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Chapter 1 

 

Phylogenetics 

 

The term "phylogeny" finds its roots in ancient Greek, combining "phýlon" (lineage) 

and "génesis" (development), and it fundamentally refers to the evolutionary 

development and history of living organisms (Liddell et al. 2023; Roy et al. 2014).  

Since Ernst Haeckel's (1866) publication of the animal tree of life, significant progress 

has been made in understanding the evolutionary relationships among animals. This 

progress has been driven by decades of intensive phylogenetic research, which initially 

focused on anatomical and developmental characters (classic phylogeny) and later 

incorporated molecular data (modern phylogeny) (Dunn et al. 2014).  

 

1. Modern phylogeny and phylogeography 

Morphological data have traditionally been significant sources of information in the 

reconstruction of phylogenetic relationships among different taxa (Bybee et al. 2010). 

However, with the development of polymerase chain reaction and modern molecular 

techniques in the field of phylogenetics, DNA has emerged as a major and influential 

source for inferring these relationships (Bybee et al. 2010).  

It all started in 1965 when Zuckerkandl and Pauling made a groundbreaking 

realization that the primary sequences found in nucleic acids and proteins held the 

potential to offer valuable insights into the evolutionary history of organisms. They 

recognized that by aligning and comparing these sequences, researchers could unravel 

key information about the evolutionary relationships among different species 

(Zuckerkandl & Pauling 1965). 

The late 1960s marked a significant turning point in the field of phylogenetics. During 

this period, important developments in statistical methods for reconstructing 

phylogenies from genetic data emerged (Garamszegi et al. 2014). A major milestone 

came in 1967 when Cavalli-Sforza and Edwards introduced statistical approaches for 
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this purpose. Importantly, these statistical methods could be applied to various types 

of data, including continuous characters (Cavalli-Sforza & Edwards 1967). 

Another pivotal step was taken by Felsenstein in 1973 when he proposed a method to 

calculate the likelihood of a tree based on a set of continuous traits. This work was 

notable because it allowed researchers to quantify the likelihood of different tree 

structures given continuous data (Felsenstein 1973). The full importance of these 

innovations became evident years later, when Felsenstein introduced a related method 

for calculating phylogenetically independent contrasts (PICs) (Felsenstein 1985). One 

notable advantage of this new method was its practicality, as the calculations could be 

performed using a hand calculator, making it more accessible to researchers 

(Felsenstein 1985). 

The modern era of animal phylogenetics was initiated with cladistic analyses using 

partial 18S rRNA sequences (Field et al. 1988)  and anatomical traits (Eernisse et al. 

1992; Nielsen et al. 1996; Schram 1991). In this field, both DNA (nucleotide) and protein 

(amino acid) sequences serve as valuable tools for deducing phylogenetic relationships 

among homologous genes, organelles, or even organisms (Dunn et al. 2014). DNA 

sequences are particularly informative when studying closely related organisms due to 

their susceptibility to evolutionary changes. On the other hand, amino acid sequences 

are more stable, making them preferable for analyzing homologous genes from 

distantly related organisms (Dunn et al. 2014). Early research mainly focused on the 

nuclear small ribosomal subunit (SSU or 18S) gene, but contemporary hypotheses have 

been reinforced by a range of data sources, including the nuclear large ribosomal 

subunit 28S (Halanych 2004). Some studies integrated both molecular and 

morphological data, and collectively, these efforts provided substantial support for the 

"new animal phylogeny" (Adoutte et al. 2000; Halanych 2004). This revised perspective 

challenged traditional groupings like the annelid-arthropod clade Articulata and 

introduced new hypotheses, such as Ecdysozoa (Dunn et al. 2014).  

Systematic biology plays a pivotal role in establishing ancestral relationships among 

known species, regardless of whether they are presently extant or extinct. It involves 

the tracing of branching pathways in the evolutionary history of life. This 

reconstruction is essential for the field of systematics, which is dedicated to unraveling 
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the evolutionary relationships and kinship among taxonomic groups of organisms at 

various systematic levels (Dunn et al. 2014). 

 

In addition to this, systematic biology also delves into the historical dimensions of the 

current geographic patterns of gene lineages: phylogeography (Avise 1987; Avise 1996). 

The term "phylogeography" was coined in 1987 (Avise et al. 1987) and its prevalence in 

the field of evolutionary genetics has significantly increased over the years (Avise 

1998). Phylogeography is a relatively young scientific discipline, within the broader 

field of biogeography, focused on understanding the principles and mechanisms that 

influence the geographic distribution of genealogical lineages, particularly within and 

among closely related species (Avise 1998; Avise 2009). The analysis and 

comprehension of lineage distributions usually require insights from various fields, 

including molecular genetics, population genetics, phylogenetics, demography, 

ethology, and historical geography. Consequently, phylogeography is an integrative 

discipline that draws upon a diverse range of expertise and knowledge (Avise 1996). 

The origin of phylogeography can be attributed to the advancements in molecular 

techniques during the 1980s, which enabled the analysis of DNA sequence variation 

across the geographical range of a species (Emerson & Hewitt 2005). One of the key 

drivers of this field was the accessibility of mitochondrial DNA (mtDNA) sequences in 

animal species (Emerson & Hewitt 2005). Mitochondrial DNA has played a pivotal role 

in phylogeographic studies, primarily because it undergoes rapid evolution and 

secondly, it is usually maternally transmitted without recombination (Avise 1998). 

Consequently, more than 80% of phylogeographic studies conducted to date have 

heavily relied on mtDNA (Avise 1998). 

This, in turn, allowed researchers to reconstruct gene genealogies, whose spatial 

relationships can be visually represented on maps and analyzed to infer the 

evolutionary history of populations, subspecies, and species (Emerson & Hewitt 2005). 

In recent years, genome and transcriptome analyses have played a pivotal role in 

further refining our comprehension of animal relationships (Dunn et al. 2014). Initially, 

these investigations relied on Sanger sequencing techniques (Bourlat et al. 2006, Delsuc 

et al. 2006, Dunn et al. 2008, Hejnol et al. 2009, Philippe & Telford 2006, Philippe et al. 

2005). However, more recently, the field has witnessed the increasing prevalence of 
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next-generation sequencing (NGS) technologies, which generate extensive datasets and 

have become a prominent feature of this research (Kocot et al. 2011, Lemmon & 

Lemmon 2013, Smith et al. 2011). 

 

In conclusion, phylogenetic studies are crucial for addressing a wide range of scientific 

inquiries, including refining taxonomic classifications, and investigating complex 

evolutionary processes such as co-evolution and biogeography (Hillis et al. 1994). 

Animal phylogeny is not only inherently fascinating but also essential for various 

aspects of animal biology. It offers a framework for making meaningful comparisons 

among related taxa and helps answer questions related to the evolution of various 

biological traits, including complexity, at different levels (Dunn et al. 2014). 

The primary goal of phylogeny is to construct accurate and detailed representations of 

the evolutionary history of groups of organisms or genes. To achieve this aim, 

phylogeny typically involves several key approaches, including molecular 

phylogenetic analyses, clustering analyses, and phylogeographic analyses (Nixon 

2001). These methodologies are essential for uncovering and understanding the 

intricate relationships and shared ancestry among various entities, providing insights 

into the evolutionary past of life on Earth (Nixon, 2001). 

 

2. Molecular phylogenetic analysis 

Molecular phylogenetic analysis is a powerful tool for investigating the connections 

between sequences. By exploring these relationships, it allows us to infer the origins 

and evolutionary history of genes or groups of genes within the same or different 

populations (Retief, 1999). In this context, several key analyses play a crucial role: 

• Phylogenetic signal; 

• Evolutionary model; 

• Phylogenetic tree; 

• Molecular dating. 
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2.1. Phylogenetic signal 

Phylogenetic signal is a fundamental concept in evolutionary biology, denoting the 

inclination of closely related species to exhibit greater similarity (Münkemüller et al. 

2012). This concept is rooted in the expectation that species sharing a recent common 

ancestor will tend to have more similar traits, whether morphological or genetic, as a 

result of their shared evolutionary history (Münkemüller et al. 2012). 

When working with DNA sequences and other molecular data, it's crucial to 

differentiate between patterns that reflect genuine phylogenetic signal, indicative of 

true evolutionary relationships, and patterns that are essentially random noise. The 

ability to distinguish signal from noise is paramount to ensure that research and 

analyses are based on data that accurately represent the historical relationships among 

the taxa being investigated (Hillis & Huelsenbeck 1992). 

Quantifying phylogenetic signal is a pivotal aspect of various research areas, but this 

task is influenced by variables like trait choice, analysis scale, and the evolutionary 

model employed. A common approach is using multiple indices concurrently to gain a 

comprehensive understanding of the extent of phylogenetic signal, thereby enhancing 

research reliability (Münkemüller et al. 2012). Each index has distinct calculation 

methodologies, capturing various aspects of phylogenetic signal, and their responses 

can vary depending on factors like inaccuracies in phylogenetic information, sample 

size, and the availability of branch length data (Hillis & Huelsenbeck, 1992; Revell et al. 

2008; Münkemüller et al. 2012; Blomberg et al. 2003; Cavender et al. 2006).  

During my doctoral project, I choose to employ one of the widely recognized methods 

for quantifying phylogenetic signal: the likelihood mapping method (Strimmer & von 

Haeseler 1997). This approach is particularly useful for assessing the phylogenetic 

information within a dataset of aligned DNA or amino acid sequences. It revolves 

around the examination of quartets, which are randomly selected groups of four 

sequences. The widely used software for quartet analyses is TREE-PUZZLE (Schmidt et 

al. 2002). For each quartet, there exist three potential unrooted tree topologies, and the 

likelihood of each topology is estimated through the maximum likelihood method. 

These likelihood values are then graphically represented as points within an equilateral 

triangle, forming what is known as a likelihood map (Strimmer & von Haeseler 1996).  
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The likelihood map is divided into three primary regions, each conveying distinct 

information about the phylogenetic signal within the dataset: 

i. Corners of the Map: represent fully resolved tree topologies, indicating a strong 

and clear tree-like phylogenetic signal in the data. 

ii. Central Area: corresponds to a star-like phylogeny, suggesting a common 

ancestor with multiple lineages radiating from it. 

iii. Sides of the Map: these regions indicate a network-like phylogeny, implying the 

presence of recombination or conflicting phylogenetic signals. 

In silico simulations have revealed that if more than 33% of data points fall within the 

central area, it signifies a significant star-like signal, indicating the emergence of 

multiple phylogenetic lineages (Strimmer & von Haeseler, 1997; Schmidt & von 

Haeseler 2009). 

Working with a dataset that has a low phylogenetic signal presents considerable 

challenges in interpreting results. A weak or obscured phylogenetic signal makes it 

difficult to accurately reconstruct the true evolutionary relationships among species or 

organisms. Moreover, it can hinder the detection of crucial evolutionary events like 

horizontal gene transfer or convergent evolution, which are essential for a 

comprehensive understanding of evolutionary processes. Hence, when dealing with 

datasets showing a low phylogenetic signal, it's important to exercise caution and 

consider alternative approaches or additional data sources to enhance the reliability of 

phylogenetic inferences (Strimmer & von Haeseler 2009). 

 

2.2. Evolutionary model 

Stochastic models have significantly advanced our comprehension of how evolutionary 

systems function, with a substantial portion of these methods finding a strong 

foundation in population genetics (Rodríguez et al. 1990; Blythe & McKane 2007). 

The idea of utilizing random selection and mutation for optimization purposes finds its 

origins in the 1950s, with the work of statistician George Box who developed a 

methodology known as evolutionary operation (Tettamanzi 2005; Box & Draper 1969).  

Around the same period, other researchers also explored the idea of simulating 

evolution through computer-based methods (Tettamanzi 2005). Barricelli and Fraser, 
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for instance, employed computer simulations to investigate the mechanisms of natural 

evolution (Bremermann 1962). 

Selecting the appropriate evolutionary model is crucial for ensuring precise 

phylogenetic reconstructions. Indeed, this decision can significantly affect the 

estimation of essential phylogenetic parameters, such as divergence time and the rate 

of evolution (Posada & Crandall, 2001). In this context, nucleotide substitutions, which 

accumulate during the course of evolution, play a pivotal role in the analyses (Yang 

1994). These substitutions have a broad range of effects on protein function and can 

also influence the regulation of gene expression by changing how transcription factors 

bind to DNA. Furthermore, nucleotide substitutions provide a method for inferring the 

evolutionary history of sequences (Yang 1994). Consequently, the examination of 

nucleotide substitutions holds significant importance for gaining an understanding of 

gene and protein structure and function, as well as for piecing together the 

evolutionary lineage of organisms (Yang 1994; Rodriguez et al. 1990). 

Various evolutionary models are available, each with its level of complexity, and the 

choice of model depends on the specific dataset and research goals (see Figure 1).  

Figure 1. Representation of the substitution schemes of the main evolutionary models. 
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Researchers should carefully consider the complexity of the model in relation to the 

dataset in order to select the most appropriate one. 

The Jukes-Cantor (JC) model serves as the simplest model, hinging on three 

fundamental assumptions: (i) each site in DNA or RNA has an equal chance of 

mutating into any of the four bases; (ii) the mutation rate from one base to another 

remains constant over time and (iii) mutations occur independently of each other and 

not influenced by prior mutations (Jukes & Cantor 1969). Although it's a basic model, 

JC serves as a foundational framework for more intricate models that consider 

variations in mutation rates between sites (Posada 2003; Posada & Buckley 2004; 

Posada & Crandall 2001; Raftery 1996).  

A more complex model, the Kimura 2-Parameter (K2P), was drew up to address some 

of JC's limitations and provide a more precise representation of mutation rates in DNA 

or RNA sequences during evolution (Posada 2003). K2P distinguishes between two 

types of substitutions, recognizing that transitions and transversions occur at different 

frequencies in biological reality. This model offers a more nuanced and realistic 

depiction of nucleotide substitution patterns during evolution (Kimura 1980; Kimura 

1981). 

The Felsenstein 1981 model is of equivalent complexity to K2P, considering two types 

of changes as well. However, in this case, the base frequencies differ, and nucleotide 

substitutions have equal probabilities (Felsenstein 1981). 

The HKY model can be seen as a fusion of previous models, incorporating different 

base frequencies with distinct probabilities for transitions and transversions (Hasegawa 

et al. 1985). 

The General Time-Reversible (GTR) model stands as the most sophisticated model of 

substitution, offering complexity and flexibility (Hasegawa et al. 1985). It takes into 

account three critical aspects of sequence evolution: (i) stationary frequencies; (ii) 

exchangeability rates, and (iii) rate heterogeneity (Hasegawa et al. 1985). Stationary 

Frequencies allow for variable base frequencies, acknowledging that the four 

nucleotides may not be equally represented in the sequence. Exchangeability rates 

permit non-uniform rates of substitution between different nucleotides, considering 

that the substitution rate from one nucleotide to another and the reverse can differ. 

This flexibility provides a more accurate representation of sequence evolution (Posada 
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& Crandall 2001; Raftery 1996; Tavaré 1986). Rate heterogeneity accounts for variable 

substitution rates at different sites within the sequence, recognizing that some 

positions may evolve more rapidly or slowly than others (Posada & Crandall 2001). 

These features make the GTR model particularly valuable in phylogenetic analysis, 

aiding in the estimation of evolutionary trees and sequence distances (Posada & 

Crandall 2001).  

In order to meet the requirement of identifying the most appropriate model, 

jModelTest utilizes a maximum likelihood approach to select the best-fitting 

evolutionary model from a range of options (Darriba et al. 2012). Additionally, the 

program allows for model comparison using the Akaike Information Criterion (AIC) 

and the Bayesian Information Criterion (BIC). These criteria consider the model's 

complexity and penalize models that prove overly complex for the available data 

(Darriba et al. 2012). 

Furthermore, apart from model selection, jModelTest has the capability to estimate the 

parameters associated with the chosen model. These parameters encompass variables 

like the transition/transversion ratio, base frequencies, and the shape parameter for the 

gamma distribution. These parameters can be used to infer the evolutionary history of 

the sequences and to test hypotheses about the processes of molecular evolution 

(Darriba et al. 2012). 

