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Summary 

Mitochondrial DNA (mtDNA) is widely used in evolutionary and population genetic 

studies thanks to its small size, conserved structure, high mutation rate, lack of 

recombination and maternal inheritance. These features make mtDNA one of the main 

markers of choice to define population structure and demography and reconstruct 

phylogeographic patterns of dispersal and migration, particularly in sea turtles where life 

cycles are based on female-philopatry to nesting sites. For decades, parts of single-genes 

or non-coding sequences of mtDNA have been used as genetic markers to address 

questions on the life history of organism. With the advent of next generation sequencing 

techniques, the characterization of whole mtDNA, as well as whole nuclear genome 

sequences, has become more accessible.  

In this thesis, I developed wet and dry lab pipelines for whole mitogenome sequencing 

using biological samples collected from live or stranded individuals of three sea turtle 

species across different geographic areas. I compared mitogenome sequence data and 

information from single gene sequencing to study the population structure, demography 

and evolutionary history of loggerhead turtles (Caretta caretta), green turtles (Chelonia 

mydas) and hawksbill turtles (Eretmochelys imbricata). 

The mitogenome pipeline proved effective in generating medium–to-high coverage whole 

mitochondrial genomes for C. caretta from the Mediterranean Sea and globally, as well 

as C. mydas and E. imbricata sampled in the Gulf of Guinea, West Africa. In all case 

studies, mitogenomes resolved matrilineages more clearly than traditional markers, 

revealing numerous mitogenomic variants for each single, widely distributed mtDNA 

control region haplotype. 

Whole mitogenomes also helped clarify global-scale species phylogeography and 

provided insight into adaptive and non-neutral evolutionary processes that might have 

affected natural populations. Comparing the results of this thesis with previous studies 

based on single-gene markers, some discrepancies emerged, which helped explain 

divergent conclusions previously reported in the literature on the evolutionary history of 

sea turtle populations. These findings underscored the importance of using most 

informative markers (e.g. whole mitogenomes) for population and evolutionary genetic 

analyses. 

To fully leverage mitogenomics, it is crucial to implement efficient methodological 

pipelines, as demonstrated in this thesis. Moreover, clearly defined research questions are 



5 

essential to optimize sampling strategies and ensure adequate sample sizes. At both local 

and global scales, whole mitogenomes, eventually integrated with broad single-gene 

datasets and nuclear sequences, hold significant potential to improve our understanding of 

population structure, ecology and evolution of sea turtles, while supporting the design of 

informed management and conservation strategies. 
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Mitochondrial DNA, characteristics and applications 

Mitochondrial DNA (mtDNA) in animal species is a circular molecule present in multiple 

(1 - 10) copies within each mitochondrion. Each cell, in turn, harbours hundreds or 

thousands of mitochondria, resulting in a very high number of mtDNA molecules per 

organism (Cole 2016). Due to this high copy number, laboratory procedures have been 

streamlined, and mtDNA has been well characterized at a molecular level for nearly 50 

years (Brown et al. 1979; Brown 1981; Avise 1986, and references therein).  

Animal mtDNA typically ranges between 15 and 20 kilobases and consists of 2 ribosomal 

RNA (rRNA) genes, 22 transfer RNA (tRNA) genes, 13 protein-coding genes for 

subunits of the electron transport chain and a control region for mtDNA replication and 

transcription, which includes short repetitive sequences and a displacement loop (D-loop) 

(Boore 1999, and references therein). Exceptions to this structure have been known for 

long in invertebrates such as nematodes, cnidarians and bivalves (e.g. Hoffmann et al. 

1992; Okimoto et al. 1992; Keddie et al. 1998); vertebrates overall display a highly 

conserved gene content and genome architecture (Gissi et al. 2008), but recent technical 

advances in long read sequencing (Formenti et al. 2021) show that repeats and 

duplications might have been overlooked until now. 

Mitochondrial genomes’ conservation is likely due to the central role of mitochondria in 

cellular and organismal functions, namely metabolism, apoptosis, disease and aging (e.g. 

Brand 1997; Kroemer et al. 1998; Gorman et al. 2016). Despite the conserved nature of 

content and genome architecture, animal mtDNA evolves more rapidly than single-copy 

nuclear DNA (scnDNA; 5 to 10 times faster), according to estimates by Brown et al. 

(1979). Indeed, while structural rearrangements (e.g. duplications, deletions, 

translocations) are rare, base substitutions occur at a high rate (Brown 1981; Boore 1999), 

which can be explained by a smaller genome size than scnDNA and by a limited 

efficiency of mtDNA repair mechanisms (Alencar et al. 2019).  

Within this generally high mtDNA substitution rate, there is marked heterogeneity among 

individual genes: some parts, such as the control region, evolve very rapidly, while 

others, such as the rRNA genes, evolve more slowly. Within the coding protein genes, the 

third codon position shows the highest substitution rate, 2 – 3 times faster than the first 

position and 5 – 10 times faster than the second one (Brown et al. 1979; Brown 1981; 

Kumar 1996). 
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Another well-known characteristic of mtDNA is the uniparental inheritance in major part 

of eukaryotes and specifically maternal in all the known vertebrates (Birky 1995), with 

individuals carrying mostly or uniquely one mitochondrial haplotype (homoplasmy). 

However, deviations from these rules occur, such as sperm-mediated transfer of mtDNA 

during the zygote formation (e.g. Sutovsky et al. 1999) and evidence of mtDNA 

heteroplasmy (e.g. Rensch et al. 2016), both of which are increasingly documented. 

All these characteristics – small genome dimensions, conserved structure but rapid 

evolution rate, lack of recombination, maternal inheritance – have made mtDNA very 

suitable for evolutionary and ecological studies. Indeed, mtDNA has been extensively 

used in population biology, phylogenetics and biogeography, proving useful for tracing 

matrilineages, female-mediated gene flow and founder effects, for defining population 

units in female-philopatric species, reconstructing relationships among close taxa, and - in 

case sufficient polymorphisms are detected - revealing matrilineal relationships within 

populations (Harrison 1989). The mtDNA is also routinely employed in metazoan 

barcoding as a powerful tool for taxonomy and biodiversity monitoring (Hebert et al. 

2003). 

For years most of those studies have applied single mtDNA genes as markers. 

Phylogenetic studies have relied mainly on cytochrome oxidase subunit 1 (COI) and 16S 

rRNA genes for distant species and on control region for closely related ones (Bronstein 

et al. 2018). Due to its high evolution rate, the control region has also been the principal 

marker for genetics studies aiming at defining population structures (e.g. Di Rienzo and 

Wilson 1991; Norman et al. 1994; Rosel and Block 1996). Demographic history as well 

has used mainly the control region as a marker, due to its presumed evolutionary 

neutrality, making it a reliable marker for tracking changes in population size and 

structure unshaped by selective pressure (e.g. Merilä et al. 1997; Moum and Árnason 

2001; Ersmark et al. 2016). Protein-coding genes are generally known to be under 

purifying selection in mtDNA (Galtier et al. 2009), but studies on several genes have 

challenged this assumption, focusing on positive selection and mitochondrial adaptation 

(e.g. Lamb et al. 2018; Baltazar-Soares et al. 2021). As far as barcoding is concerned, 

COI has been elected as the standardized marker in this field (Ratnasingham and Hebert 

2007). 

Although the traditional use of mtDNA’s single genes has already proved to be efficient 

in a large plethora of applications, relying on whole mitogenomes means a substantial 

improvement (DeSalle and Hadrys 2017). Even if reference mitogenomes have been 



11 

produced since several years for a lot of species (Formenti et al. 2021), a massive use of 

complete mtDNA sequences in population genetics, phylogeography and evolutionary 

biology has been limited. The recent development of next generation sequencing 

techniques has lowered the costs and further streamlined the mitogenome availability, 

favouring the advent of mitogenomics. 

 

 

 

 

 

Fig. 1 Mitochondrial gene architecture most spread in vertebrate species (Boore 1999). In red, rRNA coding 

genes; in pink, tRNA coding genes; in yellow, protein coding genes; in blue, control region of the mtDNA 

replication and transcription. 
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Mitogenomics, an overview 

The analysis of entire mitochondrial genomes is a step forward compared to the use of 

single mtDNA genes for a variety of applications. 

In phylogenetic studies, whole mitogenomes allow for much deeper phylogenies than 

single gene markers, as for example in Bernt et al. (2013), where a comprehensive 

reconstruction of bilaterian evolutionary relationships has been developed based on 650 

complete mitogenomes. Using complete mitochondrial genomes in phylogenetics also 

lead to analytical improvements, such as correcting the random rooting effect in star-like 

single gene trees of fast evolving species (Hirase et al. 2016). Moreover, whole mtDNA 

sequences often clarify the phylogenetic placement of species whose relationships remain 

uncertain when based solely on single-gene data. This is especially important for 

endangered and relict species (e.g. Zhang et al. 2017). In Morin et al. (2010a) whole 

mitogenome sequencing helped revealing that previously thought sympatric “ecotypes” of 

killer whales actually belong to divergent phylogenetic clades and should be considered 

different species. 

Complete mitogenomes help resolving taxa definition also at subspecies level, with 

important outcomes for management and conservation. In species of commercial interest, 

subspecies identification allows to avoid undesired hybridization and damage to native 

taxa. For instance, thanks to whole mitochondrial genomes in Ruiz et al. (2021) Bombus 

terrestris canariensis was defined as a distinct, endemic subspecies of bumblebee in the 

Canary Islands, deserving appropriate planning of pollination networks. More examples 

in literature refer to endangered species, where appropriate taxa definition is fundamental 

to inform conservation measures. By means of mitogenomes the Northern Hemisphere fin 

whales Balenoptera physalus was reconsidered as belonging to two different subspecies – 

an Atlantic and a Pacific one (Archer et al. 2013), and the same occurs for the humpbacks 

Megaptera novaeangliae (Jackson et al. 2014). 

Whole mitogenome analysis also improves the genetic population structure description 

respect to single gene markers, allowing a proper assessment of Management Units (MU) 

of conservation. In the critically endangered speartooth shark (Glyphis glyphis), the use of 

mitogenomes revealed barriers to gene flow which had not been detected using only the 

mtDNA control region, maybe due to genetic signal saturation (Feutry et al. 2014b). 

Similarly, in another endangered elasmobranch, the largetooth sawfish (Pristis pristis), 
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whole mtDNA sequences refined the population structure respect to the description 

previously done by means of single genes (Feutry et al. 2015). 

In addition, mitogenomes are applied to phylogeography and demographic history. In 

arctic fox the human impact on demographic trends of the species was assessed by the use 

of mitogenomes (Larsson et al. 2019). In bats, mitochondrial genomes revealed different 

population-level responses to Pleistocenic climatic oscillations (Alberdi et al. 2015). By 

means of mitogenomes Bjork et al. (2010) revealed four subpopulations of chimpanzees 

with its own evolutionary history. Halley et al. (2016) specifically tested the discordance 

between complete mtDNA genomes and single mtDNA fragments (such as the control 

region) in drawing conclusions about the demographic history of northern bobwhites 

(Colinus virginianus), supporting the use of mitogenomes in such kind of investigation. 

Access to complete mtDNA sequences also enables to scan all the protein coding 

partition, assessing the heterogeneity of selective pressure across genes, for example by 

means of sliding windows approaches. In widely distributed marine species, which are 

subjected to strong thermic or salinity gradients, evidence of environmental-induced 

selection has been unveiled in some genes thanks to the analysis of the whole mtDNA. 

This is the case for example of the Atlantic herrings, where ND2, ND4, ND5 genes were 

found to be under positive selection and to characterize distinct clades with different 

haplotypes (Teacher et al. 2012), or the Pacific Salmon, where the piston of ND5 subunit 

resulted to be involved in adaptive evolution of the species (Garvin et al. 2011). 

Overall, mitogenomics is nowadays a useful tool for research in evolutionary biology and 

ecology of different species, with important applications for management and 

conservation as well. 

 

Mitochondrial DNA in sea turtles research and conservation 

Sea turtles are undoubtedly among the species to which mtDNA has been most 

thoroughly applied for decades (e.g. Allard et al. 1994; Bowen et al. 1994; Encalada et al. 

1996). The main reason for this is female natal philopatry (also known as natal homing), 

which is the tendency of the females to come back to the beach of origin in order to 

reproduce (Bowen and Karl 2007). This causes different nesting sites (rookeries) to host 

specific aggregates of matrilines; therefore, they can be appropriately characterized by 

means of a maternally inherited marker such as the mtDNA (Jensen et al. 2013). 
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In the past decades, sea turtles’ population genetics has been mainly carried out by means 

of fragments of the mtDNA control region. At first, haplotypes were defined based on 

relatively short mtDNA control region sequences, as for example those produced by the 

primers pair TCR5/TCR6 for Chelonia mydas, 380 base pairs long (Norman et al. 1994). 

As genetic studies spread, other primers pairs were attempted for a variety of sea turtles’ 

species to obtain longer fragments – about 800 bp long - which included more 

polymorphic sites (Abreu et al. 2006). 

The relative frequency of mtDNA control region haplotypes has been used to characterize 

turtles’ rookeries and to assess their genetic diversity, which allowed for the definition of 

Management Units (MUs) and of Regional Management Units (RMUs) at oceanic scale, 

integrating behavioural, biological and ecological data (Wallace et al. 2010a; Wallace et 

al. 2025). The rookeries’ genetic description is also fundamental as a baseline for Mixed 

Stock Analyses (MSA), which have been extensively used to characterize the aggregates 

of turtles at sea and to reconstruct turtles’ migrations (Pella and Masuda 2001). 

MSA is a Bayesian statistical approach to infer the most probable composition of a mixed 

stock in terms of percentage contributions from known sources. In the case of sea turtles, 

implementation of MSA involves the haplotypic frequencies in the mixed stock of turtles 

at sea (whose origin is unknown) and the haplotypic frequencies in the baseline of known 

sampled rookeries; throughout a MCMC computation, the MSA outputs relative 

contributions – with relative confidence intervals - from different rookeries to the stock at 

sea (Pella and Masuda 2001; Bolker et al. 2007; Komoroske et al. 2017). 

The more informative the genetic marker, the finer the resolution of matrilines; the 

traditional mtDNA control region haplotypes of 800 bp have come to a threshold of 

resolution for several turtle species, with a few haplotypes largely shared among 

populations that hamper sensible improvements in genetic description of nesting sites and 

mixed stocks (e.g. Shamblin et al. 2012b; Tolve et al. 2018; Loisier et al. 2021). At this 

regard, upscaling turtle population genetics to mitogenomics might be promising, and 

only few studies have tried it by now (Shamblin et al. 2012a). 

Mitochondrial DNA has been applied also to sea turtle phylogeography and helped 

assessing the distribution and the evolutionary history of the globally spread species 

(Dutton et al. 1999; Shamblin et al. 2014; Jensen et al. 2019; Arantes et al. 2020; Vilaça 

et al. 2022). Such studies relied on huge datasets and on single gene markers – sometimes 

in association with nuclear ones – but none has tempted a mitogenomic approach at 

population level.  



15 

The mtDNA single genes have been extensively used also for demographic history (e.g. 

Garofalo et al. 2009) and evolutionary biology (e.g. Naro-Maciel et al. 2008; Novelletto 

et al. 2016; Tikochinski et al. 2020), but few studies have been published which explore 

the potential of whole mtDNA sequencing in these research areas (Drosopoulou et al. 

2012; Duchene et al. 2012; Hernández-Fernández and Delgado Cano 2018; Frandsen et 

al. 2020). 

Even if the overall production of complete sea turtles mitogenomes have been limited by 

now, mitogenome analysis might have the potential to improve research on a variety of 

topics and conservation. In the present thesis I will focus on applications of mitogenomics 

to sea turtle species, most of which are nowadays at risk of extinction according to the 

IUCN Red List of Threatened Species and according to the re-assessment of global 

conservation status for marine turtles (Wallace et al. 2025). 

 

 

 

The aim of the thesis 

The main objectives of the present thesis are the application of whole mitogenome 

sequencing to the population genetics and phylogeography of three sea turtle species, and 

a critical evaluation of its methodological and biological implications.  

In Chapter II, I give an overview on different approaches for mitogenome sequencing and 

assembly, ranging from traditional pipelines such as target-enrichment protocols to more 

advanced techniques like short-reads and long-reads sequencing. I compare these 

methods, highlighting their respective strengths and limitations. 

In Chapter III, I focus on the use of whole mitogenome sequencing in loggerhead turtles 

(Caretta caretta) and explore its potential to improve the characterization of genetic 

diversity in the Central Mediterranean Sea, compared to traditional control region 

markers. 

In Chapter IV, I apply mitogenomics to clarify the global phylogeography of C. caretta, 

which until now has been investigated using mtDNA control region or single-gene 

markers, and whose patterns remain debated. In addition, I use mitogenomic analysis to 

investigate selective pressure within C. caretta, aiming to explain a geographic pattern in 

haplogroup distribution across the Western Atlantic under the hypothesis of thermal 

adaptation. 



 
16 

In Chapter V, I introduce the case study of Chelonia mydas in the Gulf of Guinea, 

initially leveraging control region haplotypes data. I then apply mitogenome sequencing 

to assess its potential to improve genetic diversity resolution of matrilines in the study 

area, and to contribute to a more refined global phylogeographic reconstruction of the 

species.  

In Chapter VI, I examine Eretmochelys imbricata in the Gulf of Guinea, presenting 

unprecedented control region haplotype data that provide the context for subsequent 

mitogenomic analyses. As with C. caretta and C. mydas, mitogenomic data are integrated 

into a global framework to offer new insights into the species phylogeography. 

In Chapter VII, I synthesize and discuss the main methodological and biological 

contributions of the thesis and suggest future applications of mitogenomics along with 

more advanced approaches to the study of sea turtle populations. 
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Mitochondrial DNA (mtDNA) has been extensively studied, and a variety of methods 

have been developed to characterize this molecule. In this chapter, I will briefly review 

the main approaches described in literature, discussing respective advantages and 

disadvantages. A general distinction can be made between protocols based on i) target-

enrichment before sequencing (reviewed in Calvignac et al. 2011), ii) whole genome 

sequencing using short reads, followed by mitogenome assembly, iii) a combination of 

long and short read next-generation sequencing - specifically, the mitoVGP method 

proposed by Formenti et al. (2021) as part of the Vertebrate Genome Project (VGP).  

Target enrichment methods are considered direct sequencing methods, while the others 

are indirect, as mtDNA is recovered as a byproduct of broader sequencing experiments. 

Another key difference among these methods is how they deal with nuclear-encoded 

mitochondrial DNA (numts) (Richly and Leister 2004). Numts are nuclear paralogs of 

mtDNA - segments of mtDNA that have been transferred to the nuclear genome and have 

since evolved independently. Their presence can compromise phylogenetic and 

evolutionary analyses if mistaken for genuine mtDNA. Methods in the first category 

address the issue of numts at the molecular level, during the wet-lab phase before 

sequencing. In contrast, the other methods rely on bioinformatic tools to detect and 

manage numts after sequencing. 

 

Target-enrichment  

The mtDNA can be isolated by first separating mitochondria from other cellular 

organelles. One of the first methods developed for mitochondrial separation was 

described by Beckman et al. (1993). This method relies on the selective sedimentation of 

mitochondria. Tissues are homogenized and centrifuged at 1500 g for 10 minutes, then 

the supernatant is collected and centrifuged again at 10000 g for another 10 minutes. 

Mitochondria are recovered from the pellet of this second centrifugation, after which 

DNA extraction and sequencing are performed. Similar, more sophisticated protocols 

based on the physical separation of mitochondria have since been developed for medical 

applications. Examples include magnetic isolation using antibody-linked microbeads 

(Devall et al. 2015) and differential centrifugation followed by exonuclease digestion 

(Gould et al. 2015). 

Instead of isolating mitochondria, it is possible to extract mtDNA directly from the 

sample using specialized kits, such as the mtDNA Isolation Kit (BioVision), or by using 
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plasmid DNA extraction kits, such as the QIAGEN Miniprep Kit. Quispe-Tintaya et al. 

(2013) showed that the use of mtDNA-specific kits resulted in higher mtDNA yield and 

quality than plasmid DNA extraction kits. 

A simplified approach for relative mtDNA enrichment involves diluting the total DNA 

(e.g. Kidd and Friesen 1998; Ibarguchi et al. 2006; Calvignac et al. 2011). Since mtDNA 

exists in higher copy numbers than nuclear DNA, dilution causes a relatively faster 

decrease in nuclear DNA concentration compared to mtDNA. The optimal dilution is 

determined by performing parallel PCRs: one targeting nuclear markers and one targeting 

a mitochondrial marker. Dilution continues until the nuclear PCR fails to produce an 

amplicon, while the mitochondrial PCR still does. 

Another way to study mtDNA, preventing numts affecting the analyses, is based on 

extracting RNA instead of DNA (Williams and Knowlton 2001; Calvignac et al. 2011), 

since numts are rarely transcribed. RNA extraction can be performed by means of various 

dedicated kits, extracted RNA is then reverse transcribed and cDNA is used in following 

PCR-based protocols to selectively amplify and sequencing mtDNA. 

A widely used amplification protocol for mitogenome characterization is Long-Range 

PCR (Kee et al. 2023). This technique is typically applied to mtDNA fragments longer 

than 5 kbp, which are amplified using high-processivity polymerases with longer 

extension times than those used in traditional PCR (Hu et al. 2002). Long-Range PCR is 

advantageous for avoiding contamination from numts, as numts are generally small in 

size. Long-Range PCR strategies may use either two primer sets (Ye et al. 2014), 

generating partially overlapping fragments, or on a single primer set (e.g. Cui et al. 2013). 

Overlapping regions between amplicons must be removed from analyses to prevent bias 

in coverage depth across the molecule. A strategy based on a single primer set eliminates 

this issue. However, in this case, the polymerase must exhibit even higher processivity to 

successfully produce a single long amplicon. 

