochondrial Cytochrome c 

Oxidase subunit I (COI) gene. Specifically, the main aims were to: (i) assess the levels of 

genetic variability among and within native and introduced populations; (ii) reconstruct 

phylogeographic patterns across a large part of the species distribution range; (iii) infer on 

the evolutionary history of C. sapidus populations; and (iv) evaluate the taxonomic status of 

the species across its geographical distribution range. 
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Chapter 3 

Salmo letnica 

Salmo letnica Karaman 1924 (Chordata: Actinopterygii: Salmonidae), also known as the 

Ohrid trout, is an endemic salmonid species of Lake Ohrid, one of the oldest lakes in Europe, 

located between Albania and North Macedonia (Karaman, 1924; Stanković, 1960; Figure 3). 

Within the lake, four distinct morphotypes have been described so far (S. l. typicus, S. l. 

aestivalis, S. l. balcanicus, and S. l. lumi), which differ in morphological traits and reproductive 

behaviours (Rakaj and Flloko, 1995).  

 

Figure 3. (a) Lake Ohrid. Photo credits: D. Kelly, 2014 (https://www.lakescientist.com/across-the-pond-lake-

ohrid/). (b) Salmo letnica specimen in Lake Ohrid. Photo credits: S. Zogaris 

(https://www.marinelifeid.com/identification/ohrid-trout-salmo-letnica/).  

 

https://www.lakescientist.com/across-the-pond-lake-ohrid/?utm_source=chatgpt.com
https://www.lakescientist.com/across-the-pond-lake-ohrid/?utm_source=chatgpt.com
https://www.marinelifeid.com/identification/ohrid-trout-salmo-letnica/


126 
 

Lake Ohrid hosts high levels of endemicity and likely functioned as a glacial refugium in 

the past (Albrecht & Wilke, 2008). In this context, Salmo letnica coexists in Lake Ohrid with 

another endemic salmonid species, Salmo ohridanus (Sušnik et al., 2006; Albrecht & Wilke, 

2008). In addition, historical records indicate that Salmo farioides was also observed within 

the lake, despite currently restricted to its smaller tributaries (Drin River) (Kottelat, 1997).  

Over the decades, several studies have attempted to characterise Salmo letnica from both 

morphological (e.g., Karaman, 1924; Stefanoviç, 1948; Rakaj & Flloko, 1995) and genetic 

perspectives (e.g., Sell & Spirkovski, 2004; Sušnik et al., 2007; Snoj et al., 2009). Nevertheless, 

the taxonomic status of the species, along with its evolutionary origin, remain subject of 

ongoing uncertainties. 

Beyond its evolutionary interest, the species plays an important ecological role in Lake 

Ohrid ecosystem and represents an important local food resource (Rakaj & Flloko, 1995). 

However, population declines have been reported in recent decades as a consequence of 

environmental and anthropogenic pressures, highlighting the need for targeted 

conservation actions (Prifti & Cake, 2017; Spirkovski et al., 2019).  

On this basis, the research presented in this thesis chapter aimed to investigate the 

taxonomic status and adaptive processes of Salmo letnica within Lake Ohrid, using the 

mitochondrial Control Region (D-loop) as molecular marker. Precisely, the objectives were 

threefold: (i) to assess the genetic variability and potential structuring among the putative 

species morphotypes; (ii) to investigate the genetic relationships between Ohrid trout 

specimens and other Salmo species occurring in the lake; and (iii) to shed light on the 

evolutionary history and origin of S. letnica within Lake Ohrid.  
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Chapter 4 

Salariopsis fluviatilis 

Salariopsis fluviatilis Asso 1801 (Chordata: Actinopterygii: Blenniidae), commonly known as 

the freshwater blenny, is a benthic fish species inhabiting river basins and lakes of the 

Mediterranean region (Vecchioni et al., 2022; Figure 4). The species is typically characterised 

by small, spatially fragmented, and often isolated populations, which have increased its 

vulnerability to anthropogenic pressures and ongoing environmental and climate changes 

(Freeman et al., 1990; Côté et al., 1999; Alp & Kara, 2007; Méndez et al., 2019). 