 

2.3. Phylogenetic tree 

A phylogenetic tree is a visual representation that illustrates the evolutionary 

relationships among different species (Russel 2010; Dunn et al. 2014). It features 

branches connecting nodes, with terminal nodes representing taxa for genetic analysis 

and internal nodes symbolizing common ancestors. (Russel, 2010). 

Phylogenetic trees have different applications and exist in various forms: 

i. Phylogram 

These trees use branch lengths to indicate the genetic or evolutionary 

divergence between connected taxa. 
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ii. Cladogram 

In cladograms, branch lengths are usually uniform and prioritize showing 

branching patterns and relationships among taxa without revealing the extent 

of divergence. 

iii. Rooted  

Rooted trees provide insights into the temporal order of evolutionary events 

and specify which taxa are more ancient or derived. 

iv. Unrooted  

Unrooted trees describe relationships between taxa but don't indicate which 

taxa are more ancient or derived. These can be transformed into rooted trees by 

establishing a root using an outgroup, a reference taxon known to be distinct 

from the other taxa (Russel 2010). 

In this context, is possible to work with either a gene tree or a species tree. A gene tree 

primarily represents the evolutionary history of a specific gene, focusing on the gene's 

evolution. On the other hand, species trees are typically created by analyzing data from 

multiple genes (Russel 2010). 

Methods for constructing phylogenetic trees can be based on various approaches, 

including distance matrices, maximum parsimony, maximum likelihood, and bayesian 

methods (Retief 1999; Nixon 2001; Guindon & Gascuel 2003; Douady et al. 2003; 

Huelsenbeck et al. 2001). It's important to note that methods based on distance matrices 

have a notable limitation because they result in a loss of information when distance 

data is extracted (Fitch & Margoliash 1967). An alternative approach to construct 

phylogenetic trees is maximum parsimony, which operates directly on the sequences 

(Saitou & Nei 1987; Jones & Pevzner 2004). In this method, the best tree is considered 

the simplest one, with branch lengths defined as the minimum number of substitutions 

occurring between connected nodes (Kannan & Wheeler 2012). Otherwise, maximum 

likelihood (ML) and bayesian methods rely on probabilistic models of sequence 

evolution to assess the compatibility between the observed data and different 

phylogenetic trees along with their associated parameters (Guindon & Gascuel 2003; 

Douady et al. 2003). ML methods seek to find the tree that maximizes this likelihood 

(Guindon & Gascuel 2003). Bayesian methods use a bayesian framework to infer 

phylogenies by sampling tree and parameter space (Douady et al. 2003).  
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Each of these approaches has its strengths and weaknesses and the choice of method 

should depend on the specific characteristics of the data and the research goals. 

Notably, maximum likelihood and bayesian methods stand out for their capacity to 

accommodate diverse evolutionary processes, such as different types of substitutions 

and site-specific rate variations (Douady et al. 2003).  

 

2.3.1. Maximum likelihood and bayesian methods 

These methods provide statistical support for inferred relationships and are considered 

among the most accurate approaches when sufficient computational power is available 

(Huelsenbeck et al. 2001; Douady et al. 2003).  

Nonetheless, the computational time required often limits the practical application of 

model-based methods like Maximum Likelihood (ML), particularly when dealing with 

a large number of taxa (Felsenstein 1985). This time constraint is one of the factors 

contributing to the growing popularity of bayesian inference methods (e.g., Karol et al. 

2001; Lutzoni et al. 2001; Murphy et al. 2001) as implemented in the software MrBayes 

(Huelsenbeck & Ronquist 2001) used during the doctoral project.  

MrBayes applicability goes beyond the conventional methods of constructing trees, as 

it provides a bayesian framework for deducing phylogenetic trees and evaluating the 

posterior probabilities associated with these trees (Huelsenbeck & Ronquist 2001). 

These trees serve as representations of the hypothetical evolutionary history of the 

species under investigation (Huelsenbeck & Ronquist 2001; Ronquist et al. 2005). 

In contrast to older methods like maximum likelihood or distance-based approaches, 

bayesian inference offers the capability to incorporate prior knowledge, which is 

expressed through prior probability distributions, alongside the likelihood of 

observing the data given a specific model and phylogenetic tree. This merging of prior 

information and observed data is a distinctive feature of bayesian analysis, and it holds 

particular significance in the field of phylogenetics, where the evolutionary process is 

shaped by intricate molecular models (Ronquist et al. 2009). 
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2.4. Molecular dating 

In 1965, Zuckerkandl and Pauling introduced the concept of estimating the timing of 

evolutionary divergences through the examination of calibrated sequence variations 

(Zuckerkandl & Pauling 1965). Their proposal implied that the degree of dissimilarity 

observed in the DNA molecules of two species reflects the time that has passed since 

their evolutionary separation (Zuckerkandl & Pauling 1965). Subsequently, countless 

studies have been conducted based on this idea (Rutschmann 2006). 

 

2.4.1. Molecular clock 

In the specific scenario of a molecular clock, all branches within a phylogenetic tree 

evolve at a consistent, uniform substitution rate. This results in a "clock-like" tree that is 

ultrametric, signifying that the overall distance between the root and every tip remains 

constant (Rutschmann 2006).  

Similar to a standard clock that measures time in hours and minutes, the molecular 

clock quantifies evolutionary time in terms of genetic changes through the application 

of a mathematical model that has revolutionized our comprehension of the processes 

through which species evolve and differentiate (Bromham & Penny 2003). 

The fundamental concept behind the molecular clock aligns with the principles of the 

Neutral Theory of Molecular Evolution, which declares that genetic mutations 

accumulate at a relatively consistent rate over time, serving as the clock's "ticking" 

(Zuckerkandl & Pauling 1965; Lemey et al. 2012). Although the mutation rate may vary 

among genes and organisms, the fundamental idea remains constant. Genetic 

sequences, whether in the form of DNA or proteins, effectively document the changes 

that have transpired throughout evolutionary history (Lemey et al. 2012). 

The accuracy of the molecular clock relies on effective calibration, often achieved 

through the utilization of fossils (Warnock & Donoghue 2017). Fossils, indeed, provide 

precise age references for specific species or lineages, and when a genetic sequence can 

be associated with a well-dated fossil, it serves as a calibration point. This, in turn, 

allows for the mapping of genetic changes onto the geological timescale and aids in the 

estimation of divergence times (Warnock & Donoghue 2017). 

Nonetheless, fossils may not always be accessible or suitable for calibration purposes. 

In such situations, alternative methods can be employed, such as relying on geological 
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events or historical biogeographic data (Knowlton & Weigt 1998). This approach is 

known as "node dating," where calibration points are determined by the ages of nodes 

(branching points) in a phylogenetic tree (Knowlton 1993; Knowlton & Weigt 1998). 

Node dating is particularly prevalent in the field of marine biology, especially when 

studying soft-bodied species (Knowlton 1993). Within this context, one of the most 

frequently referenced geographic barriers is the Isthmus of Panama, which closed 

relatively recently in geological time (approximately 3.1–3.5 million years ago due to 

the final emergence of the Isthmus) (Knowlton & Weigt 1998).  

Several methods can be used to construct a molecular clock but during this project I 

focused my attention on the bayesian methods as they are considered the forefront of 

molecular dating methodologies (Dos Reis & Yang 2019). 

Essentially, bayesian algorithms utilize robust statistical techniques and incorporate 

data with prior knowledge, thus offering a flexible and versatile toolkit for exploring 

the intricate facets of the evolutionary tree of life (Dos Reis et al. 2016).  

One of the prominent software applications that implements the molecular algorithm is 

BEAST (Bayesian Evolutionary Analysis by Sampling Trees) (Drummond & Rambaut 

2007). Its primary focus is generating phylogenies that are both rooted and time-

measured, allowing for the application of either strict or relaxed molecular clock 

models (Drummond & Rambaut 2007). BEAST employs Markov Chain Monte Carlo 

(MCMC) methods to explore the space of potential trees and assigns probabilities to 

each tree based on its posterior probability. To make the software more user-friendly, 

BEAST provides an intuitive interface for configuring standard analyses, and it 

includes a set of companion programs for interpreting and analyzing the data obtained 

after the analysis (Drummond & Rambaut 2007; Suchard et al. 2018). 

 

2.4.2. Bayesian Skyline Plot and Lineages Through Times  

Additional outputs from BEAST analyses can be further explored using software like 

Tracer (Rambaut & Drummond 2009), which enables the reconstruction of the 

"Bayesian Skyline Plot" (BSP) and "Lineages Through Times" (LTT) (Suchard et al. 

2018). These graphical representations are valuable tools for understanding the 

historical demographics of species and gaining insights into their evolutionary paths. 

The BSP provides a visual representation of population dynamics, shedding light on 
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how effective population sizes have evolved over time and revealing patterns of 

growth, decline, or stability (Drummond et al. 2011; Ho & Shapiro 2011). On the other 

hand, the LTT allows for the exploration of diversification rates and the inference of 

patterns related to speciation and extinction events (Stadler 2008; Harvey et al. 1994). 

 

3. Clustering analysis 

Clustering analysis is defined as the process of taking a given set of samples and 

partitioning it into distinct and homogeneous groups (Lee, 1981; Garcia-Dias, 2020). 

Typically, this is accomplished by employing unsupervised algorithms that organize a 

set of n observations (X1, X2, ..., Xn) into K groups (g1, g2, ..., gK) using a similarity 

criterion. This criterion ensures that observations within the same group exhibit more 

similarity to each other than they do to observations in different groups (Garcia-Dias 

2020). Clustering methods aim to find these natural groupings or patterns within the 

data without any prior knowledge of the categories (Garcia-Dias 2020). 

 

3.1. Principal Coordinates Analysis (PCoA) 

Principal Coordinates Analysis (PCoA) is a clustering analysis method designed to 

calculate a distance matrix and generate a visual representation in a lower-dimensional 

Euclidean space, typically in two or three dimensions. In this representation, the 

distances between points aim to closely mirror the original distances, adhering to the 

principles of the Pythagorean theorem (Zuur et al. 2007). 

In the current doctoral project, the analysis of PCoA is conducted using the GeneAlex 

software. GeneAlex distinguishes itself with its user-friendly interface, allowing for the 

analysis of real genetic datasets in a familiar software environment, specifically 

Microsoft Excel (Peakall & Smouse 2006). 

The PCoA analysis can be broken down into three essential steps: (i) computation of a 

distance matrix, (ii) formatting the matrix by making adjustments to both rows and 

columns, and (iii) performing eigen-decomposition on the distance matrix (Garcia-

Dias, 2020). The rescaled eigenvectors are representative of the principal coordinates, 

also referred to as principal axes (Peakall & Smouse 2006; Zuur et al. 2007). 
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In the resulting plot, the percentage value obtained for the horizontal axis holds the 

greatest significance in terms of results since it reflects the real distances that separate 

the groups (Zuur et al. 2007). 

 

3.2. Species delimitation methods 

Species identification holds significant importance across various biological research 

domains, including the fields of evolution, conservation, and biodiversity (De Queiroz 

2007). However, species identification relies on distinct operational criteria depending 

on the specific species concept in use. (De Queiroz 2007). Two of the most utilized 

concepts are the biological species concept, relying on reproductive isolation (Mayr, 

1942; Dobzhansky, 1950), and the phylogenetic species concept, which is founded on 

reciprocal monophyly (Rosen 1979; Baum & Shaw 1995). On the other hand, 

morphology-based taxonomy often corresponds with the phenetic species concept 

(Michener 1970; Sokal & Crovello 1970), which continues to serve as a fundamental 

framework for practical species identification. 

The past decade has witnessed the increasing availability of genetic methods for 

species identification, offering a valuable complement to morphological taxonomy 

(Luo et al. 2018). In this context, molecular species delimitation methods offer valuable 

insights into species classification and identification, particularly when conventional 

taxonomic approaches demonstrate insufficient (Luo et al. 2018). These molecular 

approaches leverage genetic data to uncover hidden diversity, identify cryptic species, 

and enhance our understanding of evolutionary relationships (Luo et al. 2018). 

Molecular species delimitation not only aids in clarifying taxonomic uncertainties but 

also plays a role in biodiversity conservation and the creation of accurate phylogenetic 

trees (Luo et al. 2018).  

In general, species delimitation methods can be categorized into two groups: those 

based on the Phylogenetic Species Concept (PSC) and those relying on genetic 

distances (Scarpa et al. 2016).  

 

3.2.1. Methods based on Phylogenetic Species Concept (PSC) 

The two prominent molecular species delimitation methods that operate based on the 

PSC include the Generalized Mixed Yule Coalescent (GMYC) method, originally 
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developed by Pons et al. (2006), and the Poisson Tree Processes (PTP) model, along 

with its Bayesian variant known as bPTP, which was introduced by Zhang et al. (2013). 

The GMYC model is designed to detect significant changes in the branching rate within 

an ultrametric species tree (Pons et al. 2006). To perform this analysis, you need an 

ultrametric species tree generated from dating analyses. The species delimitation runs 

were conducted using the SPLITS (SPecies LImits by Threshold Statistics) package 

developed by Ezard et al. (2009), which is implemented in the R statistical 

environment. This algorithm enables the identification of species entities using a single 

threshold option, which determines the transition from between-species to within-

species branching (Ezard et al. 2009). It's important to note that although there is a 

multi-threshold option available, it is generally regarded as less precise and not the 

recommended choice from a technical standpoint. 

In contrast, the PTP and bPTP models evaluate speciation rates based on the number of 

substitutions (Zhang et al. 2013). These models exhibit versatility as they can be 

utilized for species delimitation on both ultrametric and conventional trees. The 

analyses were carried out using the bPTP web server, accessible at http://species.h-

its.org/ptp/. Typically, default settings with 500,000 Markov Chain Monte Carlo 

(MCMC) generations were employed. To ensure the reliability of the results, it's 

essential to examine each run for convergence by reviewing the likelihood plot. 

Convergence is considered achieved when the chain consistently remains within high-

likelihood regions throughout the run (Zhang et al. 2013).  

 

3.2.2. Methods based on genetic distances 

One of the frequently utilized genetic distance-based approaches for species 

delimitation is the Automatic Barcode Gap Discovery (ABGD) method, introduced by 

Puillandre et al. (2012). Remarkably, this method does not consider the phylogenetic 

relationships within the dataset; instead, it relies solely on sequence data. The ABGD 

method identifies the barcode gap as the initial substantial gap surpassing a 

predetermined threshold, which is then utilized to partition the dataset (Puillandre et 

al. 2012). This analysis can be performed on a local PC, or on the ABGD online tool, 

accessible at http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html. To obtain 
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accurate species estimates, gene-specific priors are applied to define the maximum 

allowable intraspecific diversity, typically represented as P = 0.001. 

Another genetic distance-based species delimitation method is the Nucleotide 

Divergence Threshold (NDT), which needs to be applied to individual genes. The 

analysis was conducted using a custom script developed by Scarpa et al. (2019) within 

the R statistical environment. This script categorizes taxa into distinct entities by 

employing specific thresholds for individual genes, using a pairwise Kimura two-

parameter model (K2P) (Kimura, 1980) genetic distances matrix. The script is available 

at https://cran.rproject.org/. 

 

3.2.3. Hybrid method 

Another method for species delimitation, known as the K/θ method, offers a hybrid 

approach that combines elements of the PSC and genetic distance-based methods. This 

method was introduced by Birky et al. (2010) and is based on a speciation model that 

relies on the "4x rule." According to this rule, if the ratio between the average pairwise 

sequence difference between two clades (referred to as K) and the average pairwise 

sequence difference within a single clade (denoted as θ) is greater than 4, it suggests 

that the clades represent different species, as proposed by Birky (2013). Therefore, the 

K/θ method is used to estimate the likelihood that two samples belong to distinct 

evolutionary species, following the framework outlined by Birky et al. (2010). 

 

4. Phylogeographical analysis: median-joining network  

Reconstructing phylogenetic trees from intraspecific data, like variations in 

mitochondrial DNA, presents a significant challenge due to the combination of a large 

number of samples and the relatively minor genetic differences between individuals 

(Bandelt et al. 1999). This complexity leads to the generation of multiple plausible trees 

(Bandelt et al. 1999). To address this challenge and establish a coherent relationship 

among lineages, Bandelt et al. (1999) introduced the median-joining  (MJ) method for 

constructing network analysis. 