Another PCR strategy used for mtDNA enrichment is Rolling Circle Amplification 

(RCA) (Dean et al. 2001; Dean et al. 2002; Marquis et al. 2017; Dhorne-Pollet et al. 

2020; Long et al. 2020). This is an isothermal reaction that employs the highly processive 

phi29 DNA polymerase and preferentially replicates circular (plasmid) DNA. RCA uses 

multiple random hexamers as primers, enabling branched replication. Due to the 

polymerase’s strand displacement activity, newly synthesized strands are displaced from 

the template, resulting in a concatemer composed of multiple copies of the mtDNA 

genome.  



31 

These methods are not mutually exclusive; on the contrary, they have often been 

combined in a wide variety of protocols to maximize their advantages (e.g. Wolff et al. 

2012; Dhorne-Pollet et al. 2020). Overall, their common goal is to increase the specific 

enrichment of mtDNA molecules while minimizing the presence of numts in the sample 

prior to high-throughput sequencing. 

 

Short reads approach 

Thanks to the widespread adoption of next-generation sequencing technologies, a vast 

amount of genetic data has become available at low cost. In whole-genome shotgun 

sequencing experiments, mitochondrial genomes are also automatically sequenced. Since 

mtDNA is generally present in higher copy numbers than nuclear DNA in metabolically 

active tissues (Stier et al. 2013; Di Giacomo et al. 2015; Liu et al. 2018; Naue et al. 

2024), the depth of coverage for mtDNA typically exceeds that of the nuclear genome. 

For this reason, genome skimming protocols with low target coverage for the nuclear 

DNA (Trevisan et al. 2019) have proven effective for reconstructing mitochondrial 

genomes in ecological studies. 

Shotgun sequencing strategies allow the use of total DNA as input for the protocol, with 

no need for prior mtDNA enrichment. Typically, the input DNA is fragmented before 

library construction, which can be achieved through mechanical fragmentation (e.g. 

Ultrasonicator, Covaris), or enzymatic fragmentation (Ribarska et al. 2022) such as 

tagmentation (Adey et al. 2010). After fragmentation, sequencing adapters and indexes 

are incorporated, and an amplification step may follow before the shotgun sequencing 

(e.g. Tilak et al. 2015). The output reads (usually 150 bp) are then assembled into a 

mitogenome contig using a reference from the same species, if available, or from a 

closely related species in case of de novo assembly (e.g. Gibb et al. 2015).  

When reconstructing mitogenomes of species whose reference mitogenome has already 

been produced, reads obtained by shotgun sequencing are usually mapped to the 

reference. Bowtie1 (Langmead et al. 2009), Bowtie2 (Langmead and Salzberg 2012) and 

BWA (Li and Durbin 2009) are among the most used aligner originally used also in 

genomic pipelines; both implement the Burrows-Wheeler Transform (BWT) algorithm 

and are optimal for short – medium reads (25 – 150 bp), with BWA outperforming 

Bowtie in indels detection. Alternatively, MITObim (Hahn et al. 2013) is a mapping-

guided assembly approach which has been implemented for mtDNA. MITObim requires 
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at least a distantly related mitochondrial genome or mitochondrial barcode sequences of 

the species of interest. 

In case of de novo assembly using short reads, GetOrganelle (Jin et al. 2020) is a 

specialized tool for assembling mitochondrial and chloroplast genomes. It relies on an 

iterative approach to extract organelle reads from the total read set by mapping them to a 

k-mer based reference database of organelle sequences. Another widely used software is 

NOVOPlasty (Dierckxsens et al. 2017), which employs a seed-and-extend algorithm to 

produce circular mitogenomes starting from a seed sequence, such as the COI of a related 

species. NOVOPlasty also includes a pipeline for detecting heteroplasmy (Dierckxsens et 

al. 2020). 

Since in shotgun experiments mitogenomes are byproducts of whole genome sequencing, 

there is no way to physically separate mtDNA from nuclear DNA sequences. The filtering 

of mtDNA is achieved through a bioinformatic pipeline applied to the output reads, either 

by mapping to a reference or by de novo assembly using an algorithm. In both cases, 

numts may be mistaken for genuine mtDNA genes and could be mapped or assembled 

together. However, in a shotgun sequencing experiment the depth of coverage for numts 

is significantly lower than that for the mtDNA, resulting in numts being underrepresented 

compared to mtDNA. This can be visually inspected in bam files during the mapping 

process and measured computationally. If the goal is to reconstruct the consensus 

mitogenome, low frequency variant such as numts will be excluded by the assembler and 

will not affect the final result. Conversely, if the aim is to investigate mitochondrial 

heteroplasmy, specific tools for numts correction are required, such as MitoHiFi (Uliano-

Silva et al. 2023), Numt Parser (de Flamingh et al. 2022), or the option implemented in 

NOVOPlasty pipeline. 

 

Long reads approach 

One limitation shared by all the previously described methods is their difficulty in 

accurately characterizing complex, highly repetitive regions - such as the microsatellites 

typically located between the control region and the Phe tRNA. This is a well-known 

shortcoming of both Sanger sequencing and short-read sequencing technologies, 

especially when repetitive elements exceed the read length (Collins 2018). Long-read 

sequencing can overcome this issue by generating reads 10 – 20 kbp in length, which are 

often sufficient to span nearly the entire mtDNA molecule in a single contig. However, 
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single-molecule sequencing technologies have their own limitations, particularly in terms 

of base-calling accuracy, which often leads to a higher error rate (Espinosa et al. 2024). 

To take advantage of both the structural resolution and the base calling accuracy offered 

by different sequencing technologies, Formenti et al. (2021) proposed a mitogenome 

assembly pipeline called mitoVGP, which combines long and short read sequencing. 

They developed mitoVGP as a complementary tool to the nuclear genome assembly 

pipeline of the Vertebrate Genome Project (VGP), with the aim of generating complete 

and error free reference mitogenomes. 

Specifically, WGS long reads produced by PacBio or Nanopore platforms are aligned to a 

reference mitogenome from the same or a closely related species, resulting in the 

production of several contigs. Low-quality contigs and those contaminated by numts are 

then filtered out using a combination of software tools.  

In the next step, Illumina short reads are mapped to the remaining contigs and used to 

further polish the mitogenome assembly. Finally, repetitive regions and duplications are 

identified on the resulting contig, and the entire molecule is annotated. 

The mitoVGP pipeline was applied by Formenti et al. (2021) to 125 vertebrate species, 

resulting in complete mitogenomes for 100 of them (80%). For 33 of these 100 species, 

no reference mitogenome had previously been available. In 25% of the cases where a 

reference mitogenome already existed, the assemblies generated by mitoVGP filled gaps, 

added missing repeats, genes or duplications. Indeed, Formenti et al. (2021) significantly 

advanced our understanding of vertebrate mitochondrial genomes, demonstrating that 

structural variations - such as repeats and duplications - have been historically 

underestimated and are far from exceptional. 

 

Methodological comparison 

Target-enrichment methods were developed before the widespread adoption of next-

generation sequencing technologies, during a time when Sanger sequencing was still the 

most commonly used approach and the bioinformatic management of numts was 

particularly challenging. Under these conditions, obtaining the purest possible mtDNA 

input was crucial. Mitochondria separation proved to be less effective than other 

enrichment methods (Calvignac et al. 2011), especially because it relies on the excellent 

preservation of tissue samples – a condition that is often difficult to achieve in molecular 

ecology. Serial dilutions is a streamlined technique that yields good results (Wolff et al. 
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2012), provided that a large amount of high quantity total DNA is available. As with 

mitochondria separation, this requirement is not always met in ecological contexts. PCR 

is, by definition, the most efficient enrichment method, but it tends to introduce technical 

errors, which are then amplified and can bias downstream analyses. 

In this context, genome skimming via shotgun sequencing has become a popular 

approach for mitogenome reconstruction (Trevisan et al. 2019). First, it does not require 

large amounts or high-quality tissues and performs well even with suboptimal samples. 

Second, it eliminates the need for PCR, thereby avoiding associated technical errors. 

Third, numts can be directly assessed through sequencing coverage, which reflects the 

relative abundance of mtDNA vs nDNA in the sample. Finally, since it relies on Illumina 

short reads sequencing, costs are currently affordable, and the method is scalable to 

relatively large numbers of samples – making it suitable for ecological studies. 

As highlighted by Formenti et al. (2021), Illumina short-read sequencing also has its 

shortcomings, particularly when it comes to accurately reconstructing the structural 

features of mtDNA. In such cases, long-read sequencing should be employed to ensure a 

correct assembly—but this increases the cost of the experiment and is not always 

necessary. Indeed, for de novo assembly of a reference mitogenome, the mitoVGP 

pipeline is likely the most appropriate choice. On the other hand, when conducting 

mitogenome resequencing for population genetics or phylogeographic studies where a 

reliable reference mitogenome is already available, short-read sequencing is a suitable 

and cost-effective solution (Trevisan et al. 2019). If an accurate reconstruction of the 

mtDNA microsatellite region cannot be achieved, a reasonable compromise may be to 

trim the mitogenome sequence at the beginning of the repetition and to exclude it from 

the following analyses.  
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Abstract 

Population structure and phylogeography of the loggerhead sea turtle (Caretta caretta) 

have so far been assessed mainly by mitochondrial DNA (mtDNA) single gene 

sequencing studies. However, phylogenetic relationships among matrilines, genetic 

characterization of rookeries and mixed stock analyses have suffered from the limited 

resolution obtained by comparison of relatively short sequences such as from the mtDNA 

control region. Whole mitogenome sequencing can significantly improve population 

genetics, particularly in marine organisms showing female natal philopatry. Despite 

mitogenomics becoming increasingly common in biodiversity monitoring and 

conservation, only a few complete mitogenomes are available for C. caretta. In this study, 

we sequenced the complete mtDNA of 61 loggerhead turtles sampled between 2008 and 

2021 along the Italian coastline and central Mediterranean Sea. We assigned complete 

mtDNA haplotypes to dead embryos and bycatch samples and introduced a first 

nomenclature for loggerhead mitogenomes. Analysis of mtDNA diversity, Maximum 

Parsimony and Bayesian phylogenetic reconstruction allowed improved resolution of 

lineages with respect to studies reporting on partial mtDNA control region sequence 

comparisons, and we were able to further inform previous analyses on loggerhead 

ancestry based on control region haplogroups. Overall, whole mitogenome analysis has 

potential for considerable improvement of evolutionary history and phylogeographic 

investigations as well as mixed-stock surveys of loggerhead turtles. 

 

Keywords 

Whole mitogenome sequencing; Mediterranean Sea; Caretta caretta phylogeny; sea turtle 

population genetics 
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Introduction 

Female natal philopatry is the tendency for individual females to breed at or near their 

place of birth (Shields 1982). This behaviour can shape population structure in many 

marine species including whales, sharks and chelonids (Miller 1997; Sheridan et al. 2010; 

Baker et al. 2013; Feldheim et al. 2014). Each breeding site generally hosts specific 

aggregates of maternal descent; however, exceptions episodically occur which lead a 

female to colonize new sites and significantly increase the species’ range (e.g. Carreras et 

al. 2018). 

Population genetic approaches to study female philopatry have mostly relied upon 

mitochondrial DNA (mtDNA), which is maternally inherited and can therefore trace 

matrilines within populations (Moritz 1994). In particular, investigations on whole 

mtDNA genome sequences have significantly improved our understanding of 

intraspecific phylogeographic patterns in several marine taxa. For instance, mitogenome 

sequence analysis in killer whales helped clarifying phylogenetic relationships among 

sympatric ecotypes which were then classified as different species (Morin et al. 2010b). 

In speartooth shark and sawfish, mitogenome sequences comparison allowed to better 

resolve population structure and inform effective conservation measures for critically 

endangered populations (Feutry et al. 2014a; Feutry et al. 2015).  

In sea turtles, female natal philopatry and population genetic structure have long been 

investigated by the analysis of partial mtDNA control region sequence diversity (Jensen et 

al. 2013). More recently, whole mtDNA analysis helped in the characterization of 

Chelonia mydas matrilines, which could not be resolved by comparison of control region 

haplotypes alone and allowed definition of fine-scale population structure in the critically 

endangered Lepidochelys kempii (Frandsen et al. 2020). For the loggerhead sea turtle 

(Caretta caretta), a few complete mitogenomes have been characterized worldwide and 

used to reconstruct interspecific phylogenies (Drosopoulou et al. 2012; Duchene et al. 

2012; Hernández-Fernández and Delgado Cano 2018; Otálora et al. 2018). In particular, 

Drosopoulou et al. (2012) provided the first thorough description of the mtDNA genome 

of C. caretta using a sample collected from a rookery in western Greece, however, more 

detailed patterns of intraspecific mitogenomic variation were not investigated. 

The loggerhead sea turtle can be found in tropical and subtropical seas as well as 

temperate waters of the Mediterranean basin, which hosts one of the 10 Regional 

Management Units defined for C. caretta to prioritize conservation efforts worldwide 
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(Wallace et al. 2010a). The most recent assessment of the IUCN Red List classifies the 

loggerhead turtles from the Mediterranean as a “least concern” Regional Management 

Unit. However, populations are conservation-dependent, severely fragmented and 

characterized by a continuous decline of mature individuals mainly because of habitat 

encroachment, pollution, fisheries bycatch, climate change and intentional take (Casale et 

al. 2018; Casale et al. 2020). A variation in the distribution of the species induced by 

global warming is already detectable (Maffucci et al. 2016; Carreras et al. 2018; 

Hochscheid et al. 2022) and advocated by projection modelling (Mancino et al. 2022). 

Conservation efforts can make use of a comprehensive understanding of several life 

history traits. In particular, the definition of maternal descent of individuals from foraging 

stocks and genetic profiling of nesting females and new nesting sites are fundamental to 

guide management programs for C. caretta in the Mediterranean. 

Genetic characterization of Mediterranean rookeries and foraging stocks for the 

loggerhead has been so far conducted by comparison of partial mtDNA control region 

sequences (Garofalo et al. 2009; Yilmaz et al. 2011; Saied et al. 2012; Carreras et al. 

2014; Clusa et al. 2014). This information was used in conservation-oriented studies 

where, for instance, mixed stock analysis described the contributions from known 

rookeries to aggregations of turtles at sea (Garofalo et al. 2013; Clusa et al. 2014; 

Splendiani et al. 2017; Tolve et al. 2018; Loisier et al. 2021). To this regard, comparison 

of control region haplotypes has reached a resolution threshold which cannot allow any 

further sensible improvement in fine-scale population structure analysis since the main 

Mediterranean rookeries appear to all share the same control region haplotypes (e.g. 

Tolve et al. 2018). The very same molecular marker was also used to study patterns of 

loggerhead Mediterranean colonization and radiation (e.g. Clusa et al. 2013; Novelletto et 

al. 2016; Splendiani et al. 2017; Loisier et al. 2021). Nevertheless, limited information 

could be obtained on the evolution of different lineages because of the scarce resolution 

among matrilines defined by mtDNA control region sequences. 

In this study, we produced a first whole mtDNA genome dataset for loggerhead turtles 

from the Central Mediterranean Sea in order to enhance resolution of matrilines and 

characterize rookeries which could be not distinguished by comparison of ubiquitous 

control region haplotypes. We obtained high coverage mitogenome sequences from dead 

embryos collected at nesting sites and from bycaught and stranded turtles. Eight out 27 

nests were located in minor or occasional nesting areas, which were genetically described 

for the first time. We assessed intraspecific genetic diversity and performed phylogenetic 
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analysis to reconstruct evolutionary relationships among matrilines and the time frame of 

radiation of haplogroups and mtDNA haplotypes within haplogroups. Using additional, 

published loggerhead mtDNA genome sequences, we provided an overview of 

mitogenomic diversity for C. caretta in the Central Mediterranean. We argue that our 

findings will help supporting detailed inference in mixed stock analysis and foster 

thorough investigation of the phylogeographic history of loggerhead turtles. 
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Materials and methods 

Sampling, DNA isolation and sequencing by synthesis 

A total of 61 tissue biopsies were obtained from loggerhead turtles sampled along the 

coastline of the Italian peninsula and the island of Linosa and in the sea waters between 

Sicily and Tunisia from 2008 to 2021 (Fig. 1). Samples were collected from stranded 

turtles in Veneto and Emilia Romagna (N = 4), Tuscany (N = 1) and Latium (N = 2) and 

from bycaught turtles in the Strait of Sicily (N = 27). Samples were also collected from 

dead embryos from four nests in Tuscany, two nests in Latium, 19 nests in Calabria and 

two nests on the island of Linosa (Table S1). Numbered tags were applied to bycaught 

turtles before release. 

Each sample was preserved in a cryovial with 95% ethanol and subsequently stored at 

-80 °C. Whole DNA was extracted following a standard phenol:chloroform:isoamyl 

alcohol procedure (Green and Sambrook 2012). Integrity of DNA was assessed by 1.5% 

agarose gel electrophoresis and DNA concentration was measured using a Qubit 4 

fluorometer Broad Range Assay (Invitrogen). Mitochondrial DNA whole genome 

sequencing was performed by first generating dual-indexed (i5 and i7) genomic libraries 

using a PCR-free Tagmentation Kit and IDT for Illumina indexes set A (Illumina) 

according to the manufacturer’s protocol. We envisaged a 1× target nuclear genome 

coverage for all samples in order to obtain a high depth coverage (> 200×) for the 

mitochondrial DNA, which is represented by a much higher number of copies per cell 

than nuclear DNA (Michaels et al. 1982; Robin and Wong 1988; Wiesner et al. 1992). 

Considering a nuclear DNA genome size of 2.13 Gb (Chang et al. 2023) and a mtDNA 

genome size of 16,737 bp for C. caretta (Drosopoulou et al. 2012), we sequenced the 

libraries paired-end on an Illumina NovaSeq 6000 System using a 300-cycle NovaSeq 

6000 SP Reagent Kit v 1.5 for an expected yield of approximately 250 Gb. 
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Fig. 1 Map of the study area. A total of 61 samples of Caretta caretta were collected between 2008 and 

2021 along the coastline of the Italian peninsula and the Island of Linosa and in the sea waters of the Strait 

of Sicily. Nesting sites (circles) and stranded turtles (black dots) were sampled in Veneto and Emilia 

Romagna (ADR), Tuscany (TUS), Latium (LAT), Calabria (CAL) and the Island of Linosa (LIN). The 

horizontal shaded region shows the location of the bycatch area between Sicily and Tunisia. 

 

Mitogenomes reconstruction and alignment 

Demultiplexing and conversion of sequencing data from bcl to fastq format were 

performed using bcl2fastq version 2.20 (Illumina). FastQC 11.9 (Andrews 2010) was 

used to check for reads quality. Adaptors and low-quality reads were removed using 

Trimmomatic 0.39 (Bolger et al. 2014). Reads were mapped to the C. caretta complete 

annotated mitochondrial genome (GenBank accession number: FR694649.1) published 

by Drosopoulou et al. (2012) using Bowtie2-2.5.0 (Langmead and Salzberg 2012). This 

mitogenome was chosen as reference for it was the only one published for C. caretta from 
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the Mediterranean basin. Sequence Alignment Map (SAM) files were compressed in 

Binary Alignment Map (BAM) format, sorted and indexed using Samtools 1.16.1 

(Danecek et al. 2021). Variant calling was performed with BCFtools 1.16 (Danecek et al. 

2021) and Tablet alignment viewer (Milne et al. 2013) was used to visually check variants 

and relative coverage. Consensus sequences were extracted from Variant Calling Format 

(VCF) files using BCFtools by filtering out variants in the first 10 bp and those with a 

QUAL value < 30.  

Mitogenomes alignment was performed by including five additional loggerhead 

mtDNA genome sequences available in GenBank (see also Table S2): FR694649.1 

(Greece; used as reference mitogenome), JX454983.1 (Florida), JX454988.1 (Hawaii), 

MF554690.1 and MF579505.1 (Colombia) (Drosopoulou et al. 2012; Duchene et al. 

2012; Hernández-Fernández and Delgado Cano 2018). The MUSCLE algorithm was used 

to produce a multiple sequence alignment, which was trimmed at position 16419, ahead 

of the (TATAT)n microsatellite repeat and annotated using Geneious Prime 2022.2. We 

then partitioned the alignment in i) 12S and 16S rRNAs, ii) tRNAs, iii) the control region 

and iv) coding genes. The final nucleotide dataset had no ambiguous positions and was 

numbered with reference to the FR694649.1 mitogenome (Drosopoulou et al. 2012). 

Genbank accession numbers are reported in Table S1 for each complete mtDNA 

haplotype sequence described in this study. 

 

Mitogenomic haplotype nomenclature 

Mitochondrial haplotypes were named following the criteria set by Shamblin et al. 

(2012a) and the guidelines of the Archie Carr Center for Sea Turtles Research 

(https://accstr.ufl.edu/resources/mtdna-sequences/). Complete mtDNA haplotypes were 

defined by three serial numbers. The first two numbers refer to the 815 bp long C. caretta 

control region haplotype code, while the third number refers to variants recorded in other 

genes of the mitogenome outside of the control region, so that complete mtDNA 

haplotype names are basically variants of the current control region haplotype 

nomenclature. For example, CC-A2.1.1, CC-A2.1.2 and CC-A2.1.3 all refer to complete 

mtDNA haplotype variants of the control region haplotype CC-A2.1. 

Nomenclature for groups of complete mtDNA haplotypes also followed that of C. 

caretta control region variants, which identify three main haplotype clusters named 

haplogroups IA, IB, and II (Shamblin et al. 2014). Haplogroup IA includes haplotypes 

characterizing Pacific Ocean nests, haplogroup IB includes haplotypes which are found in 
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Atlantic rookeries and one single haplotype recorded in Indian Ocean nests (Shamblin et 

al. 2014). Finally, haplogroup II comprises haplotypes from both Atlantic and 

Mediterranean rookeries. 