 

Figure 4. Salariopsis fluviatilis specimen from Strona di Omegna, Lake Maggiore. Photo credits: Stefano Bovero. 

Across its distribution range, populations of Salariopsis fluviatilis exhibit morphological and 

behavioural variability in response to local environmental conditions and habitat 

characteristics (Perdices et al., 2000; Neat et al., 2003). In this context, various studies have 

proposed that S. fluviatilis represents a species complex, rather than a single taxon (Belaiba 

et al., 2019; Wagner et al., 2021). Consistent with this hypothesis, two additional freshwater 

blenny species have been formally described to date: S. economidisi, endemic to Lake 

Trichonis in Greece (Kottelat, 2004), and S. atlantica, endemic to the Seboui river basin in 

Morocco (Doadrio et al., 2011).  

This taxonomic framework supports the presence of distinct evolutionary lineages within 

the Salariopsis fluviatilis species complex. In particular, Wagner et al. (2021) identified at least 
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six divergent genetic lineages across the species’ distribution range, Middle East, Guadiana, 

Algeria-Verde, Occidental basin, North Oriental basin, and the Island of Crete, thus 

supporting  previous findings by Belaiba et al. (2019), who suggested that Middle Eastern 

Mediterranean populations of S. fluviatilis could represent a differentiated taxon (S. cf 

fluviatilis).  

However, several gaps remain in the understanding of the species genetic structure and 

taxonomic status across its distribution range. These gaps are particularly evident in Italy, 

where S. fluviatilis is distributed in a discontinuous way (Zava & Violani, 1991; Gallo et al., 

2012) and where populations have remained largely under-investigated. In this context, the 

island of Sardinia deserves a particular attention, as S. fluviatilis represents one of the few 

putative native freshwater fish species known from the island (Orrù et al., 2010).  

Considering this background, the study presented in this chapter primarily focused on 

Salariopsis fluviatilis populations from under-explored Italian regions, with genetic analyses 

conducted using the mitochondrial Control Region and the 16S ribosomal gene as molecular 

markers. In particular, the main objectives of the study were to: (i) draw inferences on the 

phylogeographic relationships among S. fluviatilis populations coming from Sardinia and 

north-western Italian mainland; (ii) reconstruct phylogenetic patterns among the species 

populations from the whole Mediterranean region; and (iii) clarify the taxonomic status of 

the species across its distribution range.  
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General conclusions 

This doctoral thesis comprises four case studies conducted during my doctoral programme, 

focusing on different aspects of aquatic biodiversity. The thesis includes two research 

articles centred on Pinna nobilis, and one research article for each of the other species 

investigated, Callinectes sapidus, Salmo letnica and Salariopsis fluviatilis. During my research 

path, I explored a wide range of genetic and evolutionary processes across various 

biological systems, encompassing marine and freshwater environments, as well as native, 

endemic, and invasive taxa. By adopting multiple population genetic approaches, including 

phylogenetics, phylogeography, and molecular taxonomy, this thesis provides an 

integrative perspective on the evolutionary history, genetic structure, dispersal dynamics, 

and taxonomic complexity of aquatic organisms in response to historical and contemporary 

challenges.  

The two studies on Pinna nobilis that I reported in Chapter 1 explored the evolutionary 

history and the genetic make-up of this species within the Mediterranean region over time. 