Network analysis is employed to infer the phylogeographic distribution pattern of a 

species, identify potential discrete genetic clusters, and understand the evolutionary 
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forces that have influenced its populations (Morrison 2010; Wu et al. 2008; Leigh & 

Bryant 2015).  

Throughout my doctoral project, I utilized MJ network analysis by means of the 

software Network 10.2.0.0. The MJ method combines principles from Kruskal's 

algorithm, which seeks to identify minimum spanning trees by favoring shorter 

connections, and Farris's maximum-parsimony (MP) heuristic algorithm (Bandelt et al. 

1999). In the MJ method, new vertices known as "median vectors" are systematically 

introduced. Biologically, these median vectors can be regarded as potentially existing 

but unsampled sequences or as ancestral sequences that have gone extinct (Bandelt et 

al. 1999).  

In the graphical output, each lineage or haplotype is depicted as a spot, and the size of 

each spot is proportional to the number of individuals sharing that specific lineage or 

haplotype. These spots are linked to one another through branches whose length 

corresponds to the number of mutations that differentiate two haplotypes. 

However, it’s important to note that numerous techniques for deducing haplotype 

networks have been documented in existing literature (Bandelt et al. 1999; Clement et 

al. 2002; Cassen et al. 2005; Manolopoulou et al. 2011). These methods can used 

different approach (e.g; maximum parsimony; minimum spanning; median-joining ; 

integer neighbour-joining) and some of these have been integrated into software 

applications like TCS (Clement, Posada & Crandall 2000), NETWORK 

(http://www.fluxus-engineering.com), SPLITSTREE (Huson & Bryant 2006), and 

PEGAS (Paradis 2010).   

Notably, Cassen et al. (2005) suggested that in situations where internal node 

haplotypes are not part of the sample, the median-joining and maximum parsimony 

methods offer the most accurate estimation of the actual genealogy, while the 

minimum-spanning algorithm demonstrates notably inferior performance. 
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Population genetics 

Population genetics is a biological discipline focused on examining the genetic makeup 

of biological populations and how it evolves due to various factors, including natural 

selection (Okasha 2006; Amorim 2013).  

This discipline emerged from the need to reconcile Charles Darwin's theory of 

evolution by natural selection with Gregor Mendel's work on heredity (Bowler 1990; 

Okasha 2006). While Darwin's theory was widely accepted, there was uncertainty 

about the mechanism of inheritance and whether natural selection alone could explain 

evolution (Jenkin 1867; Okasha 2006). The rediscovery of Mendel's work in 1900 and 

the eventual synthesis of Mendelian genetics with Darwinian evolution marked a 

significant turning point in our understanding of heredity and adaptation (Okasha 

2006). Fisher played a pivotal role by showing that Mendelian inheritance could 

explain the distribution of continuously varying traits (Fisher 1919). This contributed to 

the reconciliation of Mendelism and Darwinism by illustrating that minor genetic 

changes could accumulate gradually, resulting in the development of intricate 

adaptations (Fisher 1919; Okasha 2006). 

The 1920s and 30s saw the development of formal mathematical models by Fisher, 

Haldane, and Wright, which allowed researchers to quantitatively explore how various 

factors, including natural selection, mutation, and genetic drift, influenced a 

population's genetic makeup over time (Fisher 1919; Haldane,1927; Wright 1931). 

Fisher and Haldane emphasized the importance of natural selection, while Wright also 

recognized the significance of random genetic drift and migration in shaping genetic 

variation (Fisher 1919; Haldane,1927; Wright 1931). 

The study of population genetics has evolved significantly with advances in molecular 

biology and gene sequencing, nonetheless, many of the foundational models and 

concepts developed by early population geneticists, including Fisher, Haldane, and 

Wright, continue to be relevant and influential in the field of genetics and evolutionary 

biology (Okasha 2006; Charlesworth & Charlesworth 2017). The ongoing exploration of 

the balance between natural selection and random genetic drift, as well as other 

fundamental aspects of variation and evolution, continues to be pertinent in 

contemporary evolutionary genetics (Charlesworth & Charlesworth 2017).  
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In general, organisms typically give rise to offspring that share strong resemblances 

with their parents. Nonetheless, having some degree of genetic diversity within a 

population is crucial for its survival, especially when significant environmental 

changes occur. A population composed of genetically identical individuals would face 

challenges in adapting to new conditions. Genetic variability provides the opportunity 

for certain individuals to adapt and thrive in a changing environment (Pierce 2016). 

In 1908, the English mathematician Godfrey Harold Hardy (1877 - 1947) and the 

German physician Wilhelm Weinberg (1862 - 1937) independently addressed the 

challenge of preserving genetic diversity, specifically concerning the maintenance of 

recessive alleles within a population (Pierce 2016). Their mathematical investigations 

led to the conclusion that the overall genetic composition of a diploid Mendelian 

population remains constant across generations, even in the presence of genetic 

recombination. This phenomenon is known as the Hardy-Weinberg equilibrium, as 

described by Hardy (1908) and Weinberg (1908). 

The foundation of this principle lies in the assumptions that the population is sizable, 

engages in random mating, and remains unaffected by mutations, migration, and 

natural selection. When these conditions are satisfied, allele frequencies remain stable 

over time, and genotype frequencies reach equilibrium after a single generation, 

following the proportions specified by the Hardy-Weinberg equilibrium: p², 2pq, and 

q², where p and q denote the allele frequencies (Hardy 1908; Weinberg 1908). 

 

1. Evolutive forces can shape genetic variability  

In line with the mathematical model presented by Hardy-Weinberg, the gene pool of a 

population is expected to remain stable across generations, with no shifts in the 

frequencies of different genotypes (Hardy 1908; Weinberg 1908).  

In practice, achieving this ideal equilibrium in the real world is a rare occurrence. This 

is mainly because the five conditions mentioned earlier rarely align simultaneously, 

making it highly unlikely for a natural population to maintain a state of equilibrium. In 

fact, if any one of these conditions is not met, the population will undergo evolutionary 

changes and genetic shifts over time (Pierce 2016).  
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Evolutionary forces refer to the various mechanisms and factors that drive 

evolutionary change and influence the genetic composition of populations over time 

(Pierce 2016). These forces can be categorized into two groups: those that alter allelic 

frequencies (mutation, migration, genetic drift, and natural selection) and those that 

affect genotype frequencies (non-random mating). 

 

1.1. Mutation 

Genetic variability within a population is essential for evolution to occur. Therefore, all 

evolutionary processes depend on mechanisms that create genetic diversity. While 

meiosis and recombination can produce new combinations of existing genes, it's 

important to note that all genetic variations ultimately originate from mutations (Pierce 

2016). In situations where the sole evolutionary force acting on a population is 

mutation, allele frequencies undergo gradual changes over time as some alleles mutate 

into others. 

Given that mutation rates are generally low for most genes, the change in allele 

frequency caused by mutations within a single generation is extremely small.  

In summary, the impact of mutation rates on Hardy-Weinberg equilibrium is 

negligible, and it requires many generations for a population to reach mutational 

equilibrium. Nonetheless, if mutation remains the primary driving force on a 

population over an extended timeframe, mutation rates will eventually dictate allele 

frequencies (Pierce 2016). 

 

1.2. Migration 

Migration, or gene flow, is another mechanism that can influence changes in allele 

frequencies, by introducing alleles from other populations (Pierce 2016). Although the 

Hardy-Weinberg law assumes the absence of migration, many natural populations 

experience the influx of individuals from other populations. Migration has two 

primary effects. Firstly, it promotes the convergence of gene pools among populations, 

maintaining a degree of uniformity in allele frequencies across different populations. 

Secondly, migration contributes to increased genetic diversity within populations. 

Furthermore, rare mutational events can give rise to unique alleles within different 
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populations, and these alleles can disseminate through migration to new populations, 

consequently enriching the genetic diversity within the recipient population. (Pierce 

2016). 

 

1.3. Genetic drift 

The Hardy-Weinberg law operates under the assumption of an infinitely large 

population and random mating. In these ideal conditions, gametes would precisely 

replicate the parental gene pool. However, real populations are never of infinite size. 

As a result, in finite and small populations, when organisms reproduce, only a limited 

number of gametes combine to create the next generation (Pierce 2016). Purely by 

chance, this subset composition will frequently diverge from that of the parental gene 

pool, resulting in shifts in allele frequencies (Pierce 2016). 

This type of deviation from an expected ratio due to the constraints of a limited sample 

size is termed "sampling error."  

Genetic drift always originates from sampling errors, but there are several ways in 

which these errors can occur:  (i) a population may undergo a gradual reduction in size 

across multiple generations due to limitations related to factors like space, food, or 

critical resources; (ii) founder’s effect and (iii) bottleneck effect (Pierce 2016).  

 

1.3.1. Founder effect 

The founder effect is a source of sampling error and occurs when a population is 

founded by a small number of individuals. The chance events that determined which 

genes were present in the founders will significantly shape the genetic makeup of the 

entire population (Pierce 2016). 

 

1.3.2. Bottleneck effect 

The third source of genetic drift is a phenomenon known as a genetic bottleneck. This 

transpires when a population experiences a dramatic reduction in its numbers. Unlike 

the founder effect, this reduction in population size is not due to outward migration 

but rather is typically the result of some form of event, often catastrophic (Pierce 2016; 

Binelli & Ghisotti 2018). 
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Due to its random nature, genetic drift can result in both increases and decreases in 

allele frequencies within populations, leading to a fluctuating pattern over time, hence 

the term "drift." Another outcome of genetic drift is the reduction of genetic diversity 

within populations (Pierce 2016). 

 

1.4. Natural selection 

The ultimate mechanism responsible for shifts in allele frequencies is natural selection 

(Pierce 2016). It comes into play when individuals with advantageous traits have a 

greater number of offspring compared to those without these traits. When these 

advantageous traits have a genetic basis, they tend to become more prevalent over 

time. Consequently, traits offering reproductive benefits become more widespread, 

enhancing the population's adaptation to its environment. Notably, among all the 

forces of evolution, natural selection is the primary driver of adaptation (Pierce 2016).  

The impact of natural selection on a population's gene pool depends on the fitness 

(relative reproductive success of a genotype) values of the genotypes within that 

population. Through the process of selection, disparities in fitness among genotypes 

result in changes in genotype frequencies over time. These changes subsequently lead 

to variations in the frequencies of alleles found within these genotypes. (Pierce 2016).  

 

1.5. Non-random mating 

A fundamental assumption of the Hardy-Weinberg law is that mating occurs randomly 

concerning genotypes. Non-random mating, indeed, disrupts how alleles combine to 

produce genotypes and consequently alters the genotype frequencies within a 

population (Pierce 2016). 

Nonrandom mating comes in two forms: positive assortative mating, where 

individuals prefer those with similar traits (e.g., tall with tall), and negative assortative 

mating, where individuals prefer those with dissimilar traits (e.g., tall with short). This 

mating behavior typically influences genes related to the specific trait in question 

(Pierce 2016). 
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1.5.1. Inbreeding 

Inbreeding is a type of non-random mating and involves the preference for mating 

with close biological relatives. It's essentially a form of positive assortative mating but 

distinct from other types because it influences all genes within a population, rather 

than just those associated with a specific preferred trait (Pierce 2016). 

Inbreeding results in deviations from the expected p², 2pq, and q² frequencies under 

Hardy-Weinberg equilibrium, elevating the proportion of homozygotes and reducing 

the number of heterozygotes (Pierce 2016). 
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General aim of the doctoral project and species involved 

The primary aim of this doctoral project is to harmoniously blend molecular and 

phylogenetic analyses in the exploration of three case studies centered around aquatic 

organisms. In particular, I focused my attention on two species, Pinna nobilis and 

Salariopsis fluviatilis, which are experiencing different conservational issues, and on  

third species, Procambarus virginalis, which conversely represents in its present range of 

distribution a threat to the autochthonous biodiversity. 

Pinna nobilis, the largest bivalve mollusc native to the Mediterranean Sea, holds a 

unique and endemic status in this region (Butler et al. 1993). This species plays a 

pivotal role in marine ecosystems since it serves a dual purpose in conservation efforts, 

being both a flagship and a keystone species (see Scarpa et al. 2021; Nebot-Colomer et 

al. 2022a, and references therein). Currently, Pinna nobilis is under a severe threat due 

to recent mass mortality events that have affected its populations throughout the 

Mediterranean Sea (Scarpa et al. 2020). 

Salariopsis fluviatilis is a benthic fish species which inhabits the freshwater ecosystems 

of various Mediterranean countries (Zander 1986). Presently, the species is 

experiencing a significant decline in local populations due to its vulnerability to 

environmental changes and pollution (Laporte et al. 2014). The underlying causes are 

frequently linked to habitat fragmentation and can be aggravated by factors like 

eutrophication, water pollution in lakes, and the introduction of invasive predators 

(Laporte et al. 2014). 

Procambarus virginalis, on the other hand, is an alien freshwater crayfish species, whose 

presence in Europe was first reported in the mid-1990s (Scholtz et al. 2003). This species 

is considered a perfect invader due to its capability to reproduce through 

parthenogenesis (Chucholl et al. 2012). Its presence in European freshwater habitats 

poses numerous threats, including competition with native crayfish, as well as 

potential adverse effects on amphibians, invertebrates, and the environment. These 

threats arise from intraspecific and interspecific competition, the potential transmission 

of crayfish plague, and its ecosystem-altering activities (Oidtmann et al. 1999; Souty-

Grosset et al. 2016; Statzner et al. 2003).  
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Chapter 2 

 

Pinna nobilis 

 

1. General description 

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

a long-lived species of large marine bivalve mollusc, endemic of the Mediterranean 

Sea, and belonging to the family Pinnidae (Mollusca: Bivalvia) (Butler et al. 1993; 

Katsanevakis 2005; Acarli et al. 2011; Sanna et al. 2013; Basso et al. 2015). The taxonomy 

of the family Pinnidae has undergone under several revision during the last decades. 

To date, three genera have been described: Pinna, Atrina and Streptopinna (Lemer et al. 

2014). Due to its morphological and ecological characteristic, Pinna nobilis is considered 

a pteriomorphian bivalve, inhabiting the Mediterranean Sea since the Miocene era 

(Gomez-Alba 1998). This filter-feeder species is commonly found within Posidonia 

oceanica meadows where it lives semi-buried, anchoring itself to the substratum thanks 

to its byssus threads, which glue to pebbles, sand, small fragments of robust biodetritic 

material, as well as roots and rhizomes of Posidonia oceanica (Garcia-March 2005). The 

role that Pinna nobilis plays in the ecosystem is significant, as it actively filters 

considerable amounts of detritus contributing to improve the clarity of water (Trigos et 

al. 2014). Furthermore, it introduces a hard type of substrate in soft bottom offering a 

surface that can be inhabited by various benthic species, both plant and animal. Due to 

its economic and ecological value, Pinna nobilis has gained the attention of many 

researchers over time, leading to a rich body of literature (Basso et al. 2015). 

 

1.1. Shell morphology and gaping activity 

Pinna nobilis exhibits a distinctive habitus with some slight differences in shell 

morphology, as variations in curvature or width, that can be noticed comparing 

populations from different geographical regions (Garcia-March 2005). These 

differences can be influenced by local environmental conditions, including 
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hydrodynamics, substrate type, and seagrass species composition (Combelles et al. 

1986). However, it's important to note that the overall morphology of Pinna nobilis 

remains relatively consistent throughout its range of distribution (Garcia-March 2005). 

In general, the shell consists of two valves, relatively thin and fragile, which are 

connected by a hinge and characterized by a fan shape that can reach lengths of up to 

one meter thanks to the significant extensions of their mantle and shell, which likely 

result from their semi-infaunal habitat in soft substrates (Rosewater 1961; Basso et al. 

2015; Donato et al. 2021). Juveniles are characterized by the presence of spines in the 

external surface of the valves, which erode and disappear with the growth of the 

individual (Garcia-March 2005). Internally, and only in the anterior part of the shell, is 

present a smooth and iridescent layer of nacre arranged in staggered rows which starts 

approximately at the point of insertion of the posterior adductor muscles (Garcia-

March et al. 2008a; Basso et al. 2015).  