 

Mitogenomic diversity and phylogenetic analysis 

Number of haplotypes, haplotypic diversity, number of variants, nucleotide diversity and 

GC content were computed using DnaSP (Librado and Rozas 2009) and the R package 

pegas v1.1 (Paradis 2010). Analysis was performed on whole mitogenome sequences and 

then single mitochondrial genes using the entire dataset, first and then on haplogroup II 

only. The McDonald-Kreitman test was implemented using DnaSP to check for neutrality 

of substitutions in the coding regions (McDonald and Kreitman 1991). The 

nonsynonymous (dN) to synonymous (dS) substitution rate ratio among haplogroup II 

sequences was then compared to the dN/dS ratio between haplogroup II sequences and 

mitogenomes of haplogroup IB (obtained by this study and from GenBank, accession 

number: MF579505.1). In order to rule out parallel patterns of nucleotide variations 

between haplogroup II and IB, the dN/dS ratio among haplogroup II variants was 

measured against the dN/dS between haplogroup II and the mitogenome of Lepidochelys 

olivacea as an outgroup (GenBank accession number: JX454987.1). Finally, differences 

in dN/dS among mitogenomes of the entire C. caretta dataset of our study were compared 

to dN/dS between our dataset and the mtDNA genome of L. olivacea. 

Two haplotype networks were constructed using statistical parsimony (Templeton et al. 

1992). The method, implemented in the TCS program (Clement et al. 2000), links 

haplotypes with the smaller number of differences as defined by a 95% confidence 

criterion. The first network was based on 815 bp control region haplotypes only, while the 

second one was a network of complete mitogenome haplotypes. 

A Maximum Parsimony (MP) graph based on the entire dataset was also constructed 

using MEGA11 (Kumar et al. 2018) with the “use all sites” option in order to visualize 

similarities between sequences and polarize mutational changes. We then applied a 

Bayesian divergence time analysis to provide a time frame for the process of radiation of 

haplogroup II with respect to the other two major C. caretta mitochondrial haplogroups 

IA and IB. Phylogeny and divergence time analyses provided poor resolution when using 

L. olivacea as outgroup. We therefore conducted MP and Bayesian inference of 

phylogeny using haplogroup IB as reference in order to better resolve intraspecific 

topology of haplogroup II, which included the vast majority of haplotypes defined in our 
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study. We used BEAST suite v.1.10.4 (Suchard et al. 2018b) on four mitogenome 

partitions (12S and 16S rRNAs, tRNAs, the control region and coding genes). We 

performed 20 independent test-runs in order to optimize priors for chain convergence and 

defined, for each partition, the “unlink” option flagged for substitution model and for 

molecular clock and the “link” option flagged for generation of the tree. The HKY 

(Hasegawa et al. 1985) substitution model and a strict molecular clock were selected for 

each partition. The “unlink parameters on codon positions” option was flagged for the 

fourth partition. The HKY model was selected because the tests conducted using more 

complex substitution models gave a poor Effective Sample Size (ESS), possibly due to 

over-parametrization. Likewise, we chose a strict molecular clock because multiple tests 

conducted using more complex uncorrelated relaxed clocks resulted in poor ESS and zero 

values for the parameters uced.mean and meanRate, which indicate a clock-like behaviour 

of the data. No prior was set on the time to the most recent common ancestor (TMRCA) 

and no divergence time estimate was assessed for the root of the tree. We converted the 

substitutions value from (site × million year)
-1

 to (site × generation)
-1

, where the 

generation time is calculated as age of maturity plus half of reproductive longevity 

(Pianka 1973). We used 25 years as age of maturity and 22 years as reproductive 

longevity which resulted in a 36-year generation time (Margaritoulis et al. 2020; Baldi et 

al. 2023). We set a normal distribution (mean = 1.2E-7, S.D. = 4.0E-8) as prior on the 

substitution rates for each mitogenomic partition. The distribution was truncated with a 

lower bound equal to 0.0 and an upper bound of 2.41E-7 (corresponding to 6.7E-3 million 

year
-1

), which is the highest value for mitochondrial substitution rates recorded in marine 

turtles (Dutton et al. 1999). Chain length was set to 10E8 steps with a 10% initial burn-in. 

We monitored the ESS for each output parameter after each run using Tracer v.1.7.1 

(Rambaut et al. 2018). The overall BEAST output was summarized using TreeAnnotator 

(Drummond and Rambaut 2007) and the statistics related to the consensus tree nodes 

including node height, 95% Height Posterior Density (HPD) and posterior, were assessed 

with FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/). 

 

Results 

Mitogenomic diversity and complete mtDNA haplotype assignment 

Whole mtDNA sequences were obtained for all 61 samples with an average genome 

coverage (×) of 272.4±37.1SE (see Table S3). Mitogenome sequences were trimmed at 

position 16419 so that the (TATAT)n microsatellite repeat positioned at the 3’ end of the 
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control region was discarded from the analysis. 

We recorded two mtDNA sequences in sample SIC04. We reported this pattern as a 

possible occurrence of heteroplasmy and assigned to SIC04 the mitogenomic haplotype 

name of the mtDNA variant (G>A at position 4671 of the genome) that was confirmed in 

70% of the reads (Table S1).  

All samples belonged to haplogroup II apart from the stranded adult TUS05, of 

unknown origin, which was assigned to haplogroup IB, control region haplotype CC-

A1.1. We named this mitogenomic haplotype CC-A1.1.1. Downloaded mitogenome 

sequences FR694649.1 (our reference genome), JX454983.1 and MF554690.1 were 

assigned to haplogroup II, while MF579505.1 and JX454988.1 were assigned to 

haplogroups IB and IA, respectively (Table S2).  

Haplogroup II sequence variants and their distribution across sampling sites are 

reported in Table 1 and Table 2, respectively. The loggerhead mitogenomes characterized 

in this study showed a total of 27 polymorphic sites with respect to the C. caretta 

reference mtDNA FR694649.1. Of these, two segregating sites were recorded across all 

61 samples of our dataset and in particular an indel in position 1631 in the 16S rRNA 

gene and a T>C substitution in position 9974 in the ND4L gene (Table1). Mitogenomic 

haplotype CC-A2.1.1 was the most abundant both in embryos and adult turtles (found in 

26 out of 61 samples). The second most abundant haplotype was CC-A2.1.8, found in six 

samples from the Calabrian nests, one sample from the Island of Linosa and three 

samples collected from bycaught adults in the Strait of Sicily. Seven embryos from 

different nests in Calabria carried mitogenomic haplotype CC-A20.1.1. This mitogenome 

was not found elsewhere in the study area. Haplotype CC-A2.1.3 was found in three 

specimens in Tuscany and southern Italy. All the other mitogenomic haplotypes were 

represented by either one or two individuals. The nests from Tuscany, Latium and Linosa 

Island were characterized by haplotypes CC-A2.1.1 (TUS01, TUS02, LAT01, LAT02), 

CC-A2.1.3 (TUS03), CC-A2.1.9 (TUS04), CC-A2.1.8 (LIN01) and CC-A2.9.2 (LIN02) 

(Table S1).  

Overall, we characterized 286 variable sites with respect to 55 polymorphisms 

recorded by comparing control region sequences alone and assigned samples to 23 

different mitogenomic haplotypes, while 10 haplotypes only were defined by control 

region sequence analysis (Table 3). Within haplogroup II, mitogenome sequences 

identified 27 variable sites and 20 haplotypes compared to six variable sites and seven 

haplotypes recorded by control region sequence comparison (Table 3; Fig. 2). 



 
52 

Genetic diversity analysis of whole mtDNA revealed a much higher number of 

haplotypes and higher haplotypic and nucleotide diversity than values recorded by control 

region sequences comparison (Table 3). Among the 16 gene partitions of the C. caretta 

mitogenome, the ND5 gene showed the highest number of segregating sites and 

haplotypic diversity (Tables S4 and S5). The same pattern was recovered by the analysis 

of haplogroup II mitogenomes for the high abundance (28%) of mitogenomic haplotypes 

CC-A2.1.8 and CC-A2.1.20 carrying the variant T at site 13373 of the ND5 gene. 

Overall, nucleotide diversity (π) showed a 3-fold variation along the mtDNA molecule, 

with peak values at positions 3000 to 5000, 9000 to 10000 and 13000 to 14000 (Fig. S1). 

When haplogroup II sequences only were considered, π values were highest at positions 

9000 to 10000 and 13000 to 14000. The NADH dehydrogenase and ATP synthase subunit 

genes displayed the highest π values. Conversely, analysis restricted to haplogroup II 

mitogenomic haplotypes showed the highest π values for the ATP8 gene only (Tables S4 

and S5). 

The TCS haplotype networks clustered both the partial mtDNA control region 

sequences and the mitogenomes in three unlinked haplogroups with 95% probability (Fig. 

2). Links between haplogroups were obtained with a lower probability threshold by fixing 

connection limits at 100 and 200 steps for control region and mitogenome haplotypes, 

respectively. Two internal ambiguities in the mitogenome cladogram were resolved by 

applying criteria derived from empirical validation of the coalescent theory (Crandall and 

Templeton 1993; Templeton and Sing 1993; Fetzner and Crandall 2003). Accordingly, a 

haplotype connection was maintained to high-frequency haplotypes with an interior 

position in the network (Castelloe and Templeton 1994) rather than to low-frequency 

ones, located in tip clades. Internal ambiguities could not be resolved for the mtDNA 

control region haplotypes network. We therefore maintained the three haplogroups 

unlinked. Haplogroup IA was represented by a single sequence in both reconstructions, 

while haplogroup IB included two haplotypes separated by 12 and 30 possible 

unobserved intermediate haplotypes in the partial mtDNA control region and 

mitogenomic network, respectively. The haplogroup II network based on control region 

sequences had a star-like configuration with a core CC-A2.1 haplotype and six 

equidistant derived haplotypes. A similar but more complex pattern was described by the 

mitogenomic analysis. Haplogroup II showed 10 equidistant haplotypes deriving from 

CC-A2.1.1, two haplotypes (CC-A2.1.10 and CC-A20.1.1) deriving from CC-A2.1.3 and 
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CC-A2.1.8, respectively and five additional branches with haplotypes linked to CC-

A2.1.1 by unobserved intermediate haplotype states. 

 

 

 

Fig. 2 TCS haplotype networks based on partial mtDNA control region (A) and complete mitogenome (B) 

sequences. Dashed lines represent links with probability lower than 95%. 
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Table 1 Mitochondrial genome polymorphic sites for Caretta caretta haplogroup II mitogenomic haplotypes. Numbers refer to nucleotide positions of the C. caretta 

reference mtDNA FR694649.1 (in grey). 

 

mtgenomic 

haplotypes 

mtDNA gene 

16S ND1 ND2 Cys COI COII ATP8 ATP6 COIII Gly 

 1631 2936 3045 4277 4671 5303 5847 7433 7900 8398 8661 9102 9440 9482 

               FR694649.1 T C C G G A C C C C T G T A 

MF554690.1 . . . . . . . . . . . . . . 

JX454983.1  . . . . . A . . . . . . . 

CC-A2.1.1  . . . . . . . . . . . . . 

CC-A2.1.2  . . . A . . . . . . . . . 

CC-A2.1.3  . . . . . . . T . . . . . 

CC-A2.1.4  . . . . . . . . . C . . . 

CC-A2.1.5  . . . . . . . . . . A . . 

CC-A2.1.6  . . . . . . . . . . . . . 

CC-A2.1.7  . . . . . . . . . . . . . 

CC-A2.1.8  . . . . . . . . . . . . . 

CC-A2.1.9  . . . . . . . . . . . . . 

CC-A2.1.10  T . . . . . . T . . . . . 

CC-A2.1.11  . T . . . . . . . . . . G 

CC-A2.9.1  . . . . . . . . T . . A . 

CC-A2.9.2  . . . . G . . . T . . A . 

CC-A3.1.1  . . . . . . . . . . . . . 

CC-A10.4.1  . . . . . . . . . . . . . 

CC-A20.1.1  . . . . . . . . . . . . . 

CC-A43.1.1  . . A . . . T . . . . . . 
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Table 1 Continued 

 

  

mtgenomic 

haplotypes 

mtDNA gene 

ND3 ND4L ND4 Leu ND5 CYTB Control region 

 9610 9974 10591 11800 13287 13373 14373 15562 15645 15731 15800 15970 15975 

              FR694649.1 T T T G G C G T C A G A A 

MF554690.1 . . . A . . . . . . . . . 

JX454983.1 . C . . . . . . . . . .  

CC-A2.1.1 . C . . . . . . . . . . . 

CC-A2.1.2 . C . . . . . . . . . . . 

CC-A2.1.3 . C . . . . . . . . . . . 

CC-A2.1.4 . C . . . . . . . . . . . 

CC-A2.1.5 . C . . . . . . . . . . . 

CC-A2.1.6 . C C . . . . . . . . . . 

CC-A2.1.7 . C . . A . . . . . . . . 

CC-A2.1.8 . C . . . T . . . . . . . 

CC-A2.1.9 . C . . . . A . . . . . . 

CC-A2.1.10 . C . . . . . . . . . . . 

CC-A2.1.11 . C . . . . . . . . . . . 

CC-A2.9.1 . C . . . . . C . . . . . 

CC-A2.9.2 . C . . . . . C . . . . . 

CC-A3.1.1 . C . . . . . . . . A . . 

CC-A10.4.1 . C . . . . . . . . . G . 

CC-A20.1.1 . C . . . T . . T . . . . 

CC-A43.1.1 C C . . . . . . . G . . . 
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Table 2 Number of whole mtDNA and control region haplotypes recorded for 61 loggerhead samples collected along the coastline of the Italian peninsula and the 

island of Linosa and in the sea waters of the Strait of Sicily. 

 

mtDNA Control region ADR TUS LAT CAL LIN SIC Total 

         CC-A1.1.1 CC-A1.1 0 1 0 0 0 0 1 

CC-A2.1.1 CC-A2.1 2 2 3 4 0 15 26 

CC-A2.1.2  0 0 0 0 0 1 1 

CC-A2.1.3  0 1 0 1 0 1 3 

CC-A2.1.4  0 0 0 0 0 1 1 

CC-A2.1.5  0 0 0 0 0 1 1 

CC-A2.1.6  0 0 1 0 0 0 1 

CC-A2.1.7  0 0 0 1 0 0 1 

CC-A2.1.8  0 0 0 6 1 3 10 

CC-A2.1.9  0 1 0 0 0 1 2 

CC-A2.1.10  0 0 0 0 0 1 1 

CC-A2.1.11  0 0 0 0 0 1 1 

CC-A2.9.1 CC-A2.9 1 0 0 0 0 0 1 

CC-A2.9.2  0 0 0 0 1 0 1 

CC-A3.1.1 CC-A3.1 0 0 0 0 0 1 1 

CC-A10.4.1 CC-A10.4 1 0 0 0 0 0 1 

CC-A20.1.1 CC-A20.1 0 0 0 7 0 0 7 

CC-A43.1.1 CC-A43.1 0 0 0 0 0 1 1 

Total 4 4 2 19 2 27 61 

          

ADR, Veneto and Emilia Romagna; TUS, Tuscany; LAT, Latium; CAL, Calabria; LIN, Island of Linosa; SIC, Strait of Sicily. 
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Table 3 Genetic diversity parameters for whole mitogenomes and control region sequences only. Values 

are reported for 61 samples plus five mitogenomes from published literature and a subset of haplogroup II 

mtDNA only (60 samples from this study and three sequences from published literature).  

 

  N 
Sequence 

length (bp) 
k P h±SE π±SE GC 

         

All samples 
mtDNA 66 16,425 23 286 0.816±0.005 9.44E-4±5.82E-5 0.392 

Control region 66 919 10 55 0.419±0.009 3.26E-3±2.46E-4 0.340 

Haplogroup II 
mtDNA 63 16,425 20 27 0.798±0.006 9.58E-5±8.09E-10 0.392 

Control region 63 919 7 6 0.362±0.009 3.92E-4±2.29E-8 0.340 

          
N, number of samples; k, number of haplotypes; P, number of polymorphic sites; h, haplotypic diversity ± 

Standard Error; π, nucleotide diversity ± Standard Error; GC, content of GC bases. 

 

Variation in the protein-coding regions 

The McDonald-Kreitman neutrality test returned no significant values when comparing 

dN/dS of haplogroup II with dN/dS between haplogroup II and either haplogroup IB or 

the mitogenome of L. olivacea (Table S4). We found an excess of synonymous 

substitutions in all genes when comparing haplogroup II with haplogroup IB sequences 

and a similar result was obtained when comparing haplogroup II variants to the 

mitogenome of L. olivacea. Ten variants in the coding regions of haplogroup II sequences 

were synonymous and six variants were non-synonymous. In particular, ND2, ND3 and 

CYTB genes displayed no synonymous substitutions and a non-synonymous one. 

Comparison of dN/dS of our complete C. caretta dataset with dN/dS between C. caretta 

mitogenomes and L. olivacea mtDNA revealed an excess of non-synonymous 

substitutions for ND1, ND2, ATP6, ND3, ND5 and CYTB genes. Nevertheless, a 

significant value was shown for the ND3 gene only. 

 

Phylogenetic analyses 

The phylogenetic tree inferred by Maximum Parsimony resolved equally parsimonious 

topologies whereby haplogroup II (Atlantic and Mediterranean) and haplogroup IA 

(Pacific) shared the same cluster, while haplogroup IB (Atlantic) included the most 

phylogenetically divergent sequences (Fig. 3). All haplogroup II sequences coalesced to a 

long branch defined by 55 substitutions. Of these, 18 substitutions occurred in the control 

region, three were found in rRNA genes, one in a tRNA and 33 in coding genes with 28 

synonymous and five non-synonymous substitutions (Table S6). 
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Two main clades were defined within haplogroup II (Fig. 3). The clade characterized 

by the rare Mediterranean control region haplotype CC-A2.9 differed from the other 

haplogroup II sequences by the control region variant C at position 15562, the derived 

state C>T at position 8398 in the ATP6 gene and the ancestral state A at position 9440 in 

the COIII gene. Mitogenome analysis further distinguished mitogenomic haplotypes CC-

A2.9.1 and CC-A2.9.2 as a result of a A/G variant at position 5303 in the Cys tRNA gene 

(Fig. 3, Table S7). The second and most conspicuous clade was defined by a basal A>T 

transversion at position 9440 and included all CC-A2.1 mitogenomic variants as well as 

haplotypes corresponding to control region haplotypes CC-A3.1, CC-A10.4, CC-A20.1 

and CC-A43.1. 

Of the CC-A2.1 mitogenomic variants, six of them (CC-A2.1.2 to CC-A2.1.7 and CC-

A2.1.9) derived each by one private variant from the basal CC-A2.1.1 mitogenomic 

haplotype. Similarly, haplotypes CC-A3.1.1 and CC-A10.4.1 each differed from CC-

A2.1.1 by a single control region variant. Mitogenomic haplotype CC-A2.1.10 stemmed 

from CC-A2.1.3 by a synonymous substitution in the ND1 gene, while haplotype CC-

A2.1.11 differed from the basal CC-A2.1.1 by two variants. Mitogenomic haplotype CC-

A43.1.1 was the most divergent sequence characterized by two non-synonymous, two 

synonymous substitutions and the control region variant. Haplotype CC-A20.1.1 derived 

from CC-A2.1.8, which in turn stemmed from the basal clade by a C>T variant in 

position 13373 in the ND5 gene (Table S7). All CC-A20.1 sequences were identical, 

denoting a recent common origin. Finally, the Atlantic mitogenomes JX454983.1 and 

MF554690.1 derived from CC-A2.1.1 by a single synonymous substitution and from the 

Mediterranean reference FR694649.1, respectively (Fig. 3, Tables S6 and S7). 
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Fig. 3 Unrooted maximum parsimony (MP) tree of Caretta caretta obtained using 61 mitogenomes from 

this study and five sequences from published literature (left). Haplogroup IA (Pacific Ocean) corresponds to 

Genbank accession number JX454988.1. Haplogroup IB (Atlantic Ocean) includes Genbank accession 

number MF579505.1 and mitogenomic haplotype TUS05 from this study (see Tables S1 and S2). Details of 

the haplogroup II subtree (right) show phylogenetic relationships among mtDNA sequences of 60 samples 

from this study (Mediterranean Sea) and three sequences from published literature (Atlantic Ocean). 

Numbers on tree branches represent number of nucleotide substitutions. 

The Bayesian tree confirmed the branching order of the haplogroups recovered by the 

MP tree (Fig. 4 and Table 4). The root of the tree (node I) separated haplogroup IB from 

haplogroups IA and II. The second node, positioned at 67% of the height of the total tree, 

divided haplogroup IA from haplogroup II mitogenomic haplotypes. According to 

Bayesian phylogeny, radiation of haplogroup IB (node III) occurred well before the 

branching of haplogroup II, which occupies only 4% of the total tree height. The 

Bayesian analysis also confirmed the basal position of the CC-A2.9 clade within 

haplogroup II. The only discrepancy between MP phylogeny and Bayesian reconstruction 

was the position of mitogenomic haplotype CC-A43.1.1, which resulted basal, instead of 

derived, with respect to CC-A2.1 variants. Other nodes that reached strong support (> 

95% posterior probability) were those bifurcating CC-A20.1.1 and CC-A2.1.8, CC-

A2.9.1 and CC-A2.9.2, CC-A2.1.3 and CC-A2.1.10, MF554690.1 and FR694649.1. All 

these nodes confirmed the phylogenetic clustering of the MP tree. The radiation of these 

mitogenomic haplotypes resulted to be a very recent event for they occupied just 1% of 

the total tree height. In particular, the most recently diverged mitogenomic sequences 

were FR694649.1 and MF554690.1, sampled in Greece and in the Atlantic Ocean, 

respectively (Table 4). Substitution rate estimates obtained for each mitogenome partition 
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are reported in Table S8. The highest substitution rate (number of substitutions × (site × 

million year)
-1

) was recorded for the control region. The coding regions had a substitution 

rate three times lower than the control region while the rRNAs’ partition showed the 

lowest values. 