The first study revealed that P. nobilis diverged from its Atlantic ancestor approximately 2.5 

million years ago, following the entrance of Atlantic waters into the Mediterranean Sea after 

the Zanclean flood, which occurred around 5.3 million years ago. The results further 

indicated that the central western Mediterranean represented the first area where the early 

population of the species originated, and from this region, it later expanded towards the 

Adriatic Sea and the eastern Mediterranean. These findings allowed the reconstruction of 

the historical expansion pathways of P. nobilis, providing insights into how the species 

adapted to the Mediterranean environment through time. Based on this evolutionary 

framework, the second study showed that the mitochondrial genetic structure of P. nobilis 

has remained stable over time. Pleistocene mitochondrial haplotypes persisted across 

ancient, modern (pre-MMEs), and surviving populations (post-MMEs), indicating the long-

term persistence of the species’ genetic diversity, despite major environmental changes and 

human pressures. These results suggest that these haplotypes are associated with adaptative 

or protective allelic variants, which contributed to the resilience of the species and its ability 
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to persist under changing conditions, even in the face of the dramatic reduction in 

population numbers. Overall, these outcomes offer important information for the 

development of effective conservation strategies and yield encouraging perspectives for the 

future survival of the species, provided that Pleistocene allelic variants can be preserved or 

maintained among surviving individuals through time.  

Chapter 2, which focuses on Callinectes sapidus, showed how invasion dynamics can shape 

the genetic composition of invasive species, as well as their expansion and adaptation to 

new environments. In this context, the main results revealed the existence of two distinct 

genetic groups (taxonomic units) across the distribution range of C. sapidus. This pattern 

suggests the potential presence of two putative sister species, one mainly diffused in Central 

and South America and the other primarily distributed in North America and the 

Mediterranean Sea. These findings revealed that C. sapidus may represent a species complex, 

rather than a single taxon across its range of distribution. This outcome is of particular 

importance, as it may have significant implications for the monitoring, management and 

control of the species in both its native and introduced areas. 

The study on Salmo letnica presented in Chapter 3 addressed the controversial taxonomic 

status of this species endemic to Lake Ohrid. The study evidenced the absence of significant 

genetic structure among the four putative morphological forms described to date, 

suggesting either an incipient divergent process not yet resulted in mitochondrial genetic 

differentiation or the existence of ecologically adapted variants whose morphological traits 

have been shaped by environmental pressures. This result reflects the complexity of 

adaptive and evolutionary mechanisms as a consequence of habitat changes and 

anthropogenic stressors. Hence, distinct morphological traits may not always be associated 

with underlying genetic differentiation, but may rather be the result of adaptive processes, 

highlighting the complex dynamics between genetic composition and ecological 

differentiation.  

In Chapter 4, the phylogeographic patterns of Salariopsis fluviatilis populations and the 

taxonomic uncertainties of the species were investigated across the whole Mediterranean 

basin. The main findings highlighted the presence of genetic structuring among Italian S. 
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fluviatilis populations, offering insights into the dispersal trajectories of the species across 

the Italian mainland and the island of Sardinia. Additionally, three taxonomic units were 

identified within the distribution range of the species, supporting the existence of a species 

complex: Salariopsis fluviatilis sensu stricto, with two sub-groups (Occidental and North 

Oriental Mediterranean), a taxonomic entity from the Middle East, and another from the 

Iberian Guadiana River basin. These results evidenced how limited population size and 

high degree of fragmentation can influence genetic differentiation and evolutionary 

processes within freshwater systems. 

Final considerations 

The results obtained in the four case studies presented in this thesis highlight how the choice 

of molecular markers represents a crucial methodological component for interpreting 

evolutionary and demographic processes across different categories of species, including 

marine and freshwater taxa, as well as native, endemic, and invasive species.  

Throughout this thesis, mitochondrial molecular markers were primarily employed. 

Mitochondrial DNA (mtDNA) is characterised by maternal inheritance, a compact genome, 

a high copy number per cell, and the absence of recombination. In general, the 

mitochondrial genome comprises 37 genes (protein-coding genes, tRNAs, and rRNAs) and 

a single major non-coding region, known as the Control Region or D-Loop, although minor 

variations in gene content have been reported in some taxa. Moreover, mtDNA has a 

relatively high mutation rate compared to nuclear DNA. 