Gaping (valves/shells activity) is linked to important physiological functions, including 

feeding, respiration, and metabolism (Garcia-March et al. 2008b). Pinna nobilis displays 

distinct patterns of gaping activity. The primary trends involve the shell being open 

during daylight hours and closed during the night. However, the shell may also open 

at night when the moon is present, and its illumination exceeds 50% (Garcia-March et 

al. 2008b). Moreover, storms characterized by intense hydrodynamics can induce 

changes in the gaping activity, resulting in a decrease in the shell's maximum open 

duration, encouraging the shell closure. Notably, when individuals are studied 

simultaneously, their behaviour displays synchronization, highlighting that the entire 

population responds uniformly to the same stimuli (Garcia-March et al. 2008b). 

 

1.2. Byssus 

Pinna nobilis is attached to the bottom in upright position thanks to its byssus threads, 

which can reach up to 20,000–30,000 filaments and fix to different substrates such as: 

sand, pebbles, mead, and matte of Posidonia oceanica (Garcia-March 2005; Basso et al. 

2015; Diana et al. 2017). The high number of byssus filaments produced by the 

homonymous gland situated in the foot (see Figure 2), together with the attachment 

strategy, force Pinna nobilis to stay sessile and to constantly reinforced the fixation to 

the substrate (Cerruti 1938; Cerruti 1939). This surrounding, common to all the Pinnids, 
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has led to the developing of an anysomiarian condition (i.e., the anterior adductor 

muscle is reduced in respect to the posterior adductor muscle) (Yonge 1953).  

 

 

1.3. Ecology and feeding 

Pinna nobilis lives in coastal water between 0.5 up to 60 meters, preferring soft bottom 

inhabit by mixed seagrass mead like Posidonia oceanica (see Figure 3), Cymodocea nodosa 

(see Figure 4), Zostera marina or Zostera noltii but, occasionally, some individuals have 

been spotted on bare sandy bottom or even on maërl beds (Zavodnik 1967; Zavodnik et 

al. 1991; Butler et al. 1993; Katsanevakis 2005; Basso et al. 2015; Scarpa et al. 2021). 

 

Figure 2. Typical representation of a fully grown Pinna nobilis, commonly seen in nature. It depicts the front portion 
of the shell gradually narrowing and buried in the sediment, firmly connected to the substrate through byssus 
threads. The illustration has been redrawn from Czihak and Dierl (1961) (Basso et al. 2015). 
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Figure 3. Specimens of Pinna nobilis in Posidonia oceanica meadows. Photos by Fabio Scarpa. 

 

             Figure 4. Specimens of Pinna nobilis in Cymodocea nodosa meadows. Photos by Fabio Scarpa. 

Pinna nobilis is considered a long-lived mollusc, with individuals that can reach up to 

45-50 years old, as reported by Rouanet et al. (2015) in Port-Cros National Park 

(Provence, France). Nonetheless, our knowledge concerning the life expectancy of 

Pinna nobilis is still due to the challenging nature of developing an experimental 

approach that enables the evaluation of the species' maximum lifespan in undisturbed 

environments (Rouanet et al. 2015). 

Pinna nobilis is a filter feeder organism, whose gills are composed by outer and inner 

layer that both move upwards and downwards. These filaments are intricately 

interconnected, giving rise to a densely compacted gill structure that create a cavity 
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which leads into a spacious square chamber and ultimately into the upper mantle 

cavity. Notably, the outer gill filaments are rich in glandular cells producing mucus, 

which covers the gill and forms a net for particle capture and filtration (Czihak & Dierl 

1961). 

Several studies have been conducted on the feeding habits of the species (Alomar et al. 

2015; Cabanellas-Reboredo et al. 2009; Cabanellas-Reboredo et al. 2010; Kennedy et al. 

2001; Davenport et al. 2011; Najdek et al. 2013; Trigos et al. 2014). Pinna nobilis appears 

to prefer selectively consuming detritus (constituting 95% of its ingested material), 

along with phytoplankton, micro- and mesozooplankton, and pollen grains. However, 

this dietary inclination could be influenced by specific geographical areas (Basso et al. 

2015). In this context, Alomar et al. (2015) demonstrated that the diet of Pinna nobilis is 

more closely associated with the pelagic environment rather than the benthic habitat, 

with phytoplankton being the primary food source. Nevertheless, analysis of fatty 

acids in digestive gland and abductor muscle tissues indicated that smaller Pinna 

nobilis individuals are associated with a detrital food chain, characterized by saturated 

and branched fatty acids. In contrast, the diets of medium and large individuals 

contain a higher proportion of polyunsaturated fatty acids (Najdek et al. 2013). This 

finding suggests that smaller individuals primarily feed within the benthic boundary 

layer, where detritus concentrations are elevated (Najdek et al. 2013; Trigos et al. 2014). 

 

1.4. Reproduction and recruitment 

Pinna nobilis is a successive hermaphrodite with asynchronous maturation to prevent 

self-fertilization (De Gaulejac 1995). The timing and duration of the reproductive cycle 

are influenced by a combination of environmental and internal factors (Sastry 1979). 

However, we have limited information on larval mortality, juvenile stages, and 

dispersal capacity (Katsanekavis 2007). Sexual maturity is reached at 2 years of age and 

the sexual cycle is characterized by four main phases: (i) sexual quiescence from 

October to March; (ii) increased sexual activity and gametogenesis from March to June; 

(iii) alternation of spawning and rapid gametogenesis from June to August, and (iv) 

last partial maturation in September before returning to sexual rest (De Gaulejac 1995; 

Richardson et al. 1999).  
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Pinna nobilis dispersal phase occurs with the pelagic larvae, transported by the 

currents, whose life expectancy is about 5-10 days (Butler et al. 1993). This step 

represents a moment of potential vulnerability for the species, as the first stages of life 

(eggs and larvae) are particularly sensitive to environmental stressors (Przeslawski et 

al. 2005). For what concerning the recruitment of species, there is limited accessible 

data within the Pinnidae family using spat collectors (Narvaez et al. 2000; Beer & 

Southgate 2006). Notably, only a single study has attempted to model the recruitment 

impact of Pinna nobilis within a small marine protected area (Peharda & Vilibic 2008). 

Recruitment is influenced by multiple factors, including rising seawater temperatures 

which lead to a reduction in reproductive output and an earlier onset of bivalve 

spawning in the spring (Philippart et al. 2003). Ceballos-Vazquez et al. (2000) 

highlighted a direct link between the seasonal reproductive cycle of the bivalve Pinna 

rugosa, water temperature and photoperiod. In this context, climate changes might 

affect Pinna nobilis recruitment, challenging the already vulnerable populations 

(Garcia-March et al. 2007). 

 

1.5. Epibionts and commensals 

Research on the epibiontic community of Pinna nobilis is limited. However, these few 

studies were capable to identified different species associated with fan mussel: 

molluscs dominated the epibiontic community, followed by annelids, crustaceans, 

ascidians, sponges, cnidarians, echinoderms, and bryozoans (Giacobbe 2002; Cosentino 

& Giacobbe 2008; Raboui et al. 2009; Addis et al. 2009). 

Additionally, two crustaceans can live in association with Pinna nobilis: the shrimp 

Pontonia pinnophylax and the crab Nepinnotheres pinnotheres, but their relationship is not 

fully understood (Richardson et al. 1997; Raboui et al. 2008). It can be concluded that 

the taxonomic community linked to Pinna nobilis is synonym of high biodiversity, both 

in terms of species richness and taxonomic relationships. Moreover, the presence of 

Pinna nobilis enhance local spatial diversity and facilitate the colonization of benthic 

species in soft-bottom substrate (Basso et al. 2015). 
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2.  Human exploitation over the course of centuries 

Pinna nobilis has been exploited by humans for various purposes over the centuries. In 

the past, the inner layer of shells was used for ornamental and decorative purposes and 

valued for its aesthetic qualities in crafting jewellery, buttons, and other decorative 

items (Scarpa et al. 2021). Moreover, the distinct shape of its shell made it desirable for 

collectors, contributing to their overharvesting in some areas (Butler et al. 1993; 

Rabaoui et al. 2010). Furthermore, during the mid of XX century, a new widespread 

trend emerged: the abductor muscle of Pinna nobilis was employed for culinary 

applications, while the remaining body was used as bait for fishing purposes 

(Greenwald 1996; Scarpa et al. 2020). 

Finally, it's worth noting that in the Southern part of Italy, particularly in Apulia 

(Taranto), and in the island of Sardinia (Sant’Antioco), existed a longstanding tradition 

of harvesting the byssus produced by Pinna nobilis for creating luxurious fabrics and 

textiles. This tradition dates to ancient times, with records of its existence tracing back 

to both the Roman and Greek periods (Centoducati et al. 2007; Scarpa et al. 2020). 

Apart from these, the populations of Pinna nobilis were also severely impacted by 

indirect human activities, including boat anchoring, pollution, and habitat 

fragmentation (Vázquez-Luis et al. 2015; Öndes et al. 2020a). Therefore, the 

populations of Pinna nobilis in all the Mediterranean Sea started a demographic decline 

that escalated significantly by the late 1980s (Öndes et al. 2020b). 

 

2.1. Protection regime and its effects over time 

To invert the trend of demographic decline, at the begging of the 1990s Pinna nobilis 

was included in a full protection regime under the Annex IV of the EU Habitats 

Directive (European Council Directive 92/43/EEC) and Annex II of Barcelona 

Convention (SPA/BD Protocol 1995). Moreover, many countries have enacted its own 

legislative measures, establishing conservation protocols to address the historical 

exploitation and continuous threats facing Pinna nobilis. In Italy, within the context of 

the Marine Strategy Monitoring Program, the noble pen shell was identified as a 

species of particular interest among the Mediterranean species worthy of attention, as 

outlined in Article 11 of Legislative Decree 190/210 (Scarpa et al. 2020). 
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Despite the great commitment of the European community and single Nations in the 

protection of this species, some areas of the South-Western Mediterranean Sea manifest 

a poor adherence to these conservation policies and some individuals continue to be 

illegally harvested for consumption (Katsanevakis et al. 2011) or artisanal purposes 

(Kersting et al. 2019). 

Nevertheless, this pattern of illegal actions does not represent the prevailing trend 

among the nations surrounding the Mediterranean Sea. Indeed, over the course of a 

few decades, the protective measures implemented led to a remarkable revival of the 

species (Scarpa et al. 2020) as testify by the study of Sanna et al. (2013, 2014) whose 

authors were engaged in an extensive sampling initiative which involved more than 

100 individuals in many collection sites. 

 

3.  The outbreak of mass mortality events (MME) 

Few years after the study of Sanna et al. (2013), in 2016 abnormally mortality events 

with mortality rates reaching up to 100% started to invest the populations of Pinna 

nobilis located in the centre and southernmost coasts of Spain, together with Balearic 

Islands (Vasquez-Luis et al. 2017). Histological analysis conducted on affected 

individuals revealed the presence of a haplosporidian-like parasite within the digestive 

gland (Vasquez-Luis et al. 2017; Darriba 2017). 

Since this first warning, countless events of mass mortality (MME) have been reported, 

starting from the western coast of Mediterranean Sea involving Spain, France, Italy and 

reaching the centre and the eastern part affecting Croatia, Bosnia and Herzegovina, 

Greece, and Turkey (Vasquez-Luis et al. 2017; Catanese et al. 2018; Katsanevakis et al. 

2019; Panarese et al. 2019; Cabanellas-Reboredo et al. 2019; Lattos et al. 2020; Šarić et al. 

2020; Čelebičić et al. 2020; Künili et al. 2021). 
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During the initial stages of MME, it was frequently observed the presence of 

individuals still standing in upright position with a delay in gaping activity after 

stimulation (sick animal), with tissue collapsed at the bottom of the shell or even with 

empty shell colonized by other species (see Figure 5). In the first scenario, the delay in 

gaping activity made the individual vulnerable to predation, while in the second case, 

death occurred in a few days (Vasquez-Luis et al. 2017; Scarpa et al. 2020). 

 

Figure 5. Specimen of Pinna nobilis with tissue collapsed at the shell's bottom (a). Empty shell of Pinna nobilis 
colonized by Octopus vulgaris (b). Photos by Fabio Scarpa. 

 

Immediately after the report of Vasquez-Luis et al. (2017) several studies were 

conducted to identify the pathogens responsible for the mortality of Pinna nobilis.  

Protozoans, particularly haplosporidian endoparasites, have been widely 

acknowledged as the causative agents of various disease that led to mass mortality in 

numerous bivalve populations. Perhaps for this reason, the initial investigations into 

the causes of MME of Pinna nobilis were focused mainly on the search for protozoa 

(Vazquez-Luis et al. 2017; Daribba 2017; Catanese et al. 2018; Katsanevakis et al. 2019; 

López-Sanmartín et al. 2019; Panarese et al. 2019; Scarpa et al. 2020; Tiscar et al. 2022). 

Haplosporidian parasites have a life cycle consisting of two primary phases: (i) a 

unimultinucleate plasmodium stage and (ii) a sporulation phase that produces resilient 

spores which are released into the environment upon the host's death (Darriba 2017; 

Carella et. 2023). The morphological characteristics of haplosporidian-like parasite 

found in Pinna nobilis by Vasquez-Luis et al. (2017) were firstly reported by Darriba 

(a) (b) 
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(2017) who described the infection as systemic, affecting the connective tissue and 

causing disruptions in the digestive tubules.  

Later, Catanese et al. (2018) characterized the new protozoan linked the MME as 

Haplosporidium pinnae, which the same authors initially believed to be host-specific for 

the fan mussel. The plasmodium stage of Haplosporidium pinnae is typically found 

within the hemocytes and the connective tissues of mantle and digestive gland while, 

sporulation takes place in the epithelium of the digestive gland tubules or, sporadically 

in the gut epithelium (Carella et al. 2023). 

Although the initial research focused the attention on the identification of 

haplosporian-like parasites, subsequent studies have identified several bacterial species 

(Mycobacterium spp. and Vibrio spp.) alongside Haplosporidium pinnae as potential 

pathogens contributing to the MME of Pinna nobilis (Carella et al. 2019; Carella et al. 

2020; Prado et al. 2020; Lattos et al. 2020, Šarić et al. 2020; Scarpa et al. 2020; Künili et al. 

2021; Tiscar et al. 2022). 

Moreover, Scarpa et al. (2020) highlight the finding of Haplosporidium pinnae in other 

bivalve species as Mytilus galloprovincialis and Ruditapes decussatus (sampled before 

2016). These results overturn some scientific thoughts since: (i) Haplosporidium pinnae is 

not species-specific as previously hypothesized by Catanese et al. 2018; (ii) this 

protozoan was present in the Mediterranean Sea even before MME. Noteworthy, these 

same authors identified in the tissue of moribund or dead individuals of Pinna nobilis 

three taxonomic entities of Mycobacterium spp. never described before. 

Furthermore, the presence of Rhodococcus erythropolis and Perkinsus sp. in association 

with Mycobacterium sp. was reported in few individuals of Pinna nobilis which showed 

signs of disease (Scarpa et al. 2020; Carella et al. 2020). 

In the following years, several studies documented the presence of bacterial species in 

the tissues of dead or moribund individuals of fan mussel but, remarkably, these same 

tissues were not always infected also by Haplosporidium pinnae (Pavlinec et al. 2020; 

Scarpa et al. 2020; Grau et al. 2022). These results align with the theory firstly exposed 

by Scarpa et al. (2020), suggesting that MME should be attributed to a multifactorial 

disease rather than a single pathogen. 
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4. Genetic structure 

Genetic diversity, also known as genetic variability, refers to variations in the genetic 

make-up of a species due to modifications in DNA sequences which lead to 

distinctions between individuals. Genetic variability is a fundamental concept in 

biology and genetics, and it plays a crucial role in the evolution and adaptation of 

species over time. A lack of genetic variability can make a population more vulnerable 

to diseases, environmental changes, or other challenges (Fisher 1930). 

Several studies were conducted over the genetic variability of Pinna nobilis so far 

(Katsares et al. 2008; Rabaoui et al. 2011; Sanna et al. 2013; Wesselman et al. 2018; 

Gonzales-Wanguemert et al. 2019; Peyran et al. 2021; Peyran et al. 2022; Nebot-Colomer 

et al. 2022a). 