 
 

Fig. 4 Bayesian tree of Caretta caretta based on 61 mitogenomes from this study and five sequences from 

published literature. Nodes supporting > 95% posterior probability are shown in red. BEAST coerces 

multifurcations of identical sequences, so that nodes separating sequences assigned to the same 
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mitogenomic haplotype should not be considered. Numbers on tree branches represent number of 

generations. Sample names and haplotypes assignment as for Fig. 1 and Table S1, respectively. 

 

Table 4 Bayesian tree’s height estimates and 95% Height Posterior Density (HPD) for tree nodes with 

>90% support. Estimates are reported in number of Caretta caretta generations (1 generation = 36 years) 

and in thousands of years before present (KYBP). 

 

Node Node description 
Median 

(generations) 

Median 

(KYBP) 

95% HPD 

(generations) 

95% HPD 

(KYBP) 

      
I 

Haplogroup IB – 

Haplogroups IA and II 
83611 3.01E3 49444 – 132500 

1.78E3 – 

4.77E3 

II 
Haplogroup IA – Haplogroup 

II 
56111 2.02E3 32222 – 902777 

1.16E3 – 

3.25E3 

III CCA1.1.1 – MF579505.1 9389 338 4500 – 16555 162 – 596 

IV 
Haplotypes CCA2.9 – other 

mitotypes in Haplogroup II 
3611 130 1555 – 6388 56 – 230 

V 
CCA43.1.1 – other mitotypes 

in Haplogroup II 
2444 88 1166 – 4305 42 – 155 

VI CCA20.1.1 – CCA2.1.8 917 33 278 – 1889 10 – 68 

VII CCA2.9.1 – CCA2.9.2 500 18 8 – 1694 0.28 - 61 

VIII CCA2.1.3 – CCA2.1.10 389 14 3 – 1778 0.10 – 64  

IX  MF554690.1 – FR694649.1 278 10 3 – 833 0.10 – 30  

       

 

Discussion 

Improved resolution in loggerhead mitochondrial genetic diversity 

We characterized the mitochondrial genomes of 61 loggerhead turtles sampled between 

2008 and 2021 along the coastline of Italy, on the Island of Linosa and in sea waters of 

the Strait of Sicily and provided a first dataset on whole mtDNA sequences for 

Mediterranean C. caretta populations. Mitogenome analysis allowed for an improved 

resolution of loggerhead matrilines with respect to previous studies based on partial 

mtDNA control region sequences comparison. The TCS haplotype networks based on 

statistical parsimony delineated similar star-like topologies in haplogroup II for both 

partial mtDNA control region and complete mtDNA analysis. However, statistical 

parsimony showed the increased resolution of the mitogenome haplotype network in 

respect to the 815 bp control region reconstruction, particularly for haplotype CC-A2.1. 
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The control region haplotype CC-A2.1 is the most abundant among the 13 main 

rookeries so far described in the Mediterranean Sea and it is also widespread in Atlantic 

nesting sites (Garofalo et al. 2009; Yilmaz et al. 2011; Saied et al. 2012; Carreras et al. 

2014; Clusa et al. 2014). The ubiquity of haplotype CC-A2.1 has often hampered the 

characterization of rookeries for turtles of unknown origin. In particular, mixed stock 

analyses appeared to suffer from large confidence intervals associated to estimates of 

contribution by rookeries to specific mixed stocks. Confidence intervals with a lower 

value equal to zero most probably underestimated contribution of minor but perhaps 

genetically important rookeries (Garofalo et al. 2013; Clusa et al. 2014; Splendiani et al. 

2017; Tolve et al. 2018; Loisier et al. 2021). In our study, 52 individual turtles all shared 

the same control region haplotype CC-A2.1 while whole mitogenome analysis recovered 

11 distinct mitogenomic haplotypes (CC-A2.1.1-CC-A2.1.11), which significantly 

improved genetic characterization of geographically distinct nesting sites. While the CC-

A2.1.1 variant resulted the most abundant in our dataset with 28 records out of a total of 

61 samples, characterization of the other 10 mitogenomic haplotypes enabled distinction 

of nesting sites from approximately 30 km down to only 5 km apart along the coastline of 

Tuscany, Latium and Calabria. These nests could not be distinguished by mtDNA control 

region sequences analysis alone. 

Similarly, haplotype CC-A1.1, which was carried by TUS05 and never found in 

Mediterranean rookeries, is very abundant and widespread in the Atlantic and therefore 

poorly informative of turtles’ provenance (Shamblin et al. 2012b). It is well known that 

CC-A1.1 turtles enter the western Mediterranean to forage and then migrate back to the 

Atlantic for reproduction (Bolten et al. 1998; Laurent et al. 1998; Carreras et al. 2006; 

Carreras et al. 2011). It may therefore be difficult to envisage a Mediterranean origin for 

TUS05. Nevertheless, future mtDNA characterization for Atlantic and Mediterranean 

loggerheads may unveil a number of mitogenomic variants of CC-A1.1 and allow 

description of differences in mtDNA genome frequencies across rookeries to improve 

resolution of turtles’ origin. 

Our mitogenomic approach also improved the resolution of matrilines based on 

mtDNA control region haplotype CC-A2.9. This is a rare Mediterranean haplotype so far 

recorded only in Libya and in a small Israelian rookery. The two mitogenomic haplotypes 

CC-A2.9.1 and CC-A2.9.2 were found in a stranded adult in the northern Adriatic Sea 

and most important in one nest on the Island of Linosa, respectively. This is also the first 
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evidence of a female carrying the rare haplotype nesting in a rookery other than Libya or 

Israel. 

Mitogenomes comparison showed that in Calabrian nests there are at least five 

different mitogenomic haplotypes instead of only two variants (CC-A2.1 and CC-A20.1) 

detected by the analysis of mtDNA control region sequences. Of these, haplotype CC-

A20.1.1 remains exclusive to the Calabrian rookery as for previous studies reporting on 

mtDNA control region haplotype CC-A20.1. However, we did not record mitogenomes 

characterized by control region haplotype CC-A31.1, also private to Calabrian nests 

(Garofalo et al. 2009; Yilmaz et al. 2011; Saied et al. 2012; Clusa et al. 2014). 

 

Genetic characterization of occasional and minor nesting sites 

Major Mediterranean loggerhead rookeries are found in the eastern and southern sections 

of the basin from Greece through Turkey, Cyprus, Lebanon, Israel to Libya (Yilmaz et al. 

2011; Saied et al. 2012; Carreras et al. 2014; Clusa et al. 2014). The western and central 

parts of the Mediterranean have been so far home of occasional nests, and it was only in 

the last decade that nesting events were recorded on a more frequent and regular basis 

(Casale et al. 2018). According to Hochscheid et al. (2022), the number of turtle nests 

west of the main rookeries has increased from three nests per year in 2013 to 84 nests 

recorded in 2020, suggesting a 1300 km north-westward range expansion of loggerhead 

nesting distribution (Mancino et al. 2022). Samples collected from nests in Tuscany and 

Latium are evidence of such latitudinal dispersal, which seems now possible also as a 

result of a steady increase in water temperature (Casale et al. 2018; Hochscheid et al. 

2022). All four nests recovered in Tuscany and the two nests from Latium had the same 

control region haplotype CC-A2.1, a highly shared sequence across both the 

Mediterranean basin and the Atlantic. On the other hand, analysis of mitogenome 

sequences recovered the presence of at least three distinct nesting females in this region 

of the northern Tyrrhenian Sea. Of these, a female that laid eggs in southern Tuscany 

(TUS03, see Table S1) carried mitogenomic haplotype CC-A2.1.3, which was also found 

in embryos from a nest on the Ionian coast of the Calabrian rookery (CAL1303). This 

pattern may suggest a southern Italian origin of the occasional nests recorded in Tuscany 

possibly as a result of the ongoing northward expansion of the distribution range of 

loggerheads in the Mediterranean (Mancino et al. 2022). As much as our evidence is 

based on a single observation, it nevertheless provides valuable information to further 

investigate dispersal of pioneer female loggerheads and the propagation of specific 
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matrilines for the establishment of new rookeries.  

In the Pelagian archipelago, Mingozzi et al. (2006) recorded nesting events on the 

Islands of Lampedusa and Linosa between 1985 and 1999 and regular, but not annual, 

nesting activities from 2000 to 2004. Nevertheless, genetic data was not produced during 

these surveys, so that our represents the first study characterizing the mitochondrial 

signature of the region. The two nests sampled in 2006 and 2008 were assigned to 

different matrilines, suggesting a relatively high degree of genetic diversity considering 

the limited size (540 ha) of Linosa Island. This is nevertheless coherent with the 

mitogenomic analysis of samples collected in the nearby Strait of Sicily, where 11 

mitogenomic haplotypes were recorded in 27 bycaught adult loggerheads. Additional 

surveys should assess the relevance of Linosa island as an additional nesting area for 

female loggerheads carrying a rare CC-A2.9.2 haplotype, given that the CC-A2.9 

matriline had so far been recorded in Libyan and Israelian nests only and in several 

individuals foraging in Mediterranean waters (e.g. Garofalo et al. 2013, Splendiani et al. 

2017; Tolve et al. 2018). Moreover, the higher resolution offered by a mitogenomic 

approach could allow analysis of the genetic diversity and genomic differentiation 

between Linosa and the Island of Lampedusa, for which genetic characterization of 

nesting sites is yet to be provided. 

 

Heteroplasmy occurrence and patterns of substitutions in the coding regions 

The deep sequencing coverage we obtained for C. caretta mitochondrial genomes 

revealed the presence of two mtDNA variants in one individual bycaught in the Strait of 

Sicily (SIC04). Heteroplasmy consisted in the coexistence of the CC-A2.1.1 mitogenomic 

haplotype with a mitogenome sequence carrying a truncating variant at mtDNA position 

4671 on the ND2 gene, turning a tryptophan codon into a stop codon. The tryptophan 

codon located in the ND2 gene is a well conserved sequence across vertebrates (Avise 

1986) and the presence of a termination codon instead of a coding sequence during 

translation would suggest a possible detrimental effect on gene functioning (Yan et al. 

2019). Although a mitogenome carrying such variant may not persist in homoplasy, we 

assigned a distinct mitogenomic haplotype name (CC-A2.1.2) to specimen SIC04. 

Tikochinski et al. (2020) argued how intra-individual heteroplasmy may not be such a 

rare occurrence in sea turtles and could instead play a role in the evolution of population 

genetic diversity across generations. Unfortunately, the limitations of Sanger sequencing 

in the characterization of low-frequency variants have impeded the development of 
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studies on heteroplasmy in sea turtles. Nevertheless, regular use of high-throughput 

sequencing techniques should now lead to an increase in studies investigating this 

phenomenon and its evolutionary implications. 

We found the highest nucleotide diversity in NADH dehydrogenase subunits genes. A 

similar pattern was previously recorded for genes encoding the ND1 and ND3 subunits 

(Novelletto et al. 2016). In particular, the ND5 subunit gene showed a relatively high 

proportion of polymorphism and the highest haplotype diversity. We also found a high 

nucleotide diversity in the genes encoding the subunits of ATP synthases across 

mitogenomes of haplogroup II, suggesting a pattern of sequence radiation within this 

clade. However, we did not record a significant excess of amino acid substitutions with 

respect to synonymous substitutions in haplogroup II mitogenomes. This would argue 

against adaptive selection acting on haplogroup II.  

 

Mediterranean loggerhead phylogeography 

The topologies of both Maximum Parsimony and Bayesian trees showed a marked star-

like phylogeny of the main clade within haplogroup II, suggesting a fast and recent 

radiation of mitogenomic haplotypes from CC-A2.1.1 to CC-A2.1.10, CC-A3.1.1, CC-

A10.4.1, CC-A20.1.1 and CC-A43.1.1. On the other hand, the sister branch defined by 

haplotypes CC-A2.9.1 and CC-A2.9.2 was basal in our phylogenetic reconstruction. A 

similar pattern was found for the CC-A2.9 mtDNA control region haplotype (Novelletto 

et al. 2016; Splendiani et al. 2017; Loisier et al. 2021), which was until now considered to 

be exclusive to Libyan and Israelian rookeries. This pattern supports the hypothesis of 

Clusa et al. (2013) by which the first loggerhead colonies of the Mediterranean settled in 

Libya during the Pleistocene, approximately 65 KYBP. The southern Mediterranean was 

probably a glacial refugium from where loggerhead turtles would have dispersed after the 

Last Glacial Maximum (LGM). Although our dataset only partially represents the 

Mediterranean mtDNA diversity, the time estimate we obtained for the divergence of the 

CC-A2.9 haplotype clade was consistent with a Pleistocenic colonization of Libya. Our 

phylogeny did not show additional matrilines deriving from mtDNA carrying the control 

region haplotype CC-A2.9, which was previously recorded to have a close phylogenetic 

relationship with haplotypes CC-A26.1 and CC-A66.1 (Novelletto et al. 2016). A more 

comprehensive sampling including Ionian and eastern Mediterranean rookeries may 

reveal additional mitogenomic variants of the CC-A2.9 clade, which has so far been 

reported to have a limited radiation with respect to the sister branch CC-A2.1 (Garofalo et 
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al. 2009; Yilmaz et al. 2011; Saied et al. 2012; Carreras et al. 2014; Clusa et al. 2014).  

A more recent, second colonization event of the Mediterranean from the Atlantic 

during the Holocene was suggested by (Clusa et al. 2013) to explain the origin and 

expansion of the Calabrian rookery in southern Italy. This hypothesis was based on the 

presence of mtDNA control region haplotype CC-A20.1 in both Calabria and three 

rookeries in Florida (Shamblin et al. 2012b). The mitogenomic haplotype CC-A20.1.1 

described in our study shared a recent ancestor with CC-A2.1.8 and both were recorded 

only in the southern part of our study area including Calabria, Linosa Island and the Strait 

of Sicily. This may suggest a local origin of these matrilines after the end of the LGM. 

Comparison of whole mitogenomic sequences from both Mediterranean and Atlantic 

stocks will be crucial to help understand origin and dispersal patterns of the CC-A20.1 

clade. 

On a wider, trans-oceanic scale, a number of biogeographical scenarios have been 

suggested advocating a first colonization of the Mediterranean Sea by haplogroup II from 

Atlantic rookeries (Shamblin et al. 2014) or through a South African route (Bowen et al. 

1994; Baltazar-Soares et al. 2020). Our topology recovered by both maximum parsimony 

and Bayesian analysis provided preliminary information on mitogenome shared ancestry. 

We envisage that further analysis based on e.g. an Approximate Bayesian Computation 

approach (see Baltazar-Soares et al. 2020) that makes use of whole mtDNA sequences 

from a wider sample set including individuals from the Atlantic, could help better 

elaborate current hypotheses and build a robust phylogeographic scenario of colonization 

and dispersal of loggerheads in the Mediterranean Sea. 

 

Conclusions 

Analysis of complete mitogenome sequences can improve population genetic and 

phylogeographic studies, particularly for marine species that exhibit female natal 

philopatry. In this study, we investigated patterns of mtDNA diversity in loggerhead sea 

turtles and presented a high-coverage, complete mitogenome dataset for C. caretta in the 

central Mediterranean Sea along with a first genetic description of the Italian nesting sites 

of Tuscany, Latium and the Island of Linosa. We also proposed the first nomenclature for 

C. caretta mitogenomic haplotypes and described a larger number of variants than those 

so far recovered by mtDNA control region sequence comparisons. Mitogenome analysis 

provided a more comprehensive definition of matriline phylogeny and improved genetic 
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characterization of rookeries. Our study represents a first example of the potential of 

whole mitogenome analysis for the study of the evolutionary history of Mediterranean 

loggerheads and fine-scale characterization of nesting sites to help mixed-stock analysis 

and the conservation of extant rookeries. 
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Supplementary materials 

Table S1 Details of biopsies obtained from 61 Caretta caretta individuals sampled along the coastline of the Italian peninsula and the island of Linosa and in the sea 

waters between Sicily and Tunisia from 2008 to 2021. Genbank accession numbers for each mitogenome haplotype are also reported. 

 

Year Region or Sea basin Sample ID Age class 
Turtle 

condition 
Location 

Mitogenome 
haplotype 

Genbank accession 
number 

2013 Veneto ADR01 Adult Stranded Chioggia (VE) A2.1.1 OR166582 

2013 Veneto ADR02 Adult Stranded Chioggia (VE) A2.9.1 OR166583 

2013 Veneto ADR03 Adult Stranded Rosolina (RO) A10.4.1 OR166584 

2013 Emilia Romagna ADR04 Adult Stranded Lugo (RA) A2.1.1 OR166585 

2018 Tuscany TUS01 Hatchling Dead pipped Santa Lucia (LI) A2.1.1 OR166586 

2020 Tuscany TUS02 Hatchling Dead pipped Le Rocchette (GR) A2.1.1 OR166588 

2020 Tuscany TUS03 Hatchling Dead pipped Baratti (GR) A2.1.3 OR166590 

2021 Tuscany TUS04 Hatchling Dead pipped Morcone (LI) A2.1.9 OR166592 

2021 Tuscany TUS05 Adult Stranded Portoferraio (LI) A1.1.1 OR166594 

2020 Latium LAT01 Hatchling Dead pipped Fondi (LT) A2.1.1 OR166595 

2020 Latium LAT02 Hatchling Dead pipped Ventotene (LT) A2.1.1 OR166596 

2021 Latium LAT03 Adult Stranded Nettuno (RM) A2.1.1 OR166597 

2021 Latium LAT04 Adult Stranded Fondi (LT) A2.1.6 OR166598 

2011 Calabria CAL1112 Hatchling Dead pipped Brancaleone (RC) A2.1.8 OR166599 

2011 Calabria CAL1124 Hatchling Dead pipped Palizzi (RC) A20.1.1 OR166600 

2011 Calabria CAL1137 Hatchling Dead pipped Palizzi (RC) A2.1.1 OR166601 

2012 Calabria CAL1201 Hatchling Dead pipped Cariati (CS) A2.1.8 OR166602 

2012 Calabria CAL1234 Hatchling Dead pipped Bova Marina (RC) A20.1.1 OR166603 

2013 Calabria CAL1303 Hatchling Dead pipped Bova Marina (RC) A2.1.3 OR166604 

2013 Calabria CAL1315 Hatchling Dead pipped Brancaleone (RC) A2.1.8 OR166605 

2013 Calabria CAL1319 Hatchling Dead pipped Bonifati (CS) A2.1.1 OR166606 

2013 Calabria CAL1320 Hatchling Dead pipped Brancaleone (RC) A2.1.8 OR166607 
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2013 Calabria CAL1321 Hatchling Dead pipped Bova Marina (RC) A20.1.1 OR166608 

2013 Calabria CAL1323 Hatchling Dead pipped Palizzi (RC) A20.1.1 OR166609 

2013 Calabria CAL1325 Hatchling Dead pipped Palizzi (RC) A20.1.1 OR166611 

2013 Calabria CAL1328 Hatchling Dead pipped Brancaleone (RC) A2.1.8 OR166612 

2013 Calabria CAL1335 Hatchling Dead pipped Brancaleone (RC) A2.1.1 OR166613 

2013 Calabria CAL1346 Hatchling Dead pipped Bova Marina (RC) A2.1.8 OR166614 

2013 Calabria CAL1362 Hatchling Dead pipped Palizzi (RC) A2.1.1 OR166615 

2013 Calabria CAL1370 Hatchling Dead pipped Bonifati (CS) A2.1.7 OR166616 

2013 Calabria CAL1384 Hatchling Dead pipped Marina di Gioiosa Ionica 

(RC) 

A20.1.1 OR166617 

2013 Calabria CAL1385 Hatchling Dead pipped Soverato (CZ) A20.1.1 OR166618 

2006 Linosa Island LIN01 Hatchling Dead pipped Linosa Island A2.9.2 OR166619 

2008 Linosa Island LIN02 Hatchling Dead pipped Linosa Island A2.1.8 OR166620 

2008 Strait of Sicily SIC01 Adult Bycaught Strait of Sicily A2.1.1 OR166621 

2008 Strait of Sicily SIC02 Adult Bycaught Strait of Sicily A43.1.1 OR166622 

2008 Strait of Sicily SIC03 Adult Bycaught Strait of Sicily A2.1.1 OR166623 

2008 Strait of Sicily SIC04 Adult Bycaught Strait of Sicily A2.1.2 OR166647 

2008 Strait of Sicily SIC05 Adult Bycaught Strait of Sicily A2.1.8 OR166624 

2008 Strait of Sicily SIC06 Adult Bycaught Strait of Sicily A2.1.1 OR166625 

2008 Strait of Sicily SIC07 Adult Bycaught Strait of Sicily A2.1.8 OR166626 

2008 Strait of Sicily SIC08 Adult Bycaught Strait of Sicily A2.1.1 OR166627 

2008 Strait of Sicily SIC09 Adult Bycaught Strait of Sicily A2.1.1 OR166628 

2008 Strait of Sicily SIC10 Adult Bycaught Strait of Sicily A2.1.9 OR166629 

2008 Strait of Sicily SIC11 Adult Bycaught Strait of Sicily A2.1.3 OR166630 

2008 Strait of Sicily SIC12 Adult Bycaught Strait of Sicily A2.1.1 OR166631 

2008 Strait of Sicily SIC13 Adult Bycaught Strait of Sicily A2.1.1 OR166632 

2008 Strait of Sicily SIC14 Adult Bycaught Strait of Sicily A2.1.5 OR166633 

2008 Strait of Sicily SIC15 Adult Bycaught Strait of Sicily A2.1.10 OR166634 

2008 Strait of Sicily SIC16 Adult Bycaught Strait of Sicily A2.1.1 OR166635 
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2008 Strait of Sicily SIC17 Adult Bycaught Strait of Sicily A2.1.1 OR166636 

2008 Strait of Sicily SIC18 Adult Bycaught Strait of Sicily A2.1.1 OR166637 

2008 Strait of Sicily SIC19 Adult Bycaught Strait of Sicily A2.1.1 OR166638 

2008 Strait of Sicily SIC20 Adult Bycaught Strait of Sicily A2.1.11 OR166639 

2008 Strait of Sicily SIC21 Adult Bycaught Strait of Sicily A2.1.4 OR166640 

2008 Strait of Sicily SIC22 Adult Bycaught Strait of Sicily A2.1.8 OR166641 

2008 Strait of Sicily SIC23 Adult Bycaught Strait of Sicily A2.1.1 OR166642 

2008 Strait of Sicily SIC24 Adult Bycaught Strait of Sicily A2.1.1 OR166643 

2008 Strait of Sicily SIC25 Adult Bycaught Strait of Sicily A3.1.1 OR166644 

2008 Strait of Sicily SIC26 Adult Bycaught Strait of Sicily A2.1.1 OR166645 

2008 Strait of Sicily SIC27 Adult Bycaught Strait of Sicily A2.1.1 OR166646 
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Table S2 Mitogenome sequences of Caretta caretta included in this study. 