In the case of Pinna nobilis, the protein-coding gene Cytochrome c Oxidase subunit I (COI) 

proved to be highly informative for phylogenetic and phylogeographic reconstruction 

among and within populations, enabling the identification of historical divergence patterns 

and the detection of genetic structures consistent with palaeogeographical events and 

colonisation dynamics. For Callinectes sapidus, the use of COI gene was essential for placing 

the study within a global geographic framework, allowing the assessment of invasion 

dynamics and the detection of a potential species complex characterised by the presence of 

two divergent taxonomic units distributed in the geographic range of the species.  
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In the case of Salmo letnica, the use of the mitochondrial Control Region, more variable than 

the coding COI gene, allowed the exploration of more recent genetic differentiation patterns 

and contributed to deepen on taxonomic uncertainties. Similarly, its application in 

Salariopsis fluviatilis enabled a comprehensive investigation of the phylogenetic patterns 

across the whole Mediterranean region and supported the evaluation of the species’ 

taxonomic status. Moreover, the combined use of the Control Region and the 16S ribosomal 

gene strengthened the phylogeographic reconstruction of the species across the Italian 

mainland and the Island of Sardinia.  

Overall, the methodological framework adopted in this thesis underscores a key point: 

mitochondrial molecular markers, despite certain intrinsic limitations, demonstrated to be 

powerful tools for reconstructing historical genetic patterns, identifying evolutionary 

lineages, and conducting preliminary molecular taxonomic assessments. Nevertheless, 

future research would benefit from the analysis of complete mitochondrial genomes 

integrated with nuclear markers (e.g., microsatellites, SNPs). Such an approach would 

provide a more comprehensive understanding of invasion and adaptive processes, fine-

scale genetic structuring, and taxonomic delimitation. In this perspective, follow-up 

investigations are currently underway to expand and refine the findings presented in this 

thesis. In particular, a whole-genome sequencing study on Pinna nobilis is currently ongoing, 

aiming to provide a higher-resolution assessment of genomic diversity and resilience 

patterns. Moreover, a new research project on Salmo letnica is in progress, incorporating 

microsatellite markers and the whole mitochondrial genome sequencing to further clarify 

its unresolved taxonomic status and to achieve a more detailed characterisation of its genetic 

structure and evolutionary history.  
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A2. Orf virus (ORFV) 

Orf, also known as contagious ecthyma, is a highly contagious viral skin disease with a 

global distribution (Nandi et al., 2011), caused by Orf virus (ORFV), a member of the genus 

Parapoxvirus within the family Poxviridae (Lawan et al., 2021). ORFV is most frequently 

associated with skin disease in sheep and goats (Spyrou & Valiakos, 2015), however, 

infections have also been documented in other ruminant and non-ruminant species (Kumar 

et al., 2015), including humans (Bala et al., 2018). From evolutionary and epidemiological 

perspectives, ORFV has been widely investigated, with the viral interferon resistance (VIR) 

gene emerging as one of the most used molecular markers for this virus (e.g., Peralta et al., 

2018; Coradduzza et al., 2021, 2024; Li et al., 2023). 

In light of this, population genetic approaches were applied in this study to investigate viral 

genetic diversity, population structure, host-specific transmission potential, and 

phylodynamic patterns, using an expanded dataset based on VIR gene, including natural, 

occasional, and human hosts analysed at a global scale.  

The main results indicate that ORFV comprises three major genetic lineages: two host-

specific groups (one primarily in goats and one in sheep), and a third generalist group 

capable of infecting several ruminant species. Moreover, the virus can occasionally infect 

humans, but only under specific circumstances, such as rare viral variants, recombination 
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events, human susceptibility, and intense exposure to infected animals. Thus, human 

infection appears to be a sporadic spillover event rather than a zoonosis as a consequence 

of viral adaptation to human hosts.  
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