 

4.1. Pinna nobilis genetic variability before 2016 

Only a limited number of molecular studies were carried out over the genetic 

variability of the specie prior to 2016 (see Katsares et al. 2008; Rabaoui et al. 2011; Sanna 

et al. 2013), year in which Pinna nobilis populations experienced the mass mortality 

events (MME), with initial impact observed along the Spanish coasts (Vázquez-Luis et 

al. 2017).  

The major aim of these papers was to infer on the genetic variability of Pinna nobilis 

after the strictly regime of protection started in the 90’s. In particular, Katsares et al. 

(2008) explored the genetic variability within four populations situated in the Aegean 

Sea using two mitochondrial markers: the Cytochrome c Oxidase subunit I (COI) and 

the 16S ribosomal subunit genes. The study revealed a notable level of haplotypic 

diversity for the COI gene (except for the population sample from Corinthiakos Gulf), 

while the more conserved 16S gene exhibited a lower level of variability. Despite the 

substantial levels of haplotypic diversity observed in COI sequences, the genetic 

differentiation among the sampled populations of Pinna nobilis was minimal, resulting 

in an absence of genetic structuring for Pinna nobilis within the Aegean Sea.  

Later, Rabaoui et al. (2011) depicted the genetic variability across five populations of 

Tunisia along the northern, eastern, and southern coasts. The results obtained indicate 

a decreasing gradient of genetic variability from Northern to Eastern coast. The authors 
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suggested that this decreasing gradient could be likely influenced by variations in the 

hydrodynamic conditions of the studied areas.  

In 2013 Sanna et al. (2013) provided a comprehensive Mediterranean-scale assessment 

of the genetic variability of Pinna nobilis, encompassing the western Mediterranean, 

Ionian Sea, and Adriatic Sea marine ecoregions. To achieve this, they analysed samples 

from 25 sites, implementing a non-lethal sampling technique for the first time. In order 

to amplify the geographic area previously investigated, the authors employed the same 

mitochondrial markers (COI and 16S) used by Katsares et al. (2008) and Rabaoui et al. 

(2011), combining their obtained sequences with those from the aforementioned 

studies. The results obtained highlight significant levels of genetic variability across 

three distinct marine ecoregions: (1) the western Mediterranean and Ionian Sea; (2) the 

Adriatic Sea; and (3) the Aegean Sea and Tunisian coastal regions. From a conservation 

perspective, the populations within these three genetically distinct clusters could be 

considered as distinct management units. 

Notably, the sequences of Pinna nobilis from studies by Katsares et al. (2008) and Sanna 

et al. (2011) were utilized by Lemer et al. (2014) in their research to elucidate the 

phylogeny of the family Pinnidae. 

Few years later González‐Wangüemert et al. (2015) isolated and developed ten 

microsatellite loci specifically designed for Pinna nobilis. These microsatellite markers, 

where tested in 76 individuals from two populations located in the Balearic Islands. 

The microsatellites revealed notable levels of polymorphism, holding significant 

promise for assessing the genetic diversity and connectivity patterns of Pinna nobilis, 

thereby facilitating the development of new conservation strategies. Three years later, 

González‐Wangüemert et al. (2019) used these microsatellite markers to analysed 

different populations of Pinna nobilis sampled between 2010 and 2011 along the 

Spanish Mediterranean coast. The aim of the study was to employ a multidisciplinary 

approach, including population genetics and hydrodynamic modeling. The results 

revealed high genetic diversity (i.e., variation between individuals belonging to the 

same population) and significant genetic differentiation (i.e., variation among two or 

more populations) among post‐larvae samples but not among adult populations. 

Notably, genic, and genotypic differentiation was observed for both adults and post‐
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larvae. Furthermore, this genetic connectivity pattern was found to align with marine 

currents and dispersal models.  

In the same period, Wesselman et al. (2018), investigated the genetic structure of six 

populations of Pinna nobilis sampled during the summer of 2014 (using microsatellites 

from González‐Wangüemert et al. 2015) in the Western Mediterranean Sea (France and 

Spain). Moreover, the authors chose to evaluate phylogeographical patterns in both 

Western and whole Mediterranean basin using the partial sequences of the 

mitochondrial marker cytochrome oxidase subunit I. To address this large 

geographical scale study, overlapping sequences from the literature were used. The 

results based on COI and microsatellite analyses indicated high genetic diversity and 

limited inter-population differentiation in Pinna nobilis.  

As previously hypothesized by Sanna et al. (2013), Wesselman et al. (2018) in his 

research suggests that Pinna nobilis comprises a single lineage that experienced recent 

population expansion starting from a small, original population. Genetic 

differentiation was observed in the Venetian Lagoon, likely due to the semi-enclosed 

nature of the Adriatic Sea. However, no significant genetic break was detected between 

Western and Eastern Mediterranean populations.  

 

4.2. Pinna nobilis genetic variability throughout and after MME 

After the outbreak of MME, only two study have been performed to study the genetic 

variability of resilient populations of fan mussels, both involving France coast. In the 

summer of 2018, Peyran et al. (2021) conducted an analysis over Pinna nobilis 

populations along the Gulf of Lion coastline, stretching from the Spanish border to the 

Rhône estuary (France). The study involved 960 individuals and the combined use of 

Peyran et al. (2020) and González‐Wangüemert et al. (2015) microsatellite markers.  

The results revealed that the genetic diversity within all the surveyed sites was 

remarkably high but, surprisingly, no significant genetic differentiation was detected. 

Additionally, the percentages of closely related individuals were consistently low and 

similar across all locations. Consequently, the fan mussels inhabiting the entire 

surveyed coastline are part of a genetically uniform and interconnected population 

throughout the Gulf of Lion.  
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One year later, Peyran et al. (2022) presented an academic paper with the aim to study 

the population of Pinna nobilis inhabiting the bay of Peyrefite (Gulf of Lion, France), 

across multiple years: 2011, 2015 and 2018, focusing the attention on the recruitment 

processes. Only few individuals were resampled, indicating a rapid turnover during 

the years. The microsatellite’s analyses revealed a consistently high level of genetic 

diversity in the bay of Peyrefite. Slight but statistically significant genetic differences 

between these years were highlighted. The research also demonstrated that fan mussels 

in this bay formed family clusters, with one family being notably dominant. This 

dominance could be due to a larger number of spawners in the parental population or 

better larval survival. Furthermore, approximately half of the sampled individuals 

were related to each other, suggesting that a significant portion of new recruits 

originated from the same source population year after year, consistently. No self-

recruitment was detected between the individuals analysed. 

 

5.  Relict populations of Pinna nobilis 

Few populations of Pinna nobilis survived to MME (Nebot-Colomer et al. 2022b). They 

are primarily situated in estuaries and isolated coastal lagoons within France, Italy, and 

Spain (García-March et al. 2020). These areas serve as the last reservoirs for Pinna 

nobilis in the western Mediterranean, while in the eastern Mediterranean, the Sea of 

Marmara plays a similar role (Cinar et al. 2021). Unfortunately, it's important to note 

that in the year 2023, some of these relic populations no longer exist. 

The specific reasons why these populations have remained unaffected by recent 

declines are not yet understood. However, it's possible that differences in salinity and 

temperature, compared to open waters, play a role in their survival (Cabanellas-

Reboredo et al. 2019; García-March et al. 2020; Prado et al. 2021). In this contest, 

Katsanevakis et al. (2022) suggested that both low temperatures and extreme salinities 

can restrict infection and mortality in fan mussels. However, it was noted that the 

precise optimal temperature and salinity ranges for the survival of Pinna nobilis need to 

be precisely determined. Nevertheless, it's important to note that coastal lagoons, 

despite being refuges for the species, face their own set of challenges: pollution, habitat 

destruction, and overexploitation (Barbier et al. 1997; Assessmen 2005; Pérez-Ruzafa et 
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al. 2006). Additionally, the limited water exchange, can make the lagoons vulnerable to 

issues like eutrophication, which can result in disruptive algal blooms and negative 

effects on the ecosystem and human health (Sunda et al. 2006).  

 

5.1. Is it possible to recover from Haplosporidium pinnae? The case study of 

Mar Menor lagoon 

Pinna nobilis population inhabiting the Mar Menor lagoon (Spain) has been extensively 

monitored in recent years. Nebot-Colomer et al. (2022b) conducted a large-scale 

monitoring program during the years 2014, 2017, and 2019. This program involved 

surveying an average of 32,000 m2 of the lagoon each year to evaluate population 

densities, distributions, and size structures.  

In 2014, a stable and widely distributed population was observed, with lower densities 

than expected. The population's shell size structure indicated a lack of juveniles and 

large individuals, potentially due to predation (mainly by the marine gastropods 

Hexaplex trunculus) and exposure to contaminants. Unfortunately, human activity like 

agriculture led to increased nutrient loads, causing eutrophication and a disruptive 

algal bloom in 2015. This event reduced light penetration and resulted in significant 

mortality of Pinna nobilis individuals, particularly below 2.5 meters depth (Nebot-

Colomer et al. 2022b). 

Despite initial indications of ecosystem recuperation in 2017, subsequent events from 

2017 to 2019, placed the population in jeopardy once again:   

─ A significant proliferation of polychaetes serpulids belonging to the Hydroides 

genus, whose rapid expansion on some Pinna nobilis specimens led to a new 

episode of mortality because they blocked the shells and hindered their 

filtration capacity (2017) (Sandonnini et al. 2021a; Sandonnini et al. 2021b); 

─ Some Pinna nobilis individuals exhibited sub-lethal impacts, like reduced 

growth, because of invasive algae growth on their shells (2017) (Kersting & 

García-March 2017);  

─ Multiple rainfalls introduced extra nutrients to the ecosystem (2018) (Cortés-

Melendreras et al. 2022);  
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─ Another peak in chlorophyll and an extreme rainfall event (2019) (Nebot-

Colomer et al. 2022b).  

In summary, the combined effects of eutrophication and massive rainfall events have 

had a profound impact on the population's sustainability. The decrease in salinity and 

oxygen levels led to the mortality of the remaining benthic organisms situated below 

depths of 3–4 meters, including the scarce survivors of Pinna nobilis from 2017 (Nebot-

Colomer et al. 2022b). Furthermore, the individuals inhabiting the shallower areas of 

the lagoon, close to the watercourses, might have been buried in sediment due to the 

substantial influx of water and sediments through these watercourses (Nebot-Colomer 

et al. 2022b). This has resulted in the survival of only a limited number of individuals 

(Nebot-Colomer et al. 2022b). Moreover, in 2019 Nebot-Colomer et al. (2022b) 

identified for the first time the presence of Haplosporidium pinnae in Mar Menor lagoon. 

This pathogen was previously found in the Ebro Delta and its presence raised 

questions about its origin. The authors suggest that the introduction of Haplosporidium 

pinnae to the Mar Menor lagoon might have been facilitated by a significant decrease in 

salinity and temperature caused by torrential rain in September 2019 (which lasted 

until June 2020) and that the subsequent environmental conditions facilitated the 

pathogen's spread and infection, likewise to what happens with Perkinsus marinus 

infection in oysters (Chu & Greene 1989). Whereas, according to Cortés-Melendreras et 

al. (2022), the reinfection of individuals observed in various areas of the lagoon in 

November 2019 by Nebot-Colomer et al. (2022b) is likely due to the activation of 

resistant forms of the parasite. These forms had been present in the Mar Menor since 

their initial entry in 2017, during the episode of low salinity.  

Other scientists, like Cortés-Melendreras et al. (2022), propose that the presence of the 

parasite Haplosporidium pinnae is linked to fluctuations in salinity and temperature. 

They suggest that a decline in salinity, possibly due to Mediterranean water inflow 

through Las Encãnizadas and El Estacio channels during storms in January and 

February 2017, created an opportunity for Haplosporidium pinnae to enter the Mar 

Menor. This could explain the disappearance of Pinna nobilis near the entrances in 2017 

(Cortés-Melendreras et al. 2022). However, the potential intrusion of the protozoan was 

seemingly regulated by the rapid rise in salinity within the lagoon, reaching levels (42 
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psu) that should hinder the pathogen's viability and its spread (Cabanellas-Reboredo et 

al. 2019; Cortés-Melendreras et al. 2022).  

Thankfully, the molecular analysis conducted in June 2020 revealed the recovery of 

three individuals that had previously been infected in November 2019. However, based 

on the available data, the salinity values recorded during the sampling days in June 

2020 (ranging from 38.6 to 39.35) were still within the infection range of Haplosporidium 

pinnae. Hence, factors beyond salinity, such as the interaction and combined effects of 

various environmental factors with the parasite, might explain this recovery. Indeed, 

harmful algal blooms and pollution have been noted to affect not just the host but also 

the reproduction and growth of several parasites (Soudant et al. 2013). Currently, 

according to Cortés-Melendreras et al. (2022), the estimated population of Pinna nobilis 

inhabiting the Mar Menor lagoon does not exceed the 1.500 individuals but, the 

persistent instability of the ecosystem endangers the survival of the species. 

 

6. Hybridization between Pinna nobilis and Pinna rudis 

Interactions between different species through hybridization play a dynamic role in the 

process of evolution (Anderson & Stebbins 1954). On one hand, it can erode the 

boundaries that separate species (Kleindorfer et al. 2014), while conversely, it can give 

rise to entirely novel species (Abbott et al. 2013). Hybrids can gain advantages from 

distinctive traits that empower them to flourish in new ecological environments (Nice 

et al. 2012) or through the fusion of traits that offer a notable competitive advantage 

over their parent species (Eberlein et al. 2019). The frequent instances of interspecific 

hybridization observed in various groups highlight its significant role in the 

evolutionary history of animals. Primarily, it enhances their ability to adapt to changes 

in their environment (Mallet 2005; Vázquez-Luis et al. 2021). In this context, Vázquez-

Luis et al. (2021) documented the occurrence of several empty shells in Cabrera 

National Park, Spain, displaying characteristics of both Pinna nobilis and Pinna rudis. 

During their investigation, the researchers encountered three live individuals that 

displayed a combination of shell morphology and mantle coloration traits intermediate 

between Pinna nobilis and Pinna rudis. The use of microsatellite markers confirmed the 

presence of Pinna nobilis × Pinna rudis hybrids for the first time. Moreover, these 
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hybrids exhibited variations among themselves, and in certain instances, it was 

challenging for the scientists to differentiate them from the parent species. 

There is a notable lack of studies focused on the biology and ecology of Pinna rudis 

(Cosentino & Giacobbe 2006; Cosentino & Giacobbe 2008; Wirtz & d’Acoz 2001; Wirtz 

& d’Acoz 2008; Dietl & Alexander 2005; Gvozdenović et al. 2019). Consequently, a 

significant knowledge gap exists, particularly regarding its reproductive aspects, which 

remain largely unexplored (Vázquez-Luis et al. 2021). However, the discovery of 

hybridization between Pinna nobilis and Pinna rudis suggests that these two species 

may share a reproductive window, possibly releasing gametes into the water column 

simultaneously or with partial overlap (May-July) (Vázquez-Luis et al. 2021). It's 

important to consider that Cabrera National Park presents a unique study area due to 

the notable abundance of both Pinna rudis and Pinna nobilis (prior MME). This high 

concentration of both species is uncommon in the Mediterranean region (Vázquez-Luis 

et al. 2021). Nevertheless, the classification of the three hybrids identified by Vázquez-

Luis et al. (2021) remains uncertain. While genetic analysis using 28S sequencing 

suggests they are likely F1 hybrids, microsatellite analysis complicates matters by 

segregating them into two groups: (i) Hybrids 2 and 3, genetically closer to Pinna rudis, 

and (ii) hybrid 1, showing greater similarity to Pinna nobilis. Interestingly, hybrids 2 

and 3 were collected in Posidonia oceanica meadows, typically dominated by Pinna 

nobilis, while hybrid 1 was found in a cave primarily inhabited by Pinna rudis. Given 

the available data, it was challenging for the researchers to definitively classify these 

hybrids as either F1 hybrids or recombined hybrids with purebred individuals since 

the two genetic markers do not provide a clear answer and do not align with habitat 

preferences. Consequently, whether these hybrids are fertile and capable of producing 

second-generation hybrids remains unknown (Vázquez-Luis et al. 2021). Noteworthy, 

Vázquez-Luis et al. (2021) suggested a crucial aspect to consider in the context of the 

ongoing pandemic: hybrids appear to exhibit resistance to Haplosporidium pinnae, like 

Pinna rudis, suggesting that potential genetic markers for resistance may exist within 

hybrid individuals. 
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7. Conservation and restocking programs 

As a result of the mass mortality events, the conservation status of Pinna nobilis was 

reassessed, leading to its classification being updated from endangered to critically 

endangered (Kersting et al. 2019). In response to this critical situation, several 

Mediterranean organizations launched ex situ conservation programs, primarily 

focusing on captive breeding and reintroduction initiatives (Prado et al. 2020; Haberle 

et al. 2020; Kersting et al. 2020). Furthermore, there is a strong emphasis on 

safeguarding the remaining, albeit few, wild populations of Pinna nobilis in the 

Mediterranean Sea (Haberle et al. 2020). In such a context, the European Union has 

provided funding for two ongoing LIFE projects, dedicated to the conservation, and 

restocking of Pinna nobilis: LIFE PINNARCA and LIFE PINNA. 