 

GenBank 

accession 

number 

 

Haplogroup 

 

Provenance 

 

Reference 

FR694649.1 II Mediterranean (Greece) Drosopoulou et al. 2012 

JX454988.1 IA Pacific (Hawaii) Duchene et al. 2012 

JX454983.1 II Atlantic (Florida) Duchene et al. 2012 

MF554690.1 II Atlantic (Colombia) Hernandez-Fernandez et al. 2018 

MF579505.1 IB Atlantic (Colombia) Hernandez-Fernandez et al. 2018 

 

Among available sequences in GeneBank, we excluded KP256531.1 (Otálora and Hernández-Fernández 

2018) because it displayed a number of nucleotide differences with respect to the overall alignment we were 

not able to confirm. We also excluded JX454977.1 and JX454984.1 (Duchene et al. 2012), since they 

reported several missing base pairs (Ns) and NC016923.1 because after curation by the NCBI staff this 

record had the same nucleotide sequence of FR694649.1, which we used as reference mitogenome. 

MF579504.1 was also excluded from the analysis as it showed multiple poly-A stretches starting at 

positions 3763, 7009 and 9463. These poly-A stretches possibly resulted from non-independent, multiple 

substitutions at adjacent positions, which could have compromised diversity, branch length and divergence 

time estimates. 
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Table S3 Total number of reads obtained from C. caretta whole genome sequencing, number of reads 

mapping to the C. caretta reference mitogenome (GenBank accession number: FR694649.1) and mean 

mtDNA genome coverage obtained. Origin of samples as in Table S1. 

 

Sample ID Total no. of reads 
Reads mapping to mtDNA 

reference genome sequence 
mtDNA coverage (×) 

ADR01 38,353,330 17,508 157 

ADR02 18,593,330 51,135 458 

ADR03 29,273,330 174,191 1561 

ADR04 33,473,330 43,012 385 

CAL1112 21,006,670 12,717 114 

CAL1124 10,640,000 29,858 268 

CAL1137 17,073,330 16,120 144 

CAL1201 17,460,000 13,329 119 

CAL1234 24,313,330 14,527 130 

CAL1303 12,820,000 54,244 486 

CAL1315 28,626,670 16,600 149 

CAL1319 16,893,330 35,315 316 

CAL1320 18,313,330 14,010 126 

CAL1321 17,040,000 9,834 88 

CAL1323 21,693,330 11,582 104 

CAL1325 13,600,000 12,927 116 

CAL1328 19,213,330 4,319 39 

CAL1335 17,900,000 4,011 36 

CAL1346 25,693,330 2,573 23 

CAL1362 20,220,000 19,216 172 

CAL1370 12,393,330 154,007 1380 

CAL1384 10,400,000 10,148 91 

CAL1385 17,333,330 77,430 694 

LAT01 39,460,000 81,700 732 

LAT02 33,706,670 17,402 156 

LAT03 22,446,670 88,380 792 

LAT04 11,260,000 10,673 96 

LIN01 23,553,330 38,962 349 

LIN02 21,266,670 14,364 129 

SIC01 18,480,000 13,103 117 

SIC02 28,540,000 29,728 266 

SIC03 22,393,330 17,583 158 

SIC04 31,520,000 32,216 289 
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SIC05 24,973,330 17,312 155 

SIC06 30,813,330 22,896 205 

SIC07 51,606,670 34,179 306 

SIC08 20,640,000 25,182 226 

SIC09 29,600,000 38,930 349 

SIC10 19,206,670 18,299 164 

SIC11 20,866,670 26,277 235 

SIC12 35,493,330 42,543 381 

SIC13 22,786,670 25,322 227 

SIC14 30,106,670 22,085 198 

SIC15 19,260,000 16,305 146 

SIC16 27,946,670 28,450 255 

SIC17 23,433,330 19,733 177 

SIC18 17,546,670 13,653 122 

SIC19 28,293,330 26,822 240 

SIC20 18,640,000 13,862 124 

SIC21 29,160,000 23,741 213 

SIC22 28,626,670 32,407 290 

SIC23 23,886,670 15,056 135 

SIC24 21,586,670 14,605 131 

SIC25 16,506,670 13,751 123 

SIC26 12,553,330 9,954 89 

SIC27 27,713,330 10,244 92 

TUS01 42,140,000 7,226 65 

TUS02 34,100,000 48,496 435 

TUS03 30,266,670 23,937 215 

TUS04 31,660,000 107,500 963 

TUS05 19,220,000 12,789 115 
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Table S4 Loggerhead mitogenomic diversity and McDonald-Kreitman neutrality test estimated for single genes and concatenated tRNAs. Haplogroup II samples 

only are considered (60 samples from this study and three sequences from published literature). The McDonald-Kreitman test was conducted by comparing dN/dS 

of haplogroup II with dN/dS between haplogroup II and either haplogroup IB or the mitogenome of Lepidochelys olivacea (GenBank accession number: 

JX454987.1). 

 

mtDNA 

gene 

Sequence 

length (bp) 
k P h±SE π±SE GC 

McD-K test vs 

haplogroup IB 

McD-K test vs 

L. olivacea 

12S 970 1 0 0 0 0.416   

16S 1,615 2 1 0.063±0.005 0 0.374   

ATP6 682 3 2 0.093±0.000 1.38E-4±3.42E-5 0.377 p = 0.49 p = 0.40 

ATP8 165 2 1 0.121±0.000 7.32E-4±1.62E-4 0.357 n.a. p = 1 

COXI 1548 2 1 0.032±0.004 2.05E-5±8.59E-6 0.416 n.a. p = 1 

COXII 687 2 1 0.032±0.004 4.62E-5±1.94E-5 0.371 n.a. p = 1 

COXIII 784 3 2 0.093±0.006 1.20E-4±2.99E-5 0.418 p = 0.28 p = 0.26 

CYTB 1,144 2 1 0.063±0.005 5.46E-5±1.65E-5 0.434 p = 0.36 p = 0.19 

ND1 967 3 2 0.063±0.005 6.56E-5±1.97E-5 0.399 p = 0.53 p = 1 

ND2 1,042 3 2 0.063±0.005 6.09E-5±1.83E-5 0.388 p = 0.58 p = 0.74 

ND3 350 2 1 0.032±0.004 9.07E-5±3.80E-5 0.383 p = 1 p = 0.47 

ND4L 297 2 1 0.062±0.005 2.10E-4±6.35E-5 0.397 n.a. p = 1 

ND4 1,381 2 1 0.032±0.004 2.30E-5±9.64E-6 0.454 p = 1 p = 1 

ND5 1,797 3 2 0.423±0.007 2.41E-4±3.06E-5 0.400 p = 1 p = 1 

ND6 525 1 0 0 0 0.383 n.a. n.a. 

tRNAs 1,555 5 4 0.153±0.008 1.21E-4±2.18E-5 0.394   

 

k, number of haplotypes; P, number of polymorphic sites; h, haplotypic diversity ± Standard Error; π, nucleotide diversity ± Standard Error; GC, content of GC bases. 
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Table S5 Mitogenomic diversity and McDonald-Kreitman neutrality test estimated for single genes and concatenated tRNAs. All samples from our Caretta caretta 

dataset are considered (61 samples from this study plus five sequences from published literature). The McDonald-Kreitman test was conducted by comparing dN/dS of 

our C. caretta dataset with dN/dS between the C. caretta dataset and the mitogenome of Lepidochelys olivacea. Diversity indices as in Table S4. 

 

mtDNA 

gene 

Sequence 

length (bp) 
k P h±SE π±SE GC 

McD-K test vs 

L. olivacea 

12S 971 3 6 0.089±0.006 2.77E-4±4.18E-5 0.416  

16S 1,612 4 22 0.146±0.007 6.67E-4±6.08E-5 0.374  

ATP6 682 5 12 0.174±0.008 1.05E-3±1.09E-4 0.377 p = 1 

ATP8 165 3 2 0.197±0.008 1.53E-3±2.38E-4 0.356 p = 1 

COXI 1,548 4 18 0.118±0.007 5.79E-4±5.58E-5 0.416 p = 1 

COXII 687 4 11 0.118±0.007 7.82E-4±8.97E-5 0.372 p = 0.57 

COXIII 784 5 10 0.174±0.008 7.17E-4±8.09E-5 0.418 p = 1 

CYTB 1,144 4 18 0.146±0.007 8.86E-4±8.22E-5 0.433 p = 0.20 

ND1 967 5 21 0.146±0.007 1.08E-3±9.93E-5 0.399 p = 0.19 

ND2 1,042 6 20 0.147±0.007 1.11E-3±9.93E-5 0.388 p = 0.56 

ND3 350 5 17 0.118±0.007 2.13E-3±2.18E-4 0.383 p = 0.003 

ND4L 297 4 6 0.146±0.007 1.20E-3±1.61E-4 0.396 p = 0.58 

ND4 1,381 4 15 0.118±0.007 6.04E-4±5.94E-5 0.367 p = 0.19 

ND5 1,797 5 28 0.474±0.007 1.12E-3±8.74E-5 0.400 p = 0.37 

ND6 525 4 7 0.089±0.006 5.72E-4±8.25E-5 0.383 p = 0.27 

tRNAs 1,555 8 18 0.229±0.008 4.98E-4±6.13E-5 0.394  
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Table S6 Substitutions in coding genes, rRNAs and tRNAs of the haplogroup II tree branch (see Fig. 2). 

Positions of nucleotide variants refer to nucleotide positions in the reference Caretta caretta mtDNA 

(GenBank accession number: FR694649.1). Codon position 1 where a synonymous (syn) or nonsynonymous 

(non-syn) nucleotide substitution was recorded is also reported along with the corresponding change in 

amino acid. 

 

mtDNA position Gene 
Nucleotide 

substitution 

Codon 1 position of 

nucleotide 

substitution 

Change in amino acid 

110 12S rRNA T > C - - 

1280 16S rRNA A > C - - 

1988 16S rRNA A > G - - 

3107 ND1 C > T 104 N > N (syn) 

3191 ND1 T > C 132 Y > Y (syn) 

3521 ND1 C > A 242 L > L (syn) 

4223 ND2 A > G 85 N > D (non-syn) 

4729 ND2 T > C 253 G > G (syn) 

4909 ND2 G > A 313 Q > Q (syn) 

4918 ND2 T > C 316 R > R (syn) 

4997 ND2 C > T 343 L > L (syn) 

5829 COXI T > C 144 D > D (syn) 

6150 COXI T > C 251 F > F (syn) 

7391 COX2 A > G 104 W > W (syn) 

7628 COX2 C > A 183 T > T (syn) 

8346 ATP6 G > A 117 G > G (syn) 

8488 ATP6 T > C 165 L > L (syn) 

9724 ND3 T > C 65 L > L (syn) 

9843 ND3 C > T 104 I > I (syn) 

9853 ND3 G > A 108 V > I (non-syn) 

10016 ND4L T > C 22 H > H (syn) 

10193 ND4L T > C 81 S > S (syn) 

10735 ND4 C > A 165 L > L (syn) 

11470 ND4 T > C 410 Y > Y (syn) 

11549 ND4 C > T 437 L > L (syn) 

11799 Leu tRNA A > G - - 

11880 ND5 C > T 18 L > F (non-syn) 

11899 ND5 G > A 24 C > Y (non-syn) 

11919 ND5 A > C 31 M > L (non-syn) 

12116 ND5 T > C 96 S > S (syn) 

12350 ND5 T > C 174 I > I (syn) 

13076 ND5 C > T 416 T > T (syn) 

13286 ND5 A > G 486 T > T (syn) 

13499 ND5 T > C 557 G > G (syn) 

13550 ND5 A > G 574 A > A (syn) 

14340 CYTB T > C 42 L > L (syn) 

15212 CYTB T > C 332 D > D (syn) 
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Table S7 Substitutions characterizing Caretta caretta mitotypes within haplogroup II. See table S6 for 

additional details. 

 

Mitotype 
mtDNA 

position 
Gene 

Nucleotide 

substitution 

Codon 1 position of 

nucleotide substitution 
Change in amino acid 

CCA2.1.1 9440 COXIII A > T 254 V > V (syn) 

FR694649.1 9940 COXIII A > T 254 V > V (syn) 

 9974 ND4L C > T 81 Y > Y (syn) 

MF554690.1 9940 COXIII A > T 254 V > V (syn) 

 9974 ND4L C > T 81 Y > Y (syn) 
 11799 Leu tRNA G > A - - 

JX454983.1 9940 COXIII A > T 254 V > V (syn) 

 5847 COXI C > A 150 L > L (syn) 

CC-A2.1.7 9440 COXIII A > T 254 V > V (syn) 

 13287 ND5 G > A 487 A > T (non-syn) 

CC-A2.1.8 9440 COXIII A > T 254 V > V (syn) 

 13373 ND5 C > T 515 H > H (syn) 

CC-A20.1.1 9440 COXIII A > T 254 V > V (syn) 
 13373 ND5 C > T 515 H > H (syn) 

 15645 Control region C > T - - 

CC-A2.1.6 9440 COXIII A > T 254 V > V (syn) 

 10591 ND4 T > C 117 I > I (syn) 

CC-A10.4.1 9440 COXIII A > T 254 V > V (syn) 

 15970 Control region A > G - - 

CC-A43.1.1 9440 COXIII A > T 254 V > V (syn) 

 4277 ND2 G > A 103 A > T (non-syn) 

 7433 COXII C > T 118 F > F (syn) 
 9610 ND3 T > C 27 L > S (non-syn) 

 15731 Control region A > G - - 

CC-A2.1.2 9440 COXIII A > T 254 V > V (syn) 
 4671 ND2 G > A 234 W > X (non-syn) 

CC-A2.1.5 9440 COXIII A > T 254 V > V (syn) 
 9102 COXIII G > A 53 A > T (non-syn) 

CC-A2.1.3 9440 COXIII A > T 254 V > V (syn) 
 7900 ATP8 C > T 20 Y > Y (syn) 

CC-A2.1.10 9440 COXIII A > T 254 V > V (syn) 

 7900 ATP8 C > T 20 Y > Y (syn) 

 2936 ND1 C > T 47 P > P (syn) 

CC-A2.1.9 9440 COXIII A > T 254 V > V (syn) 
 14373 CYTB G > A 53 A > T (non-syn) 

CC-A2.1.11 9440 COXIII A > T 254 V > V (syn) 

 3045 ND1 C > T 84 L > L (syn) 
 9482 Gly tRNA A > G - - 

CC-A2.1.4 9440 COXIII A > T 254 V > V (syn) 
 8661 ATP6 T > C 222 Y > Y 

CC-A3.1.1 9440 COXIII A > T 254 V > V (syn) 
 15800 Control region G > A - - 

CC-A2.9.1 8398 ATP6 C > T 135 P > S (non-syn) 

CC-A2.9.2 8398 ATP6 C > T 135 P > S (non-syn) 

 5303 Cys tRNA A > G - - 
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Table S8 Substitution rates and 95% Height Posterior Density (HPD) for Caretta caretta mitogenome partitions used in the Bayesian phylogenetic analysis. Time is 

estimated in number of C. caretta generations (1 generation = 36 years) and in million years. 

 

 
Partition 

Median no. 

substitutions × (site 
× generation)-1 

Median no. 

substitutions × (site 
× million year)-1 

95% HPD no. 

substitutions × (site × 

generation)-1 

95% HPD substitutions × 

(site × million year)-1 

12S rRNA+ 16S rRNA 3.85E-8 1.07E-3 1.73E-8 – 6.52E-8 0.48E-3 – 1.81E-3 

tRNAs 4.75E-8 1.32E-3 2.09E-8 – 8.35E-8 0.58E-3 – 2.32E-3 

Coding regions 6.3E-8 1.75E-3 3.46E-8 – 9.65E-8 0.96E-3 – 2.68E-3 

Control region 1.98E-7 5.49E-3 1.31E-7 – 2.67E-7 3.63E-3 – 7.43E-3 
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Figure S1 Nucleotide diversity (π) values across the 16425 sites of the Caretta caretta mitogenomes analysed in this study for A) the complete dataset (61 independent 

samples from this study plus five sequences from published literature) and B) haplogroup II mitogenomes only (60 independent samples from this study plus three 

sequences from published literature). Both profiles were obtained using π values calculated along a sliding window of 1000 bp at 50 bp intervals. 
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Erratum to: Mar Biol doi.org/10.1007/s00227-023-04325-x 

In the original manuscript, sample TUS05 (Genbank accession number OR166594) was 

assigned to haplogroup IB and identified as a mitogenomic variant of the control region 

haplotype CC-A1.1. Consequently, the corresponding mitogenomic haplotype was named 

CC-A1.1.1. The 800 bp control region haplotype of TUS05, however, does not 

correspond to CC-A1.1, nor the 380 bp control region haplotype of TUS05 corresponds to 

CC-A1. According to the Archie Carr Center for Sea Turtles Research database 

(https://accstr. ufl. edu/ resou rces/ mtdna- seque nces/), the control region haplotype 

described for TUS05 was yet to be described. We therefore renamed the mitogenomic 

haplotype of TUS05 as A79.1.1. Tables 2 and 4 and Table S1 should read CC-A79.1.1 

and CC-A79.1 instead of CC-A1.1.1 and CC-A1.1, respectively. The corrected Figure 2 is 

produced here. 

 

 

 

Fig. 2 TCS haplotype networks based on partial mtDNA control region (A) and complete mitogenome 

(B) sequences. Dashed lines represent links with probability lower than 95%. 
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Mitogenomic analysis reveals the global 

phylogeography  

and adaptive signatures of the sea turtle Caretta caretta 
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Introduction 

Unveiling patterns of dispersal and colonization dynamics over evolutionary history is a 

challenging task for conservation biology, especially in the case of widely distributed, 

highly migratory species (Eizaguirre and Baltazar-Soares 2014). Among marine 

vertebrates, sea turtles provide outstanding examples of globally spread species thanks to 

trans-oceanic movements, occurring in the first years of life via water currents and in 

adulthood through active swimming (Lutz and Musick 2017). Despite their wide 

distribution, sea turtles exhibit a remarkable genetic population structure, mainly due to 

natal philopatry, i.e. the tendency of females to reproduce at their natal beaches 

(rookeries) (Bowen and Karl 2007). In addition, adaptation to local environments 

contributes often to genetically structure populations or groups of populations under the 

same selective pressures (Barbanti et al., submitted). The characterization of the 

phylogenetic relationships among maternally inherited mitochondrial DNA (mtDNA) 

haplotypes, allows inferring some of the processes that have shaped the evolution of sea 

turtles’ populations over the millions of years (Clusa et al. 2013). Furthermore, as this 

molecule does not recombine, the ancient phylogenetic signal is not erased in the event of 

a secondary contact of divergent lineages, in comparison to the nuclear genome (Galià-

Camps et al. 2024). 

Among the seven sea turtle species, the loggerhead (Caretta caretta) is one of the most 

widespread, inhabiting tropical and temperate waters worldwide, reproducing at the 

highest latitudes (Lutz and Musick 2017). Genetic studies based on sequences of mtDNA 

control region described three main extant mtDNA haplogroups for this species globally: 

the haplogroup (IA), being exclusively found in the Pacific Ocean, the haplogroup (IB), 

being mostly found in the Atlantic Ocean and in one rookery of the Northwest Indian 

Ocean, and the haplogroup (II), being widely spread in the Atlantic Ocean, in all 

rookeries of the Mediterranean Sea and in one rookery of the Southwest Indian Ocean 

(Shamblin et al. 2014). Over the decades there have been proposed several 

reconstructions of the evolution and colonization of the oceans by Caretta caretta based 

on the mtDNA control region regarding the phylogenetic relationship among the 

haplogroups IA, IB and II (e.g. Bowen et al. 1994; Bowen and Karl 2007; Carreras et al. 

2007; Duchene et al. 2012; Shamblin et al. 2012b; Clusa et al. 2013; Shamblin et al. 

2014), and the topic is still under debate.  
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Two main alternative scenarios can be summarized according to these studies, both taking 

the closure of the Isthmus of Panama (20-2.8 MYA) (O’Dea et al. 2016) as the first 

biogeographic event causing isolation and divergence of current mtDNA lineages. One 

scenario, supported by Shamblin et al. (2014), suggests that haplogroups I (ancestral state 

of IA and IB) and II separated respectively west and east of the Isthmus of Panama, with 

haplogroup II being the first one to settle in the Atlantic and later colonizing the 

Mediterranean Sea via North Atlantic Stream. After this first split, haplogroups IA and IB 

diverged within the Indo-Pacific Ocean, with IA settling in the Pacific and IB entering the 

Atlantic from the Indian Ocean via South Africa and reaching western Atlantic rookeries 

where already there was haplogroup II forming a secondary contact.  

The alternative scenario, supported by Baltazar-Soares et al. (2020) by means of 

Approximate Bayesian Computation (ABC) method, envisages that haplogroup IB was 

the first that differentiated east of Panama and first settled in the Atlantic, while 

haplogroups IA and II were first settled west of Panama and diverged later in the Indo 

Pacific. In this scenario, haplogroup II entered the Atlantic via South Africa, heading 

north until the Mediterranean Sea, later colonizing the Atlantic rookeries where 

haplogroup IB was already present forming a secondary contact. However, only a 

fragment of the mtDNA control region was used in both studies, and differences between 

the studies could be explained using different sampling sets or the use of different 

methodological approaches. Alternatively, the whole mitogenome offers better resolution 

than traditional mtDNA control region markers, as recently demonstrated in Tolve et al. 

(2024). Consequently, whole mitogenome sequencing could be used to resolve the 

evolutionary processes leading to the global mitochondrial distribution of this species. 

Interestingly, haplogroup IB and haplogroup II not only co-exist in the western Atlantic 

rookeries due to the known secondary contact but also present a parallel latitudinal 

gradient east and west of the Florida peninsula, ranging from nearly zero percent of 

haplogroup IB in Mexico and increasing with latitude until reaching almost one hundred 

percent in South Carolina (Encalada et al. 1998; Shamblin et al. 2012b). Given the global 

dispersal potential of these marine vertebrates, geographic distances and strong philopatry 

alone do not suffice to explain this symmetrical distribution at both sides of the peninsula. 

Mitochondrial adaptation to temperature gradients is known to occur in several marine 

species (e.g. Silva et al. 2014; Baltazar-Soares et al. 2021; Noll et al. 2022) and remains 

to be evaluated in loggerheads. 
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In the present study we aim to fulfil the gap of knowledge on the above-mentioned 

unresolved topics using whole mitogenome sequencing data. First, we seek to determine 

the most likely phylogeographic scenario explaining the origin and distribution of 

mitogenomic groups of C. Caretta worldwide. Second, we look for mitochondrial-scale 

evidence of selective pressure between haplogroups IB and II, supporting their 

geographic distribution in the Northwestern Atlantic under the hypothesis of adaptation to 

different temperature conditions, and at a global scale by evaluating the potential of the 

detected polymorphisms across the haplogroups to modify protein conformation and 

function.  
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Fig. 1 In panels a) and b), phylogeographic hypotheses for oceans colonization by Caretta caretta and the 

corresponding control region haplogroup topologies supporting each scenario. In blue, haplogroup IA; in 

red, haplogroup IB, in yellow, haplogroup II. In panel c), samples used in genetic diversity and 

phylogenetic analysis of this study: in green, codes of the mitogenome sequences assembled in this study; 

in purple, codes of the mitogenome sequences downloaded from GenBank. Mitogenomes from GenBank 

are from Drosopoulou et al. (2012); Duchene et al. (2012); Hernandez-Fernandez et al. (2018); and Tolve et 

al. (2024). Code numbers for each mitogenome as in Table S1. 
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Materials and Methods 

Sampling, sequencing and mitogenomes reconstruction 

Tissue samples of 26 individuals preserved in ethanol 95% were analysed (Table S1). In 

detail: two samples from Mexico (Pacific Ocean), two samples from Quintana Roo, two 

samples from East Florida, five samples from Boa Vista (Atlantic Ocean), two samples 

from Libya, two samples from Turkey, two samples from Greece and nine samples from 

Italy (Mediterranean Sea) (Table S1). DNA extraction, DNA quality and concentration 

measures, library preparation and sequencing were performed as in Table S2. Sequencing 

data were demultiplexed and converted from bcl to fastq format using bcl2fastq version 

2.20 (Illumina). Reads quality was checked with FastQC 11.9 (Andrews 2010) and low-

quality reads were removed with Trimmomatic 0.39 (Bolger et al. 2014). Mitogenomes 

were assembled de novo, by a seed-and-extend algorithm implemented in NOVOPlasty 

(Dierckxsens et al. 2016). As a seed we used COI sequence of C. caretta (GenBank 

accession number NC016923) (Drosopoulou et al. 2012). Contigs assembled by 

NOVOPlasty were visually inspected and annotated using NC016923 (Drosopoulou et al. 

2012) as reference mitogenome in Geneious Prime 2022.2.2. We considered a 

mitogenome to be properly reconstructed when it was circularized or when including the 

whole sequence of all genes. We trimmed the assembled mitogenomes at position 16425, 

to remove the microsatellite repeats (TATAT)n found in this region of the control region 

(Drosopoulou et al. 2012), since the polymorphism in this region is based on the number 

of AT rather than single point mutations. 

 

Mitogenomes alignment and haplotypes assignment 

We constructed a data set comprising the 26 mitogenomes generated in the present study 

and the 66 complete mitogenomes available in GenBank without N bases, resulting in 92 

C. caretta sequences in total (Table S1). In order to compare our results with previous 

studies, we also generated a second data set including only the control regions from all 

mitogenomes. We aligned the two data sets using mafft v.7 

(https://mafft.cbrc.jp/alignment/software/) and subsequently generated haplotype 

networks, using statistical parsimony (Templeton et al. 1992) as implemented in TCS 

(Clement et al. 2000). We classified the mitogenomic haplotypes following the criteria in 

Tolve et al. (2024) where the names were defined first by the control region haplotype 

and the last number was characteristic of a unique combination of all the variants outside 
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the control region. For the following analyses, we removed identical sequences and 

retained only a subset of haplotypes from haplogroup II (n = 13) to avoid its over-

representation in relation to the other haplogroups, resulting in 23 total sequences from 

independent samples (Fig. 1c, Table S1). 

 

 

Genetic diversity and phylogenetic analysis 

Haplotype diversity, nucleotide diversity and dN/dS ratio were computed for single genes 

using DnaSP (Librado and Rozas 2009). For phylogenetic analyses, we included the 

mitogenomic sequences of Lepidochelys olivacea (NC028634.1) and Lepidochelys kempii 

(MN136061.1) as outgroups. Using Geneious Prime 2022.2.2, we built four mitogenomic 

partitions to be used in following analyses: rRNAs, tRNAs, control region and coding 

genes. We selected independent molecular evolution models for single genes, for each 

mitogenomic partition and for the complete mitogenome, based on AICc criterion. We 

then constructed Maximum Likelihood phylogenies using IqTree (Trifinopoulos et al. 

2016) and constructed consensus trees with Astral-III (Zhang et al. 2018). Statistical 

support for the nodes was assessed by SH-aLRT (values > 80%) and ultrafast bootstrap 

(values > 95%).  

To date the nodes of the consensus topology we used Bayesian phylogenetic analysis in 

BEAST suite v.1.10.4 (Suchard et al. 2018a). As before, we used the four mitogenomic 

partitions (rRNAs, tRNAs, control region and coding genes). For each partition, we used 

the ‘unlink’ option for substitution model and for molecular clock to estimate their 

parameters independently, the ‘link’ option to generate the tree, and we selected the 

options ‘random starting tree’ and ‘coalescent constant size’. For priors setting, we 

adopted two different approaches: first, we set the prior on the mutation rates, each 

allowed to vary independently within a normal distribution of values ranging from zero to 

6.7 E-3 million year−1, which is the highest value for mitochondrial substitution rates 

recorded in marine turtles (Dutton et al. (1999); second, we set the prior on the time of 

divergence between Caretta and Lepidochelys, with normal distribution truncated 

between 12 and 20 MYA, as in Duchene (2012). For each approach, we performed two 

independent runs, 10^8 steps each with a 10% burn-in. We used Tracer v.1.7.1 (Rambaut 

et al. 2018) to monitor ESS for each output parameter, Tree Annotator (Drummond and 

Rambaut 2007) to summarise the overall output, and FigTree v1.4.4 (http:// tree. bio. ed. 

ac. uk/ software/ figtr ee/) to visualize the tree. 



99 
 

 

Selection analysis 

We tested the relationship between temperature and haplogroups in the Northwestern 

Atlantic, where haplogroups IB and II coexist in sympatry due to a secondary contact. We 

first downloaded data of sea surface water temperature and of air temperature from 1970 

to 2020 (product CMEMS-INS-PUM-013-002-052) from Copernicus Marine Data Store 

(https://data.marine.copernicus.eu/products). For the same time period, data of soil 

temperature in layer 28–100 cm of depth were downloaded from Copernicus Climate 

Data Store (Muñoz Sabater 2019). Mean water, air and soil temperatures for the nesting 

season were then extrapolated for each rookery in western and eastern Atlantic, using the 

R packages ‘ncdf4’ (10.32614/CRAN.package.ncdf4) and ‘raster’ 

(10.32614/CRAN.package.raster). Frequencies of the control region haplotypes belonging 

to haplogroups IB and II in Northwestern Atlantic rookeries were taken from Shamblin et 

al. (2012b). The relationship between the relative frequency of haplogroups IB/II with 

temperatures was tested using linear and polynomial regressions with R packages 

‘ggplot2’ (Wickham 2016) and ‘stats’ (R-core@r-project.org). Normality of the 

distribution of residuals was tested by Shapiro test. Best fitting models were selected 

based on AIC criterium. 

To test for deviation from neutrality and for positive selection we used the 13 

mitochondrial protein coding genes (Fig. S1) comparing the same whole mitogenome 

haplotypes retained for the phylogenetic analysis for haplogroup II and IB (Table S1). We 

performed the McDonald and Kreitman test and obtained the Neutrality Index (NI) with 

DnaSP (Librado and Rozas 2009). We considered ‘polymorphisms’ the non-synonymous 

(Pn) and synonymous (Ps) changes within haplogroups and ‘divergence’ the fixed non-

synonymous (Dn) and synonymous (Ds) differences between haplogroups. The Neutrality 

Index (NI) is defined as Pn/Ps within groups divided by Dn/Ds between groups and 

indicates neutrality if = 1, purifying selection if > 1, positive selection if < 1.  

Positive selection was also investigated using the ‘codeml’ package implemented in 

PAML (Yang 2007) which models ω (dN/dS) ratio with different methods and tests the 

statistical significance via Likelihood Ratio Tests (LRT). We used the branch method to 

model and estimate the significance of different ω ratio on a user-defined ‘foreground’ 

branch of the topology. The branch we selected as the ‘foreground’ branch was 

haplogroup IB, according to the phylogenetic results (see results section). In the branch 

method we compared the null model M0 (estimate of homogeneous ω across all the tree 
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and all the codons) with alternative model MBr1 (estimate of different ω between the 

background branch and the foreground branch IB). Then, we used the branch-site method 

to identify the codons implicated in values of ω > 1. This method therefore tests 

specifically the presence of positive selection across the sites of the foreground branch. 

We compared the null model M2a (fixed value of ω = 1 on the foreground branches 

across all sites) with alternative model MBr1_2S (estimate of ω > 1 across the sites of the 

foreground branches). We ran the analysis on each single gene, first using a dataset 

including only C. caretta sequences from our study and secondly a dataset including one 

mitogenomic sequence for each haplogroup of C. caretta and one mitogenomic sequence 

for each one of the other six sea turtle species (Lepidochelys kempii MN136053.1; 

Lepidochelys olivacea NC_028634.1; Eretmochelys imbricata NC_012398.1; Chelonia 

mydas NC_000886.1; Natator depressus NC_018550.1; Dermochelys coriacea 

CM019965.1, see also Table S1). 

Then, we characterized the non-synonymous substitutions that are fixed between 

haplogroup II and haplogroup IB. To polarize these substitutions through the phylogeny, 

we reconstructed the ancestral sequence for the coding genes partitions at the first 

divergence within C. caretta, using BEAST. Each state of the non-synonymous position 

was therefore characterized as ‘ancestral’ or ‘derived’. Those positions were also 

inspected and the states annotated across the other six sea turtle species, after 

downloading and aligning the complete mitogenomes available in GenBank (Table S1). 

From the comparison of the states at those positions across the sea turtle species we 

expected to find more similarities between C. caretta haplogroup II and the other species 

than between C. caretta haplogroup IB and the other species. This would be a 

consequence of the adaptation to cold temperatures in haplogroup IB, which is the 

‘coldest’ group within the ‘coldest’ sea turtle species (indeed, C. caretta), the other sea 

turtles being more tropically distributed. 

PROVEAN (Protein Variation Effect Analyzer) software (Choi et al. 2012) was used to 

predict whether those non-synonymous substitutions between haplogroup IB and II have 

an impact on the biological function of a protein (functional effects are associated with 

PROVEAN scores < -2.5). In the end, to visualize the non-synonymous substitutions in 

the 3D space, we built protein structures in SWISS-MODEL 

(https://swissmodel.expasy.org/) using turtle species proteins in AlphaFold as templates, 

and then RCSB PDB (https://www.rcsb.org/) to extract the images of the structures. The 
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physicochemical properties of amino acids corresponding to non-synonymous 

substitutions in were characterized using TreeSAAP (Woolley et al. 2003). 

 

Results 

Mitogenomes haplotypes assignment, genetic diversity and phylogenetic analysis 

After mitogenome reconstruction with Novoplasty we obtained 26 high coverage 

mitogenomes (>100X, Table S1), 16,425 bp long. The organization of the mitogenomes 

is in agreement with the one described by Drosopoulou et al. (2012): 13 protein-coding 

genes, two rRNAs genes (12S and 16S rRNA), 22 tRNAs genes, and one non-coding 

region (control region) (Figure S1). The 54% of the assembled mitogenomes (13 out of 

24) carried a total of 11 unpublished mitogenomic haplotypes (Table S1): in samples 

from Pacific Mexico, haplotypes P2.1.1 and P2.1.2 (haplogroup IA); in samples from 

Florida, haplotype A1.1.2; in samples from Cape Verde, haplotypes A1.3.1, A1.3.2, 

A17.2.1, A47.1.1 (haplogroup IB); in samples from Quintana Roo, haplotypes A2.1.15, 

A10.1.1 (haplogroup II); in samples from Mediterranean Sea, haplotypes A2.8.1, A2.1.14 

(haplogroup II). The 46% of remaining samples carry mitogenomic haplotypes that have 

been described in literature (Table S1): A2.1.1 (Drosopoulou et al. 2012; Tolve et al. 

2024), A2.1.3, A2.1.6, A2.1.8, A2.9.1, A20.1.1 (Tolve et al. 2024).  

Haplotype diversity and nucleotide diversity are reported for complete mitogenomes and 

for single genes in Table S3. In summary, most genes have similar levels of haplotype 

and nucleotide diversity levels, with the control region having the higher levels for both 

haplotype and nucleotide diversity. ND3 and ND5 also stand out from average values, 

being the second highest values for nucleotide and haplotype diversity, relatively. To 

evaluate the relationship among the inferred haplotypes, we generated haplotype 

networks using TCS software (Figure S2). We observed differences in the topology of the 

networks built for each of the three haplogroups. We detected a starlike structure for 

haplogroup II, with a central abundant haplotype (A2.1, or A2.1.1) and several radiating 

variants, a more branched structure for haplogroup IB, and a linear relationship for 

haplogroup IA. 

To investigate the phylogenetic relationships among haplogroups, we conducted ML 

phylogenetic analysis for each single gene and partition, after selecting the best molecular 

evolution models using AICc criterion (Table S4). We obtained topologies for all coding 

genes, rRNAs, control region and partitions. Single tRNAs did not contain sufficient 
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information to reconstruct reliable topologies, neither did the partition of all the tRNAs, 

therefore tRNAs trees were discarded in the following analyses (Table S5). Topologies 

obtained for ATP6, COXI, COXII, COXIII, CYTB, ND3, 12S rRNA, 16S rRNA all put 

haplogroup IB in a basal position, clustering together haplogroup II and haplogroup IA. 

The topology obtained for the partition of all the coding genes, behaved in the same way 

(Figure S3 and Figure S4). On the contrary, single gene trees obtained for ND1, ND2, 

ND4, ND4L, ND5, ND6 and control region tree, did not support this topology (Figure 

S4). The consensus trees built in Astral-III, the one with single gene trees and the one 

with partition trees as input, both clustered together haplogroup II and IA and put IB as 

basal. This output was also retrieved in the phylogeny of complete mitogenomes (Figure 

S3).  

We also computed two types of Bayesian phylogenies that were constructed in BEAST, 

one with priors on mutation rates (i) and one with prior on the root (ii). The two Bayesian 

phylogenies were consistent with each other and in agreement with the most likely 

topology according to ML, with IB as basal and haplogroup II and IA clustering together 

(Figure 2 and Figure S5). Divergence of C. caretta from Lepidochelys was estimated to 

occur 13.86 (9.51–19.05) million years ago (MYA) in phylogeny (i) and 15.52 (13.68-

18.13) MYA in phylogeny (ii). The divergence of haplogroup IB was dated 2.07 (1.37-

2.85) MYA in phylogeny (i) and 2.31 (1.9-2.87) MYA in phylogeny (ii), then the 

separation between haplogroup IA and haplogroup II was 1.34 (0.17-0.45) MYA in 

phylogeny (i) and 1.5 (1.18-1.9) MYA in phylogeny (ii). The beginning of radiation of 

haplogroup II was dated 90 (40-150) thousands of years ago (KYA) in phylogeny (i) and 

100 (50-170) KYA in phylogeny (ii). All these nodes were supported by bootstraps > 

90%. 
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Fig. 2 Bayesian phylogeny with priors on the mutation rates of each mitogenomic partition. Red dots 

indicate the node with bootstrap > 90%. Distances are in millions of years. Height and 95% HDP are 

reported for the nodes I, II, III and associated geological and geographical events are shown in the panels 

above (a, b, c). 

 

Selective pressure analyses 

To test whether the relative frequency of haplogroups IB/II in Northwestern Atlantic 

rookeries is related with water, air or soil temperature we generated linear or polynomial 

regressions according to the best fitting models. We found a significant relationship 

among haplogroups frequency and each temperature tested during the nesting season 

(Figure 3). In particular, we detected an increase in the relative frequency of haplogroup 

II is associated with the increase in temperature. On the contrary, decreasing temperatures 

are associated with increasing frequency of haplogroup IB, which from now on we 

consider the ‘cold’ haplogroup. 
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Fig. 3 On the left, sea water temperature (a), air temperature (b) and soil temperature (c) maps in Western 

Atlantic. In the pies, frequencies of haplogroups are reported (IB in black, II in white), data from Shamblin 

et al. 2012. On the right, best fitting models of linear or polynomial regressions and respective statistics. 
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To test for deviations from neutrality, we used different approaches. When computing 

McDonald – Kreitman test on haplogroup II vs haplogroup IB using complete 

mitogenomes, we obtained significant results (Neutrality Index (NI) = 3.65; p-value for 

Fisher’s exact test = 0.0121). This result agrees with the higher proportion of 

nonsynonymous polymorphisms within haplogroups (Pn/Ps = 10/10) respect to 

nonsynonymous polymorphisms between haplogroups (Dn/Ds = 23/84). When single 

genes were tested, only ND3 resulted significant (p-value for Fisher’s exact test = 

0.0333), with six nonsynonymous and 0 synonymous polymorphisms within haplogroups 

against one nonsynonymous and three synonymous polymorphisms between haplogroups.  

We also tested deviations from neutrality using ‘codeml’ software (Tables S5 – S8). We 

obtained significant results in the branch method when targeting the IB branch, for ND3 

gene when using the C. caretta dataset, and for CYTB, ND1 and ND5 when using the 

multiple species dataset. Although the values of dN/dS on the foreground branch IB were 

significantly different from the dN/dS on the background branches, they were never > 1 

(Table S3), suggesting less stringent purifying selection rather than positive selection. 

This result is supported by the analysis on physicochemical properties of the amino acids 

in TreeSAAP, that failed to reveal signals of positive selection. 

Interestingly, despite the lack of significant results in the branch site method (Tables S7 – 

S8), we found 24 nonsynonymous substitutions which are fixed between haplogroup IB 

and haplogroup II and they occur in ATP6, CYTB, ND1, ND2, ND3, ND4, ND5 genes. 

For all of them, we report the state carried by each C. caretta haplogroup and each sea 

turtle species (Fig. 4). In 15 out of these 24 cases of nonsynonymous substitutions, 

haplogroup II carries the ancestral state and haplogroup IB the derived state. Haplogroup 

IA carries the same state as haplogroup II in 14 out of those 15. In 10 out of these 24 

cases, haplogroup II carries the same state as all the other sea turtle species and this state 

is the ancestral for C. caretta. On the contrary, only in three cases haplogroup IB carries 

the same state as all the other sea turtle species and it is the ancestral state also in this 

case. 