 

7.1. LIFE PINNARCA 

LIFE PINNARCA is a European project dedicated to the conservation and restoration 

of Pinna nobilis populations in the Mediterranean Sea. Its primary objective is to 

prevent the extinction of Pinna nobilis through a comprehensive approach that includes 

raising public awareness, promoting collaboration among stakeholders, collecting data 

on the remaining populations, and implementing active recovery measures 

(https://www.lifepinnarca.com/the-project). The study encompasses various regions 

across the Mediterranean and involves multiple marine protected areas in Spain and 

Italy, including Punta Campanella and Cileno. It also covers lagoons and semi-

enclosed bays like the Gulf of Kalloni in Greece, the Mar Menor in Spain, Brusc Lagoon 

in France, and the Ebro Bays in Spain. 

 

7.2. LIFE PINNA 

The project LIFE PINNA titled "Conservation and Re-stocking of the Pinna nobilis in the 

Western Mediterranean and Adriatic Sea," has a duration of four years and 

encompasses the protection and monitoring of the remaining Pinna nobilis populations, 

along with the reestablishment of this species in its native habitats. The main emphasis 

of the project centres on two key objectives: firstly, the supervision and safeguarding of 

the remaining Pinna nobilis individuals in the western Mediterranean and Adriatic Sea, 
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and secondly, the development of captive breeding methods for reintroducing disease-

resistant individuals into designated areas (https://www.lifepinna.eu/en/the-project/). 

This ambitious project spans two country: Italy (Sardinia, Liguria, Friuli Venezia 

Giulia, and Tuscany) and Slovenia. Collaboration is a key aspect of the project, bringing 

together several organizations, which include: 

─ ARPAL (Regional Agency for the Protection of the Environment of Liguria); 

─ University of Sassari. 

─ Asinara National Park; 

─ National Institute of Biology (N.I.B.); 

─ Shoreline Cooperative Society; 

─ Triton Research S.r.l.; 

─ University of Genova; 

In the initial phase of the project, comprehensive environmental and health 

assessments have been conducted in selected habitats located in northwestern Liguria, 

northwestern Sardinia, and the Upper Adriatic. Additionally, the surviving Pinna 

nobilis specimens underwent in-depth analyses, including genetic assessments, to 

understand the factors contributing to their disease resistance (Coupé et al. 2022). 

These findings will aid in identifying suitable candidates for breeding in laboratory 

settings. In this context, the University of Sassari is playing a key role in the project, led 

by Professor Marco Casu, from the Department of Veterinary Medicine, and under the 

supervision of Professor Daria Sanna from the Department of Biomedical Science. 

Indeed, the University of Sassari are overseeing the following actions of the project: 

─ A2 → “Molecular characterization of sentinel species in the putative pilot sites 

of restocking, and selection of the best candidates to be reproduced; by way of 

the most recent and powerful tools for bioinformatic analysis”; 

─ C2 → “Molecular characterization of surviving individuals of Pinna nobilis”; 

─ D1 → “Monitoring of pathogens in restocking sites by using sentinel species”.  

In the second phase, the larvae of disease-resistant Pinna nobilis, primarily sourced 

from the Upper Adriatic, will be breed in captivity until they reach an appropriate age 

for transplantation. These young molluscs will then be reintroduced into four 

designated "pilot areas": three areas in Italy (Marine Protected Areas of Capo Mortola, 

Asinara, and Miramare), and one in Slovenia (Strunjan). The selection of the most 
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suitable sites has already been facilitated by molecular analyses conducted at regular 

intervals on different bivalves, principally Mytilus galloprovincialis, referred to as 

“sentinel” species, to provide early indications of potential threats such as protozoa, 

bacteria, and viruses.  

The project's design allows for replication in different contexts by establishing 

comprehensive operational protocols that encompass all stages, ranging from 

monitoring and captive breeding to the ultimate successful reintroduction of the 

species into its native habitat.  

 

7.2.1. “Sentinel” species 

The practice of employing biological indicators to assess water quality has a rich 

historical background, as noted by Washington (1984) (Beeby 2001). We can consider 

“sentinel” species all the organisms exposed to environmental pollutants and/or 

pathogens, from which infection data can be regularly and systematically collected and 

analysed. These species play a crucial role in detecting and continuously monitoring a 

wide range of harmful environmental contaminants that pose threats to human health, 

animal species, and the overall stability of ecosystems. In this context, bivalve molluscs 

are frequently employed in studies evaluating the presence of contaminants and/or 

pathogens and their impacts on aquatic ecosystems (Taylor et al. 2017). Frequently, the 

concentrations of substances within these “sentinel” species are utilized to determine 

the accessibility of pollutants or pathogens to other organisms (Beeby 2001).  

In the ongoing LIFE project, we have elected to employ organisms such as Mytilus 

galloprovincialis, Ostrea spp., and related species that, like Pinna nobilis, are filter-feeders 

and belong to the Bivalvia class.  
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8. Aims of the study 

In the context of my doctoral project, the main aims of the following study are fourfold. 

Firstly, it aims to delineate the phylogeographic patterns and genetic diversity of Pinna 

nobilis before the Mass Mortality Event (MME), with the goal of facilitating the 

development of effective strategies for the recovery and rejuvenation of populations 

resembling those that became extinct. 

Secondly, the study seeks to corroborate the hypothesis put forth by Sanna et al. (2013), 

which situates the genetic boundary between the western and eastern Mediterranean 

for Pinna nobilis to the east of the Sicilian strait. This goal will be achieved by 

incorporating data from three new Adriatic populations into the dataset. 

Thirdly, the research aims to gain a deeper understanding of the evolutionary 

dynamics of Pinna nobilis. This understanding will enable us to make informed 

predictions regarding the species' potential for recovery following the genetic 

bottleneck resulting from the MME. 

Lastly, the following paper aim to elucidate the key patterns in the phylogeny of Pinna 

nobilis, in order to develop a comprehensive understanding of how evolutionary 

processes have shaped the species' adaptation to the Mediterranean environment. 
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Chapter 3 

 

Salariopsis fluviatilis 

 

1. General description 

The freshwater blenny Salariopsis fluviatilis (Asso, 1801) (junior synonym Ichthyocoris 

fluviatilis (Duquenne-Delobel et al. 2022), formerly known as Salaria fluviatilis, is a 

small, benthic freshwater fish belonging to the Actinopterygii class, within the 

Blenniidae family. This species, originally classified under the genus Salaria Forsskål 

1775, has been recently reclassified into the genus Salariopsis by Vecchioni et al. (2022a). 

This small freshwater blenny is commonly found in Mediterranean river basins and 

lakes (Kottelat 2004; Zander, 1986). Its populations exhibit morphological and 

behavioral variations influenced by predation, competition, and habitat differences, 

raising the possibility that Salariopsis fluviatilis represents a complex of species (Belaiba 

et al. 2019; Wagner et al. 2021 and references therein). Additionally, two other 

freshwater blenny species, Salariopsis economidisi (Kottelat 2004) and Salariopsis atlantica 

Doadrio, Perea & Yahyaoui, 2011, have been formally described as endemic to specific 

regions: Lake Trichonis in Greece and the Seboui river basin in Morocco, respectively. 

Salariopsis fluviatilis is highly susceptible to anthropogenic disturbances and global 

environmental changes due to its fragmented habitat. While it is considered 

endangered in several countries and listed in the Bern Convention, the IUCN classifies 

it as data deficient due to a lack of information on population abundance and trends. 

Despite its significance, research on its genetic structure and phylogeography has been 

limited (Perdices et al. 2000; Almada et al. 2005; Almada et al. 2009; Laporte et al. 2015; 

Laporte et al. 2016(a); Belaiba et al. 2019; Méndez et al. 2019; Wagner et al. 2021). 
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1.1. Origin of Salariopsis fluviatilis  

The genus Salariopsis currently comprises freshwater species distributed along the 

eastern Atlantic coasts, particularly in Morocco, and in regions surrounding the 

Mediterranean Sea and the Black Sea (Kottelat 2004; Zander 1986). Specifically, 

Salariopsis fluviatilis is commonly found in the river basins and lakes located around the 

Mediterranean Sea (Zander 1973).  

Salariopsis fluviatilis shares a close relationship with its marine counterpart, the peacock 

blenny Salaria pavo (Risso, 1810), which inhabits marine and brackish waters in the 

Mediterranean Sea and along the European Atlantic coast. Both species exhibit 

euryhaline behavior, allowing them to coexist in various environments (Zander 1973). 

Salaria pavo can tolerate brackish waters with a salinity as low as 5%, while certain 

populations of Salariopsis fluviatilis, such as those in Le Bourget (France), can endure 

higher salinity levels of up to 15% (Zander 1973). 

Considering the paleohistorical events which involved the Mediterranean area 

especially during the Quaternary period (Ruggieri 1967), it is unnecessary to consider 

Salariopsis fluviatilis as a polytopic derivative of Salaria pavo, as suggested by Kosswig 

(1967). It is more appropriate to hypothesize a shared ancestor with eurythermal and 

euryhaline characteristics that not only endured the desalination of the Mediterranean 

Sea during the upper Pliocene period but also exhibited adaptability to changing 

conditions (Zander 1967; Plaut 1998).  

After the marine influx during the upper Miocene, the marine ancestor embarked on a 

colonization journey, encompassing rivers, lakes, and the entire Mediterranean Sea, 

primarily due to its remarkable ecological adaptability (Zander 1973). This adaptability 

facilitated migrations into freshwater environments at different periods, leading to the 

emergence of distinct morphological characteristics in isolated populations (Sasse, 

1972). Salariopsis fluviatilis' ability to thrive in a range of temperatures played a pivotal 

role in its survival during the glacial periods in the Mediterranean region, possibly 

within warm spring-fed waters (Kosswig 1967). In contrast, the speciation of Salaria 

pavo likely occurred in the West African refuge, with this species subsequently 

extending into marine and brackish waters of the Mediterranean Sea after the glacial 

periods (Zander 1973).  
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1.2. Biology and ecology 

Salariopsis fluviatilis is commonly found in freshwater habitats throughout the 

Mediterranean region, ranging from Portugal to Israel (Bath 2003; Elvira et al. 2021). 

These habitats are typically characterized by rivers featuring moderate to fast-flowing 

sections with a combination of gravel and stones, which are of great significance for 

their reproductive activities (Freeman et al. 1990; Côté et al. 1999). Salariopsis fluviatilis 

primarily preys on aquatic insects as a benthic predator but it also can capture juvenile 

fish from the water column (Viñolas, 1986; Freeman et al. 1990). The species exhibits 

sexual dimorphism, with males characterized by a longer body and larger head 

compared to females (Roché, 2001; Kottelat & Freyhof 2007; Keith et al. 2011; Laporte et 

al. 2016). During the breeding season, typically spanning from May to July, male 

undergo specific changes, developing secondary sexual characteristics such as a 

cephalic crest and two anal glands covering the first spines of the anal fin (Laporte et 

al. 2018). During this period, males are actively involved in constructing and 

safeguarding nests beneath rocks, where multiple females deposit their eggs in a single 

layer on the undersides of these stones (Fabre et al. 2014). After fertilization, male of 

Salariopsis fluviatilis takes on the exclusive responsibility of caring for the eggs, which 

involves activities such as fanning and ensuring their protection until they hatch 

(Wickler, 1957; Fabre et al. 2014; Elvira et al. 2021). Approximately a week later, the 

eggs give birth to planktonic larvae that initially reside in calm waters near riverbanks 

before transitioning to a benthic lifestyle (Kottelat & Freyhof, 2007; Gil et al. 2010). 

The parental care behavior can be influenced by various environmental factors, like 

nest availability and interactions with other males (Fabre et al. 2014). In species with 

resource-defense mating systems, competition among males for mates is primarily 

dictated by the availability of resources (Almada et al. 1994; Fabre et al. 2014). The 

limited availability of nesting sites can constrain the number of males that can engage 

in reproduction (Saraiva et al. 2009). Additionally, the presence of nesting sites is 

linked to the maturation of young male fish (Takahashi, 2008). When there is an 

abundance of nesting sites, males are more likely to actively court females, leading to a 

reduction in the frequency of parasitic reproduction by sneaker males (Almada et al. 

1995; Kvarnemo & Ahnesjo 1996; Saraiva et al. 2012). Conversely, when nesting sites 

are scarce, they become highly coveted resources. In such scenarios, only the most 
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competitive males succeed in securing a nest for reproduction (Almada et al. 1994; 

Saraiva et al. 2010). 

 

2. Salariopsis fluviatilis distribution in Peninsular Italy and 

Sardinia Island 

In Italy, Salariopsis fluviatilis populations were reported starting from the northern 

regions and extending along the Tyrrhenian coast to Campania, Sardinia and Sicilian 

islands. Additionally, isolated populations have been identified in Calabria and on the 

Adriatic coasts of the Italian peninsula (Zava & Violani 1991; Gallo et al. 2012).  

The earliest documented report of Salariopsis fluviatilis in Sardinia dates back to 

Vinciguerra in (1895). Nowadays Salariopsis fluviatilis exhibits a patchy and 

discontinuous distribution in Sardinia. Rare populations with low densities of 1-2 

individuals per 100 meters have been found in the Riu Flumineddu (Central-southern 

Sardinia), located upstream of the Cedrino Dam, and in the Riu Girasole (Central-

eastern Sardinia), which is also situated upstream of an artificial reservoir, the Santa 

Lucia Dam. Relatively larger populations with 3-10 individuals per 100 meters have 

been observed in the Riu Mannu di Lodè (Central Sardinia) and the Coghinas River 

(North-western Sardinia). However, more structured, and common populations have 

been documented in the stretch of the Flumendosa River (Central-southern Sardinia) 

between the municipal territories of Seulo and Gadoni and in the lower stretch near the 

mouth of the Riu Mannu di Scano di Montiferro (Western Sardinia). 

Between 1940 and 1968, Salariopsis fluviatilis was considered abundant in various basins 

on the island. However, its distribution has significantly declined, especially since 1968 

(Carta Ittica della Sardegna 2022). The recent analysis of samples collected during the 

construction of the Carta Ittica della Sardegna (2022) has revealed a substantial 

contraction in the species' distribution area, with a detection percentage dropping from 

25% to 4%. The decline in the distribution of Salariopsis fluviatilis is attributed to various 

factors, including habitat fragmentation, pollution, habitat alteration, and the 

introduction of alien species. These threats have had a significant impact on the species 

presence and abundance in Sardinian waters. 
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3. Threats to freshwater biodiversity  

Freshwater habitats support over 10,000 fish species, which accounts for approximately 

40% of the world's fish diversity (Dudgeon et al. 2006). At the same time, freshwater 

ecosystems are among the most endangered in the world, and they have experienced 

more significant declines in biodiversity compared to the most affected terrestrial 

ecosystems (Sala et al. 2000).  

The decline of freshwater biodiversity is primarily attributed to various factors, 

including overexploitation, water pollution, flow modification, habitat degradation, 

and the introduction of competitor species (Dudgeon et al. 2006). Among freshwater 

ecosystems, Mediterranean rivers face challenges due to the long history of human 

impact on their aquatic species (Maceda-Veiga & Sostoa 2011).  

In this context, the freshwater blenny Salariopsis fluviatilis is classified as endangered or 

vulnerable in several countries, including Spain, France, Italy, Croatia and Turkey, due 

to their sensitivity to factors such as water pollution, the introduction of competitor 

species, alterations in water velocity, changes in substrate composition, and severe 

drought (Laporte et al. 2014). 