According to PROVEAN scores (Table S9), four out of 24 substitutions fixed between IB 

and II are < -2.5 and thus are likely to affect protein functioning. In three cases out of 

these four affecting genes ATP6 (F151L), ND1 (G317S) and ND5 (S573L) haplogroup 

IB is carrying the derived state while all the other C. caretta haplogroups and species 

carry the other state. In ATP6 we found two amino acids affected by nonsynonymous 
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changes between IB and II (A78T and F151L) that are both in the intramembrane helix of 

the protein (Fig. S7). The total number of hydrogen bonds is maintained between 

haplogroups, but the Leu 151 carried by IB as a derived state is one of the likely affecting 

protein functions according to PROVEAN scores. In CYTB (Fig. S7) there are four 

nonsynonymous changes affecting intramembrane helix of the protein (I47T, F182L, 

I190V, L233F): overall, haplogroup IB has one more hydrogen bond respect to 

haplogroup II. In this gene as well, one amino acid change is likely to change protein 

functions according to PROVEAN; the derived Leu 182, which is shared by haplogroups 

II and IA, while haplogroup IB carries the ancestral Phe 182, which is shared by all other 

species. In ND1 (Fig. S7), three amino acids changes affect the intramembrane helix 

(I16V, I73T, T314A) and one affects the boundary of the membrane (G317S); in the last 

one, haplogroup IB carries the derived state Ser 317 and it is likely to affect protein 

functions according to PROVEAN score. Overall, in ND1 haplogroup IB has two 

hydrogen bonds less than haplogroup II. In ND5 (Figure 4b, c) 8 amino acids changes 

occur, four in intramembrane helix (L18F, A50T, V87A, I177V) and four at the 

membrane boundary (Y24C, M31L, T446M, S573L). Haplogroup IB carries the derived 

state 573Leu, which is likely to affect protein functions. In this case, haplogroup IB 

results in two more hydrogen bonds respect to haplogroup II.  

Non-synonymous changes found in other genes are not likely to affect protein functions 

according to PROVEAN scores, since imply no changes or very few changes in the 

number of hydrogen bonds between haplogroups (Fig. 4). In ND2 (Fig. S7), one amino 

acid change occurs in the intramembrane helix (T31I), while two occur at the membrane 

boundary (H4Y, N85D). The total number of hydrogen bonds is maintained between 

haplogroups. In ND3 (Fig. S7) there are two amino acids changes occurring at the 

membrane boundary (M5T, V108I), with no differences in number of hydrogen bonds 

between haplogroups. In ND4 (Fig. S7) one amino acid change (A35S) occurs in the 

intramembrane helix; haplogroup IB has two hydrogen bonds less than haplogroup II.  
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Fig. 4 In panel a), nonsynonymous substitutions, fixed between haplogroup II and haplogroup IB. Ancestral (a) and derived (d) states are considered in respect with the 

state at the divergence of haplogroups within C. caretta. In orange, the state that is shared by haplogroup II and other taxa; in red, the state that is shared by haplogroup 

IB and other taxa. In bold with *, the substitutions with a PROVEAN score < -2.5, likely influencing the protein function. In panel b), protein structure of ND5 gene as in 

haplogroup IB; amino acids differences respect to haplogroup II are shown. In panel c), detail of Leu 537 in ND5, discussed in the text.  
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Discussion  

The species distribution is shaped by phylogeographic processes and adaptation. 

Disentangling their evolutionary history can help understanding the mechanisms 

responsible for the current patterns and thus providing insights on how the species could 

cope with the present threats by changing their distribution. Marine turtles have been 

colonising all temperate oceans and sea during the last million years, and their current 

distribution is tempered by the drastic biogeographic and climatic changes that shaped 

current earth’s biodiversity. Our study shows that the mitogenome, as the printed legacy 

of this evolutionary history, can unveil the sequential steps that led to the present 

distribution and some of the adaptation drivers differentially affecting the present 

lineages.  

 

Global phylogeography and past dynamics of oceans colonization 

Whole mitogenome sequencing has proved to increase the resolution of maternal lineages 

in loggerhead turtles (Tolve et al. 2024) respect to traditional markers, such as single 

genes and control region fragments. Therefore, we used whole mtDNA sequences to 

disentangle the global phylogeography of this species, which until now has been studied 

mainly by means of control region haplotypes (e.g. Shamblin et al. 2014), without a 

worldwide spread sampling (Tolve et al. 2024) or by using only a very few numbers of 

mitogenomes (e.g. Duchene et al. 2012). The consensus trees and the mitogenomic 

Maximum Likelihood tree and most single gene trees supports that haplogroup IB 

diverges first, while haplogroups IA and II diverged later and cluster together. Of note, 

some single genes support the other scenario, which explains previous incongruent results 

found depending on the genetic marker used (Shamblin et al. 2014; Ludwig et al. 2024). 

For instance, in some genes selective pressure might be in action, and in the control 

region a high mutation rate can lead to saturation of the genetic signal (as shown in the 

TCS networks), both cases confounding the species phylogeny. The mitogenome is a 

single non-recombinant DNA molecule. Consequently, mutation rates and the effect of 

genetic drift are expected to be even across the whole molecule. However, selective 

pressures can be very variable along the mitogenome, and even within different positions 

within the genes, creating a landscape of differences in terms of genetic diversity and 

degree of persistence of the signal of the evolutionary trajectory. These differences likely 
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explain the different topologies found in our study and stress the importance of using the 

whole mitogenome rather than partial sequences, when performing phylogenetic analysis.  

Our data strongly supports that haplogroup IB diverged first, while haplogroups IA and II 

cluster together, in agreement with Baltazar-Soares et al. (2020), which reached the same 

conclusion without the inclusion of samples from the Pacific Ocean representative of 

haplogroup IA. This tree topology has already been found by other authors (e.g. Duchene 

et al. 2012; Tolve et al. 2024), but a reduced worldwide representation limited the 

interpretation of the tree to make inferences about the species’ phylogeography. In our 

case, we obtained a solid support to solve the phylogeography of the species and we were 

able to link the major divergence events to known biogeographical events. According to 

our results, haplogroup IB diverged due to the closure of Panama Isthmus, as the timing 

of this node in our phylogeny (2.07; 1.37 – 2.85 MYA) and the geographic distribution of 

the corresponding branches is consistent with this geological event (12 – 2.8 MYA) 

(O’Dea et al. 2016). After this initial split, the haplogroup IB colonized the Atlantic 

rookeries, while haplogroups IA and II diverged later in the Pacific/Indo Pacific Oceans 

(1.37; 0.87 – 1.86 MYA), during the Mid Pleistocene Transition (MPT, 1.2 – 0.5 MYA). 

The MPT marks a change in the periodicity and intensity of the glaciations, from cycles 

of 41 KY to cycles of 100 KY (Head and Gibbard 2005). Therefore, the separation of 

haplogroups IA and II might have occurred as a consequence of a long and intense ice 

spreading in the MPT. The following ice melting and sea level rise would have limited 

haplogroups mixing, a possible cofactor being the minimum population size that sea turtle 

species reached in correspondence of MPT as suggested in other studies (Vilaça et al. 

2021). When the Agulhas currents formed (around 130 KYA) (Turney and Jones 2010), 

haplogroup II had probably already spread in the Indo-Pacific at that time. Thus, the 

warm currents of Agulhas allowed the westward movements from South Africa for 

several species (e.g. Floeter et al. 2008), and likely for loggerheads as well. Finally. 

turtles from South Africa moved northward until haplogroup II entered the Atlantic and 

the Mediterranean.  

The radiation of haplogroup II, according to our results, started 50 – 170 KYA, maybe 

along with the Mediterranean colonization, which has been dated around 65 KYA in 

previous studies (Clusa et al. 2013) and considered starting in Libya, as a climate refugia 

during the Last Glacial Maximum. In our tree, the first branch diverging within 

haplogroup II is haplotype A2.9.1 (so as in Tolve et al. 2024), whose correspondent 

control region haplotype (A2.9) that is characteristic of Libyan rookeries and 
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hypothesizes ad the first divergence within the Mediterranean (Clusa et al. 2013). 

Previous studies (Baltazar-Soares et al. (2020) hypothesized that turtles from the 

Mediterranean would have recolonized Atlantic rookeries where haplogroup IB had 

settled before, and they proposed Cape Verde as first would have been a stepping stone 

towards western Atlantic. However, analysis on a wider sampling set of the control region 

identified more ancestral splits of the haplogroup II (Shamblin et al. 2024), suggesting 

that the first arrival of this haplogroup in the Atlanto-Mediterranean region may be in 

some of the actual Atlantic nesting populations before entering the Mediterranean. Future 

work including more haplogroup II complete mitogenomes from Cape Verde and western 

Atlantic rookeries is needed in order to clarify the details and the timing of the spreading 

of this haplogroup in the region. Our study has a global perspective about loggerhead 

phylogeography; however, there are some regions not represented in our sampling, such 

as Indo Pacific or Southwestern Atlantic, where information would be crucial to refine the 

reconstruction of the species evolutionary history. For example, in Brazil, a new sub-

haplogroup of the haplogroup IB has recently been described (Ludwig et al. 2024), as 

specific to the Southwestern Atlantic. This sub-haplogroup might include the most 

ancient lineages settling in the Atlantic, along with Reis et al. (2010), which would agree 

with the hypothesis of a first colonisation of the south America populations of this 

haplogroups and later colonisation of northwestern Atlantic and the Cape Verde (Soares 

et al. 2020). Complete mitogenomes for loggerhead turtles have been scarce to date, and 

we encourage a broader application of this technique to take full advantage of the 

enhanced information it can provide and to aid solving these few fine scale patterns of 

dispersal. 

 

Selective pressure at mitochondrial level 

One of the most interesting consequences of this global phylogeography pattern is the fact 

that individuals of very divergent lineages, haplogroups IB and II, are coexisting in the 

same nesting populations due to this secondary contact. These two haplogroups follow a 

clear cline in western Atlantic rookeries, and along two independent latitudinal gradients 

(e.g. at both sides of the Florida Peninsula) as described in the past years by other authors 

(Encalada et al. 1996; Shamblin et al. 2012b). However, no one has investigated to date 

the role of selective pressure in maintaining this pattern, as expected when independent 

clines are found. Our results indicate that the relative frequency of haplogroup IB is 

inversely related to temperature, suggesting that this haplogroup might be more 
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competitive, compared to haplogroup II, in tolerating a cold environment. This is not 

unprecedented in marine species, as mitochondrial evidence of adaptation to 

climatic/thermal gradients has been found at intraspecific and interspecific levels (e.g. 

Silva et al. 2014; Baltazar-Soares et al. 2021; Noll et al. 2022). Under this hypothesis, we 

looked for deviation from neutrality and signals of selection across the mitochondrial 

coding genes of our global mitogenome dataset, to obtain additional insights into the 

adaptation implications of the different haplogroups within the species, with a focus on 

haplogroups IB and II.  

McDonald-Kreitman test between haplogroups IB and II revealed significant deviation 

from neutrality, mostly driven by ND3 gene. The excess of nonsynonymous changes that 

we found within haplogroups, compared to nonsynonymous changes between 

haplogroups, is usually explained by purifying selection preventing nonsynonymous 

changes to become fixed between groups. This goes along with the conservative nature of 

mitochondrion. Codeml analyses also gave significant results when applying the branch 

method. Our results supported less stringent purifying selection on branch IB, but without 

support for positive selection. Positive selection on mitochondrial DNA might be difficult 

to detect, because it often operates on few amino acids, and the signal might be masked. 

For this reason, some authors consider that the lack of positive selection should not be 

taken as reliable when sample size is small (Zhang et al. 2005; Deng et al. 2019). 

Consequently, even without statistical support for positive selection on haplogroup IB, we 

found evidence of a different selective force affecting IB and several fixed 

nonsynonymous changes between haplogroup IB and haplogroup II that were further 

investigated. For most of these substitutions, haplogroup IB carries the derived state and 

haplogroup II and IA the ancestral state, which is also shared by all the other sea turtle 

species. In other words, the other sea turtles, which are all more tropical and subtropical 

than C. caretta, are more like haplogroup II and IA than like haplogroup IB for those 

fixes nonsynonymous changes. This result is consistent with the hypothesis of adaptation 

to cold temperatures by haplogroup IB and suggests that haplogroup IB has been 

following a different evolutionary path respect to the other ‘warmer’ lineages. This also 

implies that in the event of coexistence of different mitochondrial lineages due to a 

secondary contact, selection may shape their relative frequencies and even can lead to the 

extinction of one of the two haplogroups at the edges of the cline, as observed in the 

western Atlantic populations. Looking in the details, these amino acids changes generally 

maintain the characteristics of the protein structures, but some of them may affect the 
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boundary of the membrane and can play a role in the homeoviscous adaptation, as other 

authors previously reported (Novelletto et al. 2016). These modifications of the 

membrane fluidity are likely to affect the adaptation to temperatures and support the 

potential role of the mitogenome in the adaptation to temperature variations.  

Mitochondrial thermal adaptation has been studied in several marine species. In Engraulis 

encrasicolus (Silva et al. 2014) positive selection in one codon position of gene CYTB 

has been found to explain a major part of the two-clade mitochondrial structure in eastern 

Atlantic, with temperature as the main predictor. Similarly, in Sardina pilchardus 

(Baltazar-Soares et al. 2021) the frequencies of the most common CYTB and ATP6 

haplotypes, which show signatures of positive selection, negatively correlate with 

minimum sea surface temperature and dissolved oxygen. In Pygoscelis papua (Noll et al. 

2022) positive selection was found in ND genes, involving haplotypes that are fixed in a 

non-random manner among lineages and suggesting that mitogenome adaptation 

promoted penguins’ survival in different geographic areas. Comparing our results for 

loggerheads with those for other species in literature, we did not find exact 

correspondence of the fixed aminoacidic changes under selection, even if the genes and 

the region of the encoded proteins sometimes are the same. For example, nonsynonymous 

changes in gene ND5, in correspondence of the piston of the encoded protein, such as 573 

Leu in haplogroup IB, have been observed in genus Oncorhynchus to affect the function 

of ND5 subunit in response to temperatures (Garvin et al. 2011). These results are 

promising for further investigation in future studies, by increasing the number of 

mitogenomes and geographic coverage. A thorough understanding of such evolutionary 

processes is also crucial for comprehending the threats these animals will face in the near 

future, due to climate change. 

 

Conclusions 

In this study, we applied whole mitogenome sequencing to address global 

phylogeography and evolutionary biology of loggerhead turtles. We enhanced the 

resolution of matrilines and clarified the historical dynamics of oceans’ colonization, 

assessing the first Atlantic settlements by haplogroup IB and the South African entrance 

in Atlantic by haplogroup II. We also used mitogenomic data to explore the role of 

selective pressure in mitochondrial differentiation and distribution. We found evidence 
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for differential selection on mitochondrial haplogroups and paved the way for future 

studies on thermal adaptation of loggerhead turtles.  
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Fig. S1 Caretta caretta’s mitogenome structure; in red, rRNA genes 12S and 16S; in yellow, coding genes 

ND1, ND2, COXI, COXII, ATP8, ATP6, COXIII, ND3, ND4L, ND4, ND5, ND6, CYTB; in orange, 

control region sequence (D-loop) and its repeat region; in pink, tRNA genes, and in grey the gap 

corresponding to size changes according to the number of repeats.  
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Fig. S2 TCS haplotype networks based on control region haplotypes (A) and on mitogenomic haplotypes 

(B), recorded in sequences from the present study and sequences downloaded from GenBank (n = 93, 

Supplementary Table S1). The size of each circle is proportional to the number of sequences carrying that 

haplotype. In red, haplotypes from haplogroup IB that have been sampled only in Atlantic; in blue, 

haplotypes from haplogroup IA that have been sampled only in Pacific; in yellow, haplotypes from 

haplogroup II that have been sampled only in Mediterranean; in orange, haplotypes from haplogroup II that 

have been sampled both in Mediterranean and Atlantic. Haplotypes in bold have been used in phylogenetic 

analyses. 
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Fig. S3 Consensus trees built in Astral-III, with A) single gene trees, B) partitions trees. Support for the 

nodes is indicated in PP (posterior probability). Maximum Likelihood phylogeny of complete mitogenomes, 

C). Nodes support in SH-aLRT (%) /ultrafast bootstrap (%). Distances are in substitutions per site. In A, B, 

C haplogroup IA is shown in blue, haplogroup IB is shown in red, haplogroup II is shown in yellow. 
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Fig. S4 Alternative topologies obtained by single gene phylogenetic analysis. a) is supported by ATP6, 

COXI, COXII, COXIII, CYTB, ND3, 12S rRNA, 16S rRNA; b) is supported by ND1, ND5, ND6; c) is 

supported by ND2, ND4L; d) is the one obtained using ATP8, showing paraphilia of haplogroup II; e) is the 

one obtained by ND4, showing paraphilia of haplogroup IA; f) is the one obtained by the control region, 

showing paraphilia of haplogroup IA. See also Table S3. 
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Fig. S5 Bayesian phylogeny built with prior on the time of the root (Duchene et al. 2012). Red dots indicate 

the node with bootstrap > 90%. Height and 95% HDP are shown for the nodes that are discussed in the text. 

Distances are in millions of years. 
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Fig. S6 Suboptimal models of regressions between temperatures and Haplogroup II’s relative frequency in 

rookeries of Western Atlantic. Respectively, in a) sea water temperature, in b) air temperature, in c) soil 

temperature was used as independent variable for linear regression (a), (c) and for polynomial regression 

(b). 
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Fig. S7 Protein structure of coding genes as in Haplogroup IB. Only genes carrying nonsynonymous 

substitutions that are fixed between haplogroup IB and haplogroup II are shown (find ND5 in the main 

text). Aminoacidic changes are highlighted in each structure. 
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Supplementary Materials 

Table S1 Mitogenomic sequences included in the present work. For each mitogenome we report the species, ID sample, accession number, reference, information on 

sampling and sequencing coverage. We provide corresponding control region haplotype, mitogenomic haplotype and haplogroup. (*) New mitogenomic haplotypes. In 

grey, sequences that have been used in genetic diversity, phylogenetic and selective pressure analyses. 

 

n Species 
Sample  

ID 

GenBank 

Accession 

Number 

Reference 
Sampling 

location 

Geographic 

area 

Sample 

type 

Reads 

subsamp 

fraction 

mtDNA 

sequencing 

coverage 

C. caretta 

control 

region 

haplotype 

C. caretta 

mtDNA 

haplotype 

C. caretta 

Haplogroup 

1 
C. 

caretta 
ZAK51  

Present 

study 

Zakinthos 

(Greece) 

Mediterranean 

Sea 

Nesting 

ground 
98.97% 512 A2.1 A2.1.1 II 

2 
C. 

caretta 
ZAK56  

Present 

study 

Zakinthos 

(Greece) 

Mediterranean 

Sea 

Nesting 

ground 
99.1% 1061 A2.1 A2.1.6 II 

3 
C. 

caretta 
LI02  

Present 

study 

Sirte 

(Libya) 

Mediterranean 

Sea 

Nesting 

ground 
99.03% 1871 A2.1 A2.1.8 II 

4 
C. 

caretta 
LI14  

Present 

study 

Sirte 

(Libya) 

Mediterranean 

Sea 

Nesting 

ground 
99.56% 6558 A2.9 A2.9.1 II 

5 
C. 

caretta 
BEL03  

Present 

study 

Belek 

(Turkey) 

Mediterranean 

Sea 

Nesting 

ground 
97.47% 1763 A2.1 A2.1.1 II 

6 
C. 

caretta 
BEL17  

Present 

study 

Belek 

(Turkey) 

Mediterranean 

Sea 

Nesting 

ground 
98.91% 2766 A2.1 A2.1.3 II 

7 
C. 

caretta 

CAL 

1511-1 
 

Present 

study 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
100% 1220 A20.1 A20.1.1 II 

8 
C. 

caretta 

CAL 

1502-1 
 

Present 

study 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
100% 789 A2.1 A2.1.8 II 
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9 
C. 

caretta 

CAL 

20105-1 
 

Present 

study 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
100% 1970 A2.1 A2.1.6 II 

10 
C. 

caretta 

CAL 

2070-1 
 

Present 

study 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
100% 806 A2.8 A2.8.1* II 

11 
C. 

caretta 

CAL 

1942-2 
 

Present 

study 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
100% 5677 A2.1 A2.1.1 II 

12 
C. 

caretta 

CAL 

1947-1 
 

Present 

study 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
100% 545 A2.1 A2.1.14* II 

13 
C. 

caretta 

CAL 

1653-1 
 

Present 

study 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
100% 346 A2.1 A2.1.3 II 

14 
C. 

caretta 
RG Sic 6  

Present 

study 

Sicily 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
100% 209 A2.1 A2.1.8 II 

15 
C. 

caretta 
SR Sic 7  

Present 

study 

Sicily 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
100% 109 A2.1 A2.1.1 II 

16 
C. 

caretta 
BOA18  

Present 

study 

Boa Vista 

(Cape 

Verde) 

Atlantic 

Ocean 

Nesting 

ground 
34.34% 195 A47.1 A47.1.1* IB 

17 
C. 

caretta 
BOA03  

Present 

study 

Boa Vista 

(Cape 

Verde) 

Atlantic 

Ocean 

Nesting 

ground 
98.91% 932 A1.3 A1.3.1* IB 

18 
C. 

caretta 
BOA02  

Present 

study 

Boa Vista 

(Cape 

Verde) 

Atlantic 

Ocean 

Nesting 

ground 
68.7% 323 A1.3 A1.3.2* IB 

19 
C. 

caretta 
BOA38  

Present 

study 

Boa Vista 

(Cape 

Verde) 

Atlantic 

Ocean 

Nesting 

ground 
99.05% 883 A17.2 A17.2.1* IB 
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20 
C. 

caretta 
BOA48  

Present 

study 

Boa Vista 

(Cape 

Verde) 

Atlantic 

Ocean 

Nesting 

ground 
34.31% 301 A1.3 A1.3.1* IB 

21 
C. 

caretta 
FL  

Present 

study 

Northeast 

Florida 

(USA) 

Atlantic 

Ocean 

Nesting 

ground 
3.2% 269 A1.1 A1.1.2* IB 

22 
C. 

caretta 
FL2  

Present 

study 

Northeast 

Florida 

(USA) 

Atlantic 

Ocean 

Nesting 

ground 
23.2% 236 A1.1 A1.1.2* IB 

23 
C. 

caretta 
AT18  

Present 

study 

Quintana 

Roo 

(Mexico) 

Atlantic 

Ocean 

Nesting 

ground 
98.99% 4273 A2.1 A2.1.15* II 

24 
C. 

caretta 
AT05  

Present 

study 

Quintana 

Roo 

(Mexico) 

Atlantic 

Ocean 

Nesting 

ground 
98.97% 2129 A10.1 A10.1.1* II 

25 
C. 

caretta 

PC15042

0 
 

Present 

study 
(Mexico) Pacific Ocean At sea 98.99% 419 P2.1 P2.1.1* IA 

26 
C. 

caretta 

PC13042

9 
 

Present 

study 
(Mexico) Pacific Ocean At sea 98.97% 320 P2.1 P2.1.2* IA 

27 
C. 

caretta 
- 

NC016923

.1 

 

(Drosopoul

ou et al. 