Even in the relatively well-preserved Corsican rivers, where Salariopsis fluviatilis 

populations exhibit greater genetic diversity (Laporte 2012; Roché 2001), this species is 

currently facing various threats, including recent introduction of multiple freshwater 

fish species (Gauthier and Berrebi 2007; Roché 2001) and the expansion of animal-based 

agriculture and tourism activities (Tempier et al. 2012). The study carried out by 

Laporte et al. (2014) reinforced the association between Salariopsis fluviatilis and the 

presence of higher water velocity, which was consistent with the findings of Freeman et 

al. (1990). Therefore, one of the significant contributors to the decrease in the 

abundance of Salariopsis fluviatilis populations is the construction of hydroelectric dams 

(Aparicio et al. 2000; Collares-Pereira et al. 2000; Ferrito & Tigano 1996).  
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3.1. The case of Sardinia Island 

In this context, Sardinia Island deserves particular attention, as Salariopsis fluviatilis is 

one of the few putative native freshwater fish species known for this Mediterranean 

island, whose presence is threatened by the introduction of numerous alien species and 

alterations to freshwater habitats (Orrù et al. 2010). 

The earliest records of the fish fauna in Sardinia freshwaters date back to the late 18th 

century (Cetti 1774), where a relatively low diversity of native fish species in Sardinia 

were indicated, likely due to its insular nature. Even if this report were not highly 

detailed in terms of taxonomies, the author confirms the presence of two migratory 

species in the inland waters, Anguilla anguilla (European eel) and Alosa fallax (twaite 

shad), together with one species of trout. 

The first documented report of Salariopsis fluviatilis in Sardinia can be traced back to 

Vinciguerra in (1895). The author not only identified the presence of the species in 

Sardinia but also proposed introducing salmonids and cyprinids to enhance wild fish 

stocks. In subsequent years, particularly in the early 1900s, additional species were 

recognized as native to the island: Atherina boyeri (bigscale sand smelt), Gasterosteus 

aculeatus (three-spined stickleback), Petromyzon marinus (sea lamprey), and Salmo ghigii 

(native trout). 

The introduction of non-native species to Sardinia's freshwater ecosystems began in 

1895. This initial introduction included species such as Oncorhynchus mykiss (rainbow 

trout) and Salmo trutta (brown trout). Subsequently, in 1907, Tinca tinca (tench) was 

introduced, followed by Cyprinus carpio (common carp) and Perca fluviatilis (European 

perch) in 1956 (Spano 1956). Additionally, other non-autochthonous species like 

Gambusia holbrooki (mosquitofish), Carassius auratus (goldfish), Lepomis gibbosus 

(pumpkinseed), Cobitis taenia (spined loach), Alburnus alburnus alborella (bleak), 

Scardinius erythrophthalmus (rudd), Micropterus salmoides (largemouth bass) or 

Pseudorasbora parva (topmouth gudgeon) were introduced intentionally or 

unintentionally into the inland waters of Sardinia Island during the last century 

(Ronchetti 1968; Copp et al. 2005; Orrù et al. 2010). 

Some of these species were aquarium pets (e.g., Carassius auratus) that were released 

into the wild, while others were used as baitfish by anglers (e.g., Cobitis taenia, 

Scardinius erythrophthalmus) (Orrù et al. 2010). The public's limited awareness of the 
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regulations regarding the movement and release of alien fish species contributed to 

their continued introduction into Sardinian freshwater environments (Orrù et al. 2010). 

Additionally, from the late 1960s to the late 1990s, there was a noticeable surge in the 

construction of dams. To date, Sardinia hosts a total of 54 dams, with two more recent 

dams that are currently in the process of construction and have not been fully 

completed (Podda et al. 2022). The presence of dams, can physically disrupt river 

connectivity, reduce, or alter river flow, and lead to the loss and degradation of 

habitats (Podda et al. 2022). Moreover, in Sardinia, the river discharge is strongly 

influenced by rainfall that typically ranges from moderate to high during the winter 

but decreases significantly in the summer. Consequently, in late spring, summer, and 

early autumn, many riverbeds dry up (Orrù et al. 2010). 

Summarizing, the environmental alterations, and hydro-morphological pressures on 

Sardinian aquatic habitats (e.g., the construction of dams), have led to a situation 

where freshwaters habitats are significantly different from their natural forms. These 

alterations have created highly disturbed aquatic systems, making it challenging for 

native species to survive (Orrù et al. 2010). In contrast, ecological generalist alien fish 

species introduced to Sardinia have adapted well to these highly disturbed and altered 

habitats, which are also characterized by poor native fish communities under stress 

(Massidda & Orrù 2004; Massidda et al. 2006; Orrù et al. 2007; Massidda et al. 2008; 

Massidda et al. 2008). 

 

4. Taxonomic review of the genus: from Salaria to Salariopsis 

The combtooth blennies (Blenniidae Rafinesque 1810), represent a highly diverse group 

of fish, with more than 400 species falling under this family (Fricke et al. 2018).  

The reorganization of the family's taxonomy resulted in the creation of six tribes based 

on morphological characteristics: Salariini, Omobranchini, Phenablenniini, Nemophini, 

Parablenniini, and Blenniini (Vecchioni et al. 2022 (a)). These divisions have remained 

mostly stable, except for the Parablenniini and Blenniini tribes, which have sparked 

significant disagreements, especially after Zander rejected the newly proposed genera 

introduced by Bath (Bath, 1977; Zander, 1978). 
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The advent of molecular systematics has brought about significant changes to our 

understanding of the taxonomy within this group. Notably, the Almadablennius clade 

encompassing Parablenniini and Blenniini, has received considerable attention (Hundt 

et al. 2014; Vecchioni et al, 2022(a)). This attention intensified after that Almada et al. 

(2005) published a phylogeny in which Blenniini sensu Williams was nested within 

Parablennini sensu Williams. Despite these advancements and multiple lines of 

evidence pointing to issues, the taxonomy of the Almadablennius clade remains 

unresolved (Vecchioni et al. 2022 (a)). 

In this context, in 2022 Vecchioni and colleagues conducted a re-examination of the 

phylogenetic relationships within the Almadablennius utilizing partial sequences of 

two nuclear and two mitochondrial loci, with the primary aim to assess the monophyly 

of the genus Salaria and propose revisions to its taxonomy (Vecchioni et al. 2022 (a)). 

The results obtained by Vecchioni et al. (2022a) strongly supports previous findings 

indicating a significant differentiation between marine and freshwater species currently 

categorized within the genus Salaria (Hundt et al. 2014; Vecchioni et al. 2019). This 

distinction in the genetic makeup of freshwater blennies compared to their marine 

counterparts clearly highlights the inadequacy of their current generic classification 

and emphasizes the need for a thorough reassessment (Vecchioni et al. 2022 (a)).  

Given that the type species of the genus Salaria is Salaria basilisca (Valenciennes, 1836), 

marine species rightfully remain under Salaria s.s. However, because there is no 

existing genus-level name available for the distinct freshwater clade, Vecchioni et al. 

(2022a) proposes a practical solution by introducing a new genus, Salariopsis. This 

newly established genus encompasses the species Salariopsis fluviatilis, Salariopsis 

economidisi, and Salariopsis atlantica (Vecchioni et al. 2022 (a)). 

Thereafter, Duquenne-Delobel et al. (2022) concurred with the idea of segregating the 

freshwater and marine species of Salaria into two distinct genera (Vecchioni et al. 

2022(b)). They also autonomously introduced additional morphological diagnostic 

characteristics for these genera (Duquenne-Delobel et al. 2022). However, they suggest 

the revalidation of the genus Ichthyocoris Bonaparte, 1840 for the freshwater species, 

citing precedence over the name Salariopsis, based on Jordan (1919) and subsequent 

literature (e.g., Norman 1943; Springer 1968; Bath 1977). 
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Nevertheless, Vecchioni et al. (2022b) explain that Jordan (1919) listed "Blennius varus 

Risso" as the type species of Ichthyocoris, and Bonaparte (1840) explicitly stated that the 

type species of Ichthyocoris genus is Blennius pavo. Therefore, Ichthyocoris is considered a 

junior synonym of Salaria, and Salariopsis remains the valid name for the freshwater 

blennies previously classified under Salaria, thus including Salariopsis fluviatilis, 

Salariopsis economidisi, and Salariopsis atlantica (Vecchioni et al. 2022(b)). 

 

5. Is Salariopsis fluviatilis a species complex? 

Several studies, including those conducted by Perdices et al. (2000), Almada et al. 

(2009), Belaiba et al. (2019), Wagner et al. (2021) consistently report the presence of 

genetic structuring within Salariopsis fluviatilis populations across Mediterranean 

regions, also evidenced through distinct distribution patterns (Belaiba et al. 2019; 

Wagner et al. 2021). Specifically, Belaiba et al. (2019) performed a comprehensive 

phylogenetic study of the genus Salaria. It's important to note that at the time of this 

study, the genus Salaria also included the freshwater species that are now classified 

under the new genus Salariopsis. The study was based on both mitochondrial and 

nuclear markers and played a significant role in clarifying the taxonomy and 

evolutionary history of these species. According to their findings, the freshwater 

species within the Salaria clade are considered vicariant taxa originating from a 

common ancestor. Belaiba et al. (2019) proposed that these freshwater species likely 

spread throughout the circum-Mediterranean inland waters during the late Miocene 

Messinian salinity crisis, and, after the re-flooding of the Mediterranean basin, these 

freshwater species underwent a process of allopatric differentiation (Belaiba et al. 

2019). Furthermore, based on two different methods of species delimitation, they 

suggested referring to the population in the Middle East Mediterranean region as 

Salaria cf fluviatilis. 

Two years later, Wagner et al. (2021) provided support for the existence of at least six 

distinct genetic lineages within Salariopsis fluviatilis populations: (i) Middle East 

(encompassing Israel, Syria, and southern Turkey); (ii) Guadiana (including the 

Guadiana basin with the Zùjar and Esteras rivers on the European Atlantic coast); (iii) 

Algeria-Verde (covering southern Spain and Algeria, with the Verde River and Oued 
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Boughzazene); (iv) Occidental basin (spanning Algeria, Spain, mainland France, 

Corsica, and Switzerland); (v) North Oriental basin (encompassing Italy, Croatia, 

Albania, Greece, and western Turkey) and; (vi) The Island of Crete (Greece). 

These results have led to the hypothesis that Salariopsis fluviatilis may constitute a 

complex of species (Belaiba et al. 2019, Wagner et al. 2021, and related references). In 

scenarios where different freshwater populations inhabit separate watersheds, their 

dispersal into different habitats and subsequent evolution can follow three main 

patterns: (i) single colonization/dispersal; (ii) multiple colonization from freshwater 

ancestor and, (iii) multiple colonization from marine ancestor (Perdices et al. 2000). 

First, a single invasion of a marine ancestor into freshwater may form a monophyletic 

group constituted by various freshwater populations or species. If these fish retain a 

salinity tolerance, they could continue to disperse among river systems via the sea, 

leading to the development of genetically distinct populations or species (Perdices et al. 

2000). For example, this is observed in some euryhaline diadromous Galaxiidae species, 

where certain members have become resident in freshwater (Bănărescu 1990; Allibone 

et al. 1996). 

Second, monophyletic populations might originate from a freshwater ancestor, 

potentially due to a temporary drop in the salinity of a marine water body, such as 

eustatic sea level changes (Perdices et al. 2000). This would result in isolation from the 

sea, allowing the freshwater species to colonize rivers and lakes. However, they would 

be unable to disperse via the sea once marine conditions are restored, leading to 

isolation from the sea (Perdices et al. 2000). Here, the geographic distance between 

populations would not correlate with their genetic distance (Perdices et al. 2000). 

Finally, the divergence of freshwater forms may involve a marine ancestor that has 

colonized freshwater habitats on multiple occasions, a scenario well-supported by 

evidence in various species, such as sticklebacks (Gasterosteus aculeatus), lampreys, and 

several salmonids, including Oncorhynchus nerka (Vladykov & Kott 1979; Withler & 

McPhail 1985; Bănărescu 1990).  
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6. Aims of the study 

Based on the above background, during my PhD project, I focused my attention on 

Salariopsis fluviatilis populations belonging to Italian regions previously overlooked to 

address the knowledge gap in the central Mediterranean region. This area 

encompassed Sardinia Island and the north-western regions of Italy, which included 

Liguria, Piedmont, and Lombardy.  

The aims of the study were different. First, I focused to determine the phylogeographic 

relationship of our samples in comparison to those from other Mediterranean border 

regions, including countries like France and Spain, as well as other Mediterranean 

regions. Second, I compared the genetic structure of the present samples with the ones 

belonging to other populations present in GenBank, to place my dataset into a broader 

geographic context. Last, I sought to contribute to the ongoing debate regarding the 

possible occurrence of a complex of species for Salariopsis fluviatilis by employing 

different methods of species delimitation to the enlarged dataset.   
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Chapter 4 

 

Procambarus virginalis 

 

1. General description 

Procambarus virginalis Lyko, 2017 (Crustacea, Decapoda, Astacida), commonly known 

as the marbled crayfish or marmorkrebs, is a unique species among freshwaters 

crayfish due to its ability to reproduce via apomictic parthenogenesis (females produce 

offspring without mating) (Martin et al. 2007; Martin et al. 2010; Chucholl et al. 2012; 

Lyko 2017). The asexual reproduction capability of Procambarus virginalis enables it to 

quickly establish and expand its population, posing a significant challenge for other 

freshwater species (Chucholl et al. 2012). 

 

1.1. Possible origin of Procambarus virginalis  

Procambarus virginalis was initially identified in the German aquarium pet trade during 

the mid-1990s (Lukhaup 2001). However, determining its origin remained a mystery 

during that period because the trader's unreliable information made it challenging to 

determine the crayfish's geographical source (Lukhaup in 2003). 

Following its discovery, the marbled crayfish gained popularity among aquarists 

thanks to its attractive marbled coloration, rapid reproductive capabilities, and ease 

care (Vogt et al. 2008). Aquarium enthusiasts initially speculated that the marbled 

crayfish might be a hermaphrodite or possibly a parthenogenetic species. However, 

during that period, parthenogenesis was not yet known to occur in crayfish or other 

decapods (Vogt et al. 2008).  

It was initially thought that this species derived from the congeneric Procambarus fallax 

(Hagen, 1870), native to Florida, due to morphological similarities. In this context, 

Scholtz et al. (2003) conducted a comparison of sequences from two mitochondrial 

genes of closely related species, with special attention to Procambarus fallax. The genetic 
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sequences obtained, and the phylogenetic analysis performed, indicated a particularly 

close relationship with Procambarus fallax (Scholtz et al. 2003). Furthermore, this 

research also presented evidence of the marbled crayfish's parthenogenetic capability. 

Subsequent investigations involving molecular analysis, morphological comparisons, 

and the study of postembryonic development strongly supported the conclusion that 

the marbled crayfish belonged to the broader North American Cambaridae group 

(Vogt et al. 2004). However, given that the marbled crayfish is a thelytokous 

parthenogenetic species, it was not possible to precisely classify this species since, 

conventional methods of identification based on male gonopod characteristics (Hobbs 

in 1972; Hobbs 1989), were not applicable.  

Otherwise, following these initial studies, many other researchers have put forth 

various theories regarding the origins of the marbled crayfish. Some have suggested 

that it may be a parthenogenetic form of Procambarus alleni (Faxon, 1884) (see Vogt 

2008; Martin et al. in 2010). Moreover, Martin et al. (2010), considered the possibility of 

designating the marbled crayfish as a new species, potentially naming it Procambarus 

fallax forma virginalis. Others have proposed that it could have originated from 

hybridization between Procambarus fallax and other coexisting Procambarus species 

(Martin 2015; Scholtz 2015; Faulkes 2016).  

Subsequently, in a distinct study that focused on crossbreeding and parentage analysis, 

Vogt et al. (2015) determined that the marbled crayfish and Procambarus fallax exhibit 

distinct reproductive strategies. According to the authors, the marbled crayfish derives 

from Procambarus fallax through triploidization and simultaneous epigenetic 

modifications (Vogt et al. 2015). Furthermore, morphological traits and microsatellite 

patterns strongly suggest that the marbled crayfish origin is associated with 

autopolyploidization rather than hybridization with a closely related species, which is 

the more common cause of triploidy in animals (Vogt et al. 2015). Indeed, the marbled 

crayfish lacks the morphological characteristics of hybrids (Kawai et al. 2009; Martin et 

al. 2010; Vogt et al. 2015), and there is no evidence of hybridization at the genetic level. 

Additionally, there is no significant bias toward heterozygosity in the microsatellite 

patterns, a typical feature of hybrids (Soltis & Soltis 2000; Alves et al. 2001). Moreover, 

among the seven microsatellite loci investigated in marbled crayfish, three were 

homozygous, and four were heterozygous (Martin et al. 2007; Vogt et al. 2008; Vogt et 



137 
 

al. 2015), which largely dismisses the possibility of allopolyploidization for marbled 

crayfish and further corroborates the notion that marbled crayfish originated through 

autopolyploidization (Vogt et al. 2015).  

Subsequently, in accordance with Martin et al. (2010) recommendation to designate the 

marbled crayfish as a new species, Lyko formally described and named it in 2017, 

changing the proposed name from Procambarus fallax forma virginalis to Procambarus 

virginalis (Lyko 2017). It's worth noting that under the International Code of Zoological 

Nomenclature (ICZN, 1999), the use of "forma" for names published after 1960 is not 

permitted (Lyko 2017). 

To date, despite the various plausible theories regarding the species development, the 

exact origin of the Procambarus virginalis, whether in captivity or in the wild, continues 

to elude our understanding (Vogt et al. 2015). 

Being the marbled crayfish not native to Europe (Lyko 2017), it falls under the category 

of Non-Indigenous Crayfish Species (referred to as NICS, following Holdich 2002). Its 

presence in Europe carries the potential to negatively impact a wide variety of 

freshwater species and disrupt local ecosystems due to its ability for parthenogenetic 

reproduction, remarkable adaptability to new environments, and resilience in 

challenging ecological conditions (Kaldre et al. 2015; Veselý et al. 2017). The presence of 

these characteristics, combined with irresponsible practices within the aquarium pet 

trade that increased the risk of invasive spread (Chucholl 2014; Patoka et al. 2017), 

designates this crayfish species as one of the most potentially hazardous freshwater 

invaders (Nentwig et al. 2018). 

 

1.2. Non-Indigenous Crayfish Species (NICS) in Europe 

Approximately one-third to one-half of crayfish species worldwide are estimated to be 

at risk of declining populations or extinction (Taylor 2002) and, one of the major causes 

is the presence of NICS (Holdich et al. 2009). Non-native species in Europe currently 

exceed indigenous crayfish species (ICS) by a ratio of 2:1 and, it has been projected that 

NICS could entirely supplant ICS in the coming decades if protective measures are not 

taken (Holdich et al. 2009). 

In this context, a series of freshwater crayfish species have been introduced in Europe, 

most of them from North America, while only two from Australia (Holdich et al. 2009). 
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Among these crayfish species, three North American NICS were originally introduced 

to Europe with the intent of restocking crayfish populations. The first documented 

introduction took place in the 1890s when the spiny-cheek crayfish, Faxonius limosus 

(Rafinesque, 1817), native to Pennsylvania (USA), was transported to Barnowko village 

in Poland (Gherardi & Holdich 1999). 

The other two species that were introduced at that time were Pacifastacus leniusculus 

(Dana, 1852), introduced to Sweden in 1959 (Abrahamsson 1973), and Procambarus 

clarkii (Girard, 1852), introduced to Spain in 1973 (Habsburgo-Lorena 1979). These 

three species are often referred to as "Old NICS" since they were introduced before 

1975. In contrast, the "New NICS" have been introduced since 1980, primarily through 

the aquarium trade and for aquaculture (Holdich et al. 2009). Procambarus virginalis 

stands within this latter group of NICS. 

 

1.3. Distribution of Procambarus virginalis 

The popularity of Procambarus virginalis among hobbyists often lead to the rapid 

overpopulation of aquariums (Kouba et al. 2014; Kouba et al. 2021). The 

overpopulation not only results in an excess of crayfish being supplied to other 

aquarium enthusiasts and pet shops but also contributes to an increased number of 

releases into natural environments (Holdich et al. 2009; Chucholl et al. 2012). In this 

context, the first report regarding the presence of Procambarus virginalis in the wild can 

be traced back to 2003 in Germany (Marten et al. 2004). Subsequently, in 2004, a few 

specimens were found on land after a canal cleaning operation in the Netherlands 

(Soes & van Eekelen 2006). Following these first cases, numerous other reports began to 

be documented. 

In 2005 the species was reported even in Madagascar by researchers from the 

University of Antananarivo who observed a distinct decapod species being sold in 

local markets. Later, in 2007, a team led by Tadashi Kawai from the Wakkanai Fisheries 

Experiment Station in Japan tentatively identified these specimens as Procambarus 

virginalis (Jones et al. 2009).  

In 2008, a single marbled crayfish specimen was reported within an established 

population of Procambarus clarkii in a slow-flowing canal in Tuscany, Italy (Marzano et 

al. 2009). In 2010, the situation underwent a significant change as established 
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populations of marbled crayfish were identified not only in Germany but also in 

Slovakia (Janský & Mutkovic 2010; Chucholl et al. 2012). Further reports of isolated 

specimens were subsequently made from Germany, and since the overview provided 

by Chucholl et al. (2012), at least three more records have been reported from 

Germany. Some of these reports may indicate the presence of established populations 

(C. Chucholl, pers. comm.).  

In December 2012, a concerning report came from Sweden, where 13 marbled crayfish 

specimens were discovered in the River Märstaån (central Sweden) (Bohman et al. 

2013). However, subsequent attempts to confirm the presence of this species were 

unsuccessful, leaving uncertainty regarding its ability to establish a reproducing 

population under Scandinavian climatic conditions (Bohman et al. 2013).  

Over the subsequent years, numerous additional reports emerged, and summarily, to 

date, the presences of Procambarus virginalis has been reported in 22 countries: Italy 

(Marzano et al. 2009; Vojkovská et al. 2014; Deidun et al. 2018), France (Collas 2019), 

Belgium (Scheers et al. 2021), Germany and Netherlands (Souty-Grosset et al. 2006; 

Holdich et al. 2007), Denmark (see Vogt 2023 and reference therein), Sweden (Bohman 

et al. 2013), Austria (Aigner 2022), Croatia (Cvitanić et al. 2016), Romania (Pârvulescu et 

al. 2017), Slovakia (Lipták et al. 2017), Estonia (Ercoli et al. 2019), Czech Republic 

(Patoka et al. 2016), Hungary (Lőkkös et al. 2016), Poland (Maciaszek et al. 2022), 

Ukraine (Novitsky et al. 2016), Malta (Deidun et al. 2018), Israel (Carneiro et al. 2023), 

Madagascar (Jones et al. 2009), China (see Vogt 2023 and reference therein), Japan 

(Faulkes et al. 2012) and Taiwan (see Vogt 2023 and reference therein).  

Noteworthy, in 2023, the first reports of Procambarus virginalis for the North America 

(Canada) were documented (refer to https://sites.google.com/view/marmorkrebs/ for 

more information). 

 

1.4. Is it possible to control the spread of Procambarus virginalis? 

NICS, such as Procambarus virginalis, are typically difficult to manage and highly 

resistant to eradication once they have established self-sustaining populations (Holdich 

et al. 1999; Peay et al. 2006; Aquiloni et al. 2009). Furthermore, eradicating Procambarus 

virginalis is especially challenging due to its parthenogenetic nature. The only possible 

avenue for restraining the spread of Procambarus virginalis might be associated with its 
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remarkably low levels of genetic diversity, making its populations highly susceptible to 

unforeseen environmental stresses (personal observation). 

 

2. Implication related to the spread of Procambarus virginalis in 

freshwater habitats 

From the very first articles about the discovery of Procambarus virginalis, the potential 

risks associated with its release into the natural environment have consistently been 

emphasized (Scholtz et al. 2003). This species possesses several traits that make it a 

significant threat to native European freshwater crayfish, as well as other freshwater 

species and their habitats (Chucholl et al. 2012). 

First, being a parthenogenetic species, it can be considered as the perfect invader since, 

the introduction of even a solitary individual into the natural environment could result 

in the establishment of a population that may potentially compete with native crayfish 

in terms of food and shelter (Scholtz et al. 2003; Marten et al. 2004; Jones et al. 2009; 

Jimenez & Faulkes 2010; Martin et al. 2010).  

Second, as an American species, it has the potential to act as a carrier of the so-called 

crayfish plague (Culas 2003), a disease caused by the fungus Aphanomyces astaci 

Schikora, 1906, that nearly led to the extinction of native European crayfish and 

continues to endanger both wild and farmed populations (Oidtmann et al. 1999). 

Furthermore, there is supporting evidence indicating that crayfish could serve as 

carriers of the fungus Batrachochytrium dendrobatidis, which has the potential to cause 

diseases in native amphibian populations (see Battisti & Scalici 2020 and reference 

therein). Moreover, the competition for food resources, the grazing activity carried out 

by crayfish on periphyton and their predation on amphibian eggs and tadpoles may 

indirectly contribute to a decline in populations of amphibians and invertebrates (Klose 

& Cooper 2012; Souty-Grosset et al. 2016; Oficialdegui et al. 2019). 

Additionally, like other freshwater crayfish species, their role as ecosystem engineers 

can have a significant impact on their habitat. They influence sediment transport 

through their continuous search for new refuges, which is linked to the changing 

characteristics of their habitat from riffles to pools and vice versa, as observed in 

species like Orconectes limosus (Statzner et al. 2003). Furthermore, their activities can 
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alter the roughness of the riverbed, change the proportion of sand in gravel interstices, 

modify sand coverage, or impact the extent of filamentous algae cover (Statzner et al. 

2003). These different activities can result in complex effects, making it challenging to 

predict an overall outcome during subsequent floods (Statzner et al. 2003). 

 

2.1. The crayfish plague 

The introduction of the crayfish plague fungus Aphanomyces astaci into Europe is 

strictly linked to the introduction of North American crayfish (Söderhäll & Cerenius 

1992). Aphanomyces astaci, which belongs to the Saprolegniales, is a mycosis that poses 

serious threat to both wild and farmed European freshwater crayfish species 

(Oidtmann et al. 1999). In the absence of a secure water supply, there remains an 

ongoing risk of contamination from Aphanomyces astaci from upstream sources. This 

risk primarily stems from the illegal release of non-native crayfish carrying the disease 

or through contaminated fishing equipment (Oidtmann et al. 1999).  

During the past century, the distribution of NICS has significantly increased due to 

several factors (e.g., stocking activities, natural spread of stocked populations, and the 

release of exotic crayfish by private aquarists or pond owners). Therefore, in area 

where NICS have been introduced, there have been frequent records of mass 

mortalities among European crayfish (Alderman 1996). 

North American crayfish species exhibit a low susceptibility to this disease (Söderhäll 

& Cerenius 1992). Indeed, they can carry the fungus on their cuticles for extended 

periods of time as a benign infection. However, they might succumb to the disease 

when subjected to stress (Söderhäll & Cerenius 1992). In contrast, European crayfish 

species are highly susceptible to the disease and often suffer from infections (Oidtmann 

et al. 1999).  

The remarkable resistance of NICS to Aphanomyces astaci can be attributed to their 

shared North American origin, and their coevolution history which has played a 

crucial role in the observed resistance within North American freshwater crayfish 

species (Unestam 1969; Unestam 1972; Unestam 1975). Consequently, their interaction 

appears to establish a relatively stable host-pathogen relationship, with infrequent 

severe outbreaks, in contrast to the severe threats that Aphanomyces astaci can caused in 

European freshwater habitat (Alderman 1996). 



142 
 

3. Aims of the study 

Based on the above background, during my PhD project, I focused my attention on the 

examination of Procambarus virginalis individuals collected in Sardinia. The basis for 

this research stemmed from the preliminary reports of specimens found in the central 

and southern regions of the island, which were tentatively identified as Procambarus 

virginalis. In this context, the following paper aims, as its primary objective, to perform 

a taxonomic identification of the individuals collected in Sardinia by using molecular 

tools and a species delimitation approach. Second, to evaluate the genetic variability of 

Procambarus virginalis in Sardinia, and third to carry out phylogenetic and 

phylogeographic analyses on the population established in Sardinia, which was the 

only known population in Italy. To provide a broader geographical context for the 

dataset, the analyses included the comparison of sequences from Sardinian with those 

from other countries available in GenBank.  
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Chapter 5 

Appendix 

 

Throughout the doctoral years, the analytical approach employed in the study of 

aquatic organisms was consistently applied to additional projects focusing on 

terrestrial organisms. Specifically, the studies conducted during this period focus the 

attention on: Taenia saginata, Fasciola hepatica and, Canis lupus familiaris. The undertaken 

work has resulted in the publication of two articles in internationally peer-reviewed 

journals and one internationally peer-reviewed book chapter. 

Taenia saginata 

This research was conducted in collaboration with the Department of Parasitology at 

the University of Medicine and Pharmacy in Hue, Vietnam, as part of the Master's 

degree program in Medical Biotechnologies. The program was organized by the 

Department of Biomedical Sciences at the University of Sassari in collaboration with 

Hue University of Medicine and Pharmacy (Hue, Vietnam). 

This collaboration resulted in the publication of the subsequent article: Molecular 

Identification and Appraisal of the Genetic Variation of Taenia saginata in Central 

Regions of Vietnam. doi:10.3390life12010070 

The present work focused on 38 specimens of Taenia spp. from central Vietnam, using 

the mitochondrial gene Cytochrome c Oxidase subunit I (COI) to identify the species 

and examine genetic variation across different geographic scales. The phylogenetic and 

phylogeographic analyses carried out, including COI sequences from Vietnamese 

specimens and conspecifics from the whole world, revealed that the specimens were 

indeed Taenia saginata. In Southeast Asia, a potential founder effect was observed, with 

common haplotypes widespread across countries, except for Lao PDR, which shared 

its most common haplotype only with Thailand. Surprisingly, a globally unique 

taxonomic entity was identified. 
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Fasciola hepatica 

This study was conducted in collaboration with the researchers from the Laboratory of 

Biodiversity and Environment: Interactions and Genomes, Faculty of Biological 

Sciences, University of Sciences and Technology Houari Boumediene, Algiers, Algeria 

and resulted in the publication of the subsequent article: New insights into the genetic 

variability of Fasciola hepatica (Trematoda) in Algeria and relationships with other 

geographic regions revealed by mitochondrial DNA. doi: 10.2478/helm-2022-0021 

This work aimed to explore the genetic variability of Fasciola hepatica isolated from 

cattle in Algeria and to understand their phylogenetic and phylogeographic 

relationships with sequences from all continents using mitochondrial (Cytochrome c 

Oxidase subunit I gene - COI) and nuclear markers (Internal Transcribed Spacers of 

nuclear ribosomal DNA - ITS). The results obtained indicate overall low levels of 

genetic variation throughout, suggesting a genetic similarity among Fasciola hepatica 

isolates worldwide. Additionally, the study found genetic similarity among Fasciola 

hepatica specimens in different hosts, indicating that the parasite's genetic structure is 

not influenced by the host species.  
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Canis lupus familiaris 

This work was conducted within the biennial project entitled: “Camps of Mongolian 

nomads – an ethnoarchaeological perspective” which was carried out thanks to the 

collaboration between Associazione Italiana di Etnoarcheologia (Rome, Italy) and the 

Department of Biomedical Sciences of the University of Sassari (Sassari, Italy). This 

collaboration resulted in the publication of one book chapter entitled: Mitochondrial 

DNA Variation among Dogs of Mongolian, Tuvinian and Altaic Nomads (ISBN 978-1-

80327-354-9). 

The study delves into the genetic variability of dogs in nomadic camps across 

Mongolia and the Republics of Tuva and Altai in the Russian Federation. The findings 

reveal distinctive signs of expanding populations with diverse origins. This pattern 

suggests genetic exchanges among dogs from various camps, likely facilitated by the 

nomadic communities. Furthermore, results evidenced the possible occurrence of 

hybrids between Canis lupus familiaris  and Canis lupus. 
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