2012) 

Zakinthos 

(Greece) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.12 II 

28 
C. 

caretta 

SWFSC-

69599 

JX454983.

1 

 (Duchene 

et al. 2012) 
Florida 

Atlantic 

Ocean 
At sea - - A5.1 A5.1.1 II 

29 
C. 

caretta 

SWFSC-

46603 

JX454988.

1 

 (Duchene 

et al. 2012) 
Perù Pacific Ocean At sea - - P1.1 P1.1.1 IA 

30 
C. 

caretta 
- 

MF554690

.1 

 

(Hernánde

z-

Fernández 

and 

Delgado 

Cano 

Colombia 
Atlantic 

Ocean 
At sea - - A2.1 A2.1.13 II 



 1
3

0
 2018) 

31 
C. 

caretta 
- 

MF579504

.1 

 

(Hernánde

z-

Fernández 

and 

Delgado 

Cano 

2018) 

Colombia 
Atlantic 

Ocean 
At sea - - A17.1 A17.1.1 IB 

32 
C. 

caretta 
- 

MF579505

.1 

 

(Hernánde

z-

Fernández 

and 

Delgado 

Cano 

2018) 

Colombia 
Atlantic 

Ocean 
At sea - - A1.4 A1.4.1 IB 

33 
C. 

caretta 
ADR01 OR166582 

 (Tolve et 

al. 2024) 

Veneto 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

34 
C. 

caretta 
ADR02 OR166583 

 (Tolve et 

al. 2024) 

Veneto 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.9 A2.9.1 II 

35 
C. 

caretta 
ADR03 OR166584 

 (Tolve et 

al. 2024) 

Veneto 

(Italy) 

Mediterranean 

Sea 
At sea - - A10.4 A10.4.1 II 

36 
C. 

caretta 
ADR04 OR166585 

 (Tolve et 

al. 2024) 

Emilia-

Romagna 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

37 
C. 

caretta 
TUS01 OR166586 

 (Tolve et 

al. 2024) 

Tuscany 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.1 II 

38 
C. 

caretta 
TUS02 OR166588 

 (Tolve et 

al. 2024) 

Tuscany 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.1 II 

39 
C. 

caretta 
TUS03 OR166590 

 (Tolve et 

al. 2024) 

Tuscany 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.3 II 

40 
C. 

caretta 
TUS04 OR166592 

 (Tolve et 

al. 2024) 

Tuscany 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.9 II 

41 
C. 

caretta 
LAT01 OR166595 

 (Tolve et 

al. 2024) 

Latium 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.1 II 
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42 
C. 

caretta 
LAT02 OR166596 

 (Tolve et 

al. 2024) 

Latium 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.1 II 

43 
C. 

caretta 
LAT03 OR166597 

 (Tolve et 

al. 2024) 

Latium 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

44 
C. 

caretta 
LAT04 OR166598 

 (Tolve et 

al. 2024) 

Latium 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.6 II 

45 
C. 

caretta 
CAL1112 OR166599 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.8 II 

46 
C. 

caretta 
CAL1124 OR166600 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A20.1 A20.1.1 II 

47 
C. 

caretta 
CAL1137 OR166601 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.1 II 

48 
C. 

caretta 
CAL1201 OR166602 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.8 II 

49 
C. 

caretta 
CAL1234 OR166603 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A20.1 A20.1.1 II 

50 
C. 

caretta 
CAL1303 OR166604 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.3 II 

51 
C. 

caretta 
CAL1315 OR166605 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.8 II 

52 
C. 

caretta 
CAL1319 OR166606 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.1 II 

53 
C. 

caretta 
CAL1320 OR166607 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.8 II 

54 
C. 

caretta 
CAL1321 OR166608 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A20.1 A20.1.1 II 

55 
C. 

caretta 
CAL1323 OR166609 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A20.1 A20.1.1 II 

56 
C. 

caretta 
CAL1325 OR166611 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A20.1 A20.1.1 II 

57 
C. 

caretta 
CAL1328 OR166612 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.8 II 

58 
C. 

caretta 
CAL1335 OR166613 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.1 II 
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59 
C. 

caretta 
CAL1346 OR166614 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.8 II 

60 
C. 

caretta 
CAL1362 OR166615 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.1 II 

61 
C. 

caretta 
CAL1370 OR166616 

 (Tolve et 

al. 2024)  

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.7 II 

62 
C. 

caretta 
CAL1384 OR166617 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A20.1 A20.1.1 II 

63 
C. 

caretta 
CAL1385 OR166618 

 (Tolve et 

al. 2024) 

Calabria 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A20.1 A20.1.1 II 

64 
C. 

caretta 
LIN01 OR166619 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.9 A2.9.2 II 

65 
C. 

caretta 
LIN02 OR166620 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 

Nesting 

ground 
- - A2.1 A2.1.8 II 

66 
C. 

caretta 
SIC01 OR166621 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

67 
C. 

caretta 
SIC02 OR166622 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A43.1 A43.1.1 II 

68 
C. 

caretta 
SIC03 OR166623 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

69 
C. 

caretta 
SIC04 OR166647 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.2 II 

70 
C. 

caretta 
SIC05 OR166624 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.8 II 

71 
C. 

caretta 
SIC06 OR166625 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

72 
C. 

caretta 
SIC07 OR166626 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.8 II 

73 
C. 

caretta 
SIC08 OR166627 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

74 
C. 

caretta 
SIC09 OR166628 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

75 
C. 

caretta 
SIC10 OR166629 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.9 II 
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76 
C. 

caretta 
SIC11 OR166630 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.3 II 

77 
C. 

caretta 
SIC12 OR166631 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

78 
C. 

caretta 
SIC13 OR166632 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

79 
C. 

caretta 
SIC14 OR166633 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.5 II 

80 
C. 

caretta 
SIC15 OR166634 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.10 II 

81 
C. 

caretta 
SIC16 OR166635 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

82 
C. 

caretta 
SIC17 OR166636 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

83 
C. 

caretta 
SIC18 OR166637 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

84 
C. 

caretta 
SIC19 OR166638 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

85 
C. 

caretta 
SIC20 OR166639 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.11 II 

86 
C. 

caretta 
SIC21 OR166640 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.4 II 

87 
C. 

caretta 
SIC22 OR166641 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.8 II 

88 
C. 

caretta 
SIC23 OR166642 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

89 
C. 

caretta 
SIC24 OR166643 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

90 
C. 

caretta 
SIC25 OR166644 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A3.1 A3.1.1 II 

91 
C. 

caretta 
SIC26 OR166645 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 

92 
C. 

caretta 
SIC27 OR166646 

 (Tolve et 

al. 2024) 

Sicily 

(Italy) 

Mediterranean 

Sea 
At sea - - A2.1 A2.1.1 II 
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93 
L.olivace

a 
CGG-01 

NC_02863

4.1 

 (Duchene 

et al. 2012) 

Ostional 

(Costa 

Rica) 

Atlantic 

Ocean 
- - - - - - 

94 
L.olivace

a 

SWFSC-

55352 

JX454979.

1 

 (Duchene 

et al. 2012) 
- Pacific Ocean At sea - - - - - 

95 
L.olivace

a 

SWFSC-

78920 

JX454987.

1 

 (Duchene 

et al. 2012) 
Caribbean 

Atlantic 

Ocean 
At sea - - - - - 

96 L. kempii 
SWFSC-

68090 

JX454981.

1 

 (Duchene 

et al. 2012) 

Texas 

(USA) 

Atlantic 

Ocean 

Nesting 

ground 
- - - - - 

97 L. kempii 
SWFSC-

68091 

JX454982.

1 

 (Duchene 

et al. 2012) 

Texas 

(USA) 

Atlantic 

Ocean 

Nesting 

ground 
- - - - - 

98 L. kempii - 
MN13605

3.1 

 (Frandsen 

et al. 2020) 

Texas 

(USA) 

Atlantic 

Ocean 
- - - - - - 

99 L. kempii - 
MN13605

4.1 

 (Frandsen 

et al. 2020) 

Texas 

(USA) 

Atlantic 

Ocean 
- - - - - - 

10

0 
L. kempii - 

MN13605

5.1 

 (Frandsen 

et al. 2020) 

Texas 

(USA) 

Atlantic 

Ocean 
- - - - - - 

10

1 
L. kempii - 

MN13605

6.1 

 (Frandsen 

et al. 2020) 

Texas 

(USA) 

Atlantic 

Ocean 
- - - - - - 

10

2 
L. kempii - 

MN13605

7.1 

 (Frandsen 

et al. 2020) 

Texas 

(USA) 

Atlantic 

Ocean 
- - - 

- - - 

10

3 
L. kempii - 

MN13605

9.1 

 (Frandsen 

et al. 2020) 

Texas 

(USA) 

Atlantic 

Ocean 
- - - 

- - - 

10

4 
L. kempii - 

MN13606

0.1 

 (Frandsen 

et al. 2020) 

Texas 

(USA) 

Atlantic 

Ocean 
- - - 

- - - 

10

5 
L. kempii - 

MN13606

1.1 

 (Frandsen 

et al. 2020) 

Texas 

(USA) 

Atlantic 

Ocean 
- - - 

- - - 

10

6 

E. 

imbricata 
- 

DQ533485

.1 

Unpublish

ed 
- - - - - 

- - - 

10

7 

E. 

imbricata 

SWFSC-

5787 

JX454970.

1 

 (Duchene 

et al. 2012) 

Hawaii 

(USA) 
Pacific Ocean - - - 

- - - 

10

8 

E. 

imbricata 

SWFSC-

61392 

JX454980.

1 

 (Duchene 

et al. 2012) 
Singapore  

Indo Pacific 

Ocean 
- - - 

- - - 

10

9 

E. 

imbricata 

SWFSC-

72489 

JX454986.

1 

 (Duchene 

et al. 2012) 

Tortugero 

(Costa 

Rica) 

Atlantic 

Ocean 
- - - 

- - - 
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11

0 

E. 

imbricata 
- 

KP221806.

1 

Unpublish

ed 
- - - - - 

- - - 

11

1 

E. 

imbricata 
- 

MF571906

.1 

Unpublish

ed 
- - - - - 

- - - 

11

2 
C. mydas - 

NC_00088

6.1 

 

(Kumazaw

a and 

Nishida 

1999) 

- - - - - 

- - - 

11

3 
C. mydas 

SWFSC-

8855 

JX454971.

1 

 (Duchene 

et al. 2012) 

Hawaii 

(USA) 
Pacific Ocean - - - 

- - - 

11

4 
C. mydas 

SWFSC-

9277 

JX454972.

1 

 (Duchene 

et al. 2012) 

Karpaz 

(Cyprus) 

Mediterranean 

Sea 
- - - 

- - - 

11

5 
C. mydas 

SWFSC-

13768 

JX454974.

1 

 (Duchene 

et al. 2012) 

Revillagig

edo 

(Mexico) 

Pacific Ocean - - - 

- - - 

11

6 
C. mydas 

SWFSC-

71270 

JX454976.

1 

 (Duchene 

et al. 2012) 

Yap 

(Micronesi

a) 

Indo Pacific 

Ocean 
- - - 

- - - 

11

7 
C. mydas CGG-01 

JX454990.

1 

 (Duchene 

et al. 2012) 

Tortugero 

(Costa 

Rica) 

Atlantic 

Ocean 
- - - 

- - - 

11

8 

N. 

depressus 

SWFSC-

21684 

NC_01855

0.1 

 (Duchene 

et al. 2012) 
Australia Pacific Ocean - - - 

- - - 

12

0 

D. 

coriacea 
- 

CM019965

.1 

Unpublish

ed 
- - - - - 

- - - 

12

1 

D. 

coriacea 

SWFSC-

5718 

JX454969.

1 

 (Duchene 

et al. 2012) 

Guerrero 

(Mexico) 
Pacific Ocean 

Nesting 

ground 
- - 

- - - 

12

2 

D. 

coriacea 
- 

JX454973.

1 

 (Duchene 

et al. 2012) 
- - - - - 

- - - 

12

3 

D. 

coriacea 
- 

JX454989.

1 

 (Duchene 

et al. 2012) 
- - - - - 

- - - 

12

4 

D. 

coriacea 
- 

MF460363

.1 

Unpublish

ed 
- - - - - 

- - - 
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 Table S2 Laboratory protocols that have been used to generate the mitogenomes for the present study. 

Samples used DNA extraction Library preparation Sequencing center 
Sequencing 

platform 

Target output 

per sample (Gb) 

CAL 1511-1, CAL 1502-1, CAL 20105-1, 

CAL 2070-1, CAL 1942-2, CAL 1947-1, 

CAL 1653-1, RG Sic 6, SR Sic 7 

phenol:chloroform:isoamyl 

alcohol procedure (Green 

and Sambrook 2012) 

PCR-free 

Tagmentation 

protocol (Illumina) 

Department of 

Biology, University 

of Florence 

Novaseq 

6000 
2.13 

AT05, AT18, LI02, LI14, ZAK51, 

ZAK56, PC150420, PC130429  
Puregen Kit (Qiagen) ? Novogene Novaseq 6000 30 

BEL03, BEL17 Puregen Kit (Qiagen) ? CNAG Novaseq 6000 30 

BOA02, BOA03, BOA18, BOA38, BOA48 Puregen Kit (Qiagen) ? BGI Novaseq6000 30 
 

Table S3 Information and diversity of the mitochondrial genes used. Sequence length in base pairs (bp). Number of haplotypes k, number of polymorphic sites S, 

haplotype (h) and nucleotide diversity (π) with their Standard Error (SE), and dN/dS ratios for coding genes. For ND6 dN/dS was not computable due to dS=0 (*). 

mtDNA gene Sequence length (bp) k S h±SE π±SE dN/dS 

12S 970 5 7 0.652±0.291 0.002±0.0001 - 

16S 1612 5 21 0.609±0.037 0.005±0.0003 - 

ATP6 682 4 11 0.644±0.036 0.006±0.0004 0.1336 

ATP8 165 3 2 0.620±0.039 0.006±0.0003 0 

COXI 1548 6 20 0.676±0.034 0.004±0.0002 0.0173 

COXII 687 4 10 0.605±0.039 0.005±0.0004 0 

COXIII 784 5 10 0.652±0.034 0.005±0.0003 0 

CYTB 1144 5 19 0.652±0.042 0.006±0.0004 0.1525 

ND1 967 5 20 0.652±0.034 0.007±0.0004 0.1913 

ND2 1042 6 20 0.648±0.038 0.007±0.0004 0.1463 

ND3 349 5 16 0.644±0.041 0.013±0.0016 0.4237 

ND4L 297 4 6 0.684±0.033 0.007±0.0004 0 

ND4 1381 5 16 0.652±0.034 0.004±0.0002 0.0228 

ND5 1797 6 28 0.759±0.024 0.006±0.0002 0.1820 

ND6 525 5 8 0.628±0.039 0.004±0.0003 * 

tRNAs 1553 7 34 0.696±0.033 0.003±0.0003 - 

Control region 919 13 51 0.850±0.02 0.021±0.0006 - 
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Table S4 Molecular evolutionary model, estimated for each gene and mitogenomic partition (considering all coding genes and all rRNA genes separately) used for 

phylogenetic analysis. The topology of the tree for each gene/partition, reported in newick format, was obtained by Maximum Likelihood with IqTree. Statistic support 

is reported as SH-aLRT (%) /ultrafast bootstrap (%). tRNAs were not used in phylogenetic analysis because of insufficient information content. The support of node I is 

based on using Lepidochelys as outgroup. Asterisks indicate paraphilia of haplogroup IA; double asterisks indicate paraphilia of haplogroup II. 

 

Gene/partition Molecular 

evolutionary model 

Topology Statistic 

support node I 

Statistic 

support node II 

ATP6 TIM+F+G4 (IB, (IA, II)); 100/100 55.7/53 

ATP8** TPM3+F (IB, (IA, II)); 100/100 82/68 

COXI TIM2+F (IB, (IA, II)); 100/100 90.7/92 

COXII TN+F+G4 (IB, (IA, II)); 100/100 62.9/55 

COXIII TIM2+F+G4 (IB, (IA, II)); 100/100 0/35 

CYTB TIM3+F+G4 (IB, (IA, II)); 100/100 78.5/76 

ND1 TVM+F+I (IA, (IB, II)); 100/100 77.9 /61 

ND2 HKY+F+I (II, (IA, IB)); 100/100 39.8/60 

ND3 TIM3+F+I (IB, (IA, II)); 100/100 61.6/45 

ND4* TIM+F+G4 (IA, (IB, II)); 79/3 90/73 

ND4L TN+F (II, (IA, IB)); 100/100 3.2/46 

ND5 TIM3+F+G4 (IA, (IB, II)); 100/100 57.2/59 

ND6 HKY+F+I (IA, (IB, II)); 100/100 60.3/69 

Coding genes partition GTR+F+G4 (IB, (IA, II)); 100/100 83.7/79 

12S rRNA TN+F (IB, (IA, II)); 100/100 89.4/84 

16S rRNA GTR+F (IB, (IA, II)); 100/100 92.3/86 

rRNAs partition TIM+F (IB, (IA, II)); 100/100 96.9/98 

Control region* TN+F+G4 (IA, (IB, II)); 100/100 92/90 
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 Table S5 Codeml results of branch method tests, on dataset with only C. caretta sequences. Null model M0 estimates one value of ω across all branches and sites. 

Alternative model MBr1 estimates one value of ω on the background branches and one value of ω on the foreground branch (here, haplogroup IB). lnL: logarithm of 

Likelihood, np: number of parameters, LRT: Likelihood Ratio Test, LRT = 2(lnLMBr1 – lnLM0), d.f.: degrees of freedom. The critical value for LRT statistic, for 1 

degree of freedom and p = 0.005, is 3.841 and significant results are indicated by *. Values of ω = 999 means ‘infinity’ and may derive by a lack of synonymous 

substitutions. 

 

C. caretta Null model M0 Alternative model MBr1 test 

gene lnL np ω lnL np ωb ωf LRT d.f. 

ATP6 -868.870 54 0.1441 -868.857 55 0.1266 999 0.0248 1 

ATP8 -205.229 54 0.0001 -205.229 55 0.0001 0.0001 0.0000 1 

COXI -2058.11 54 0.0148 -2057.00 55 0.0284 0.0001 1.2476 1 

COXII -912.868 54 0.0001 -912.868 55 0.0001 0.0001 0.0000 1 

COXIII -1043.37 54 0.0001 -1043.37 55 0.0001 0.0001 0.0000 1 

CYTB -1509.18 54 0.1137 -1507.46 55 0.0486 999 3.4438 1 

ND1 -1299.53 54 0.1632 -1298.91 55 0.1017 0.3016 1.2548 1 

ND2 -1380.86 54 0.1183 -1380.62 55 0.1050 0.3076 0.4915 1 

ND3 -524.612 54 0.3891 -519.425 55 0.0972 999 10.3742* 1 

ND4 -1776.37 54 0.0192 -1775.51 55 0.0001 999 1.7227 1 

ND4L -392.92 54 0.0001 -392.92 55 0.0001 999 0.0014 1 

ND5 -2361.22 54 0.1552 -2360.52 55 0.1066 999 1.3977 1 

ND6 -660.335 54 0.0001 -660.335 55 0.0001 0.0001 0.0000 1 
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Table S6 Codeml results of branch method tests, on dataset with multiple species (see text for accession numbers of sequences). Null model M0 estimates one value of ω 

across all branches and sites. Alternative model MBr1 estimates one value of ω on the background branches and one value of ω on the foreground branch (here, 

haplogroup IB). lnL: logarithm of Likelihood, np: number of parameters, LRT: Likelihood Ratio Test, LRT = 2(lnLMBr1 – lnLM0), d.f.: degrees of freedom. The 

critical value for LRT statistic, for 1 degree of freedom and p = 0.005, is 3.841; significant results are indicated by *. Values of ω = 999 means ‘infinity’ and may derive 

by a lack of synonymous substitutions. 

 

Multiple 

sp 

Null model M0 Alternative model MBr1 test 

gene lnL np ω lnL np ωb ωf LRT d.f. 

ATP6 -1846.63 18 0.0632 -1845.12 19 0.0613 999 3.03 1 

ATP8 -507.77 18 0.1323 -507.77 19 0.1323 0.0001 0 1 

COXI -3702.01 18 0.0105 -3701.89 19 0.0106 0.0001 0.2533 1 

COXII -1642.82 18 0.0129 -1642.76 19 0.013 0.0001 0.1164 1 

COXIII -1873.82 18 0.0169 -1873.5 19 0.0172 0.0001 0.6444 1 

CYTB -2984.38 18 0.0258 -2981.34 19 0.0241 0.24 6.0652* 1 

ND1 -2580.52 18 0.0269 -2578.08 19 0.0252 0.2281 4.8781* 1 

ND2 -2804.47 18 0.0657 -2804.36 19 0.0663 0.4059 0.2171 1 

ND3 -1030.78 18 0.0515 -1030.78 19 0.0515 0.0001 0.0001 1 

ND4 -3762.65 18 0.0441 -3762.63 19 0.044 0.0539 0.0329 1 

ND4L -762.44 18 0.0333 -762.36 19 0.0336 0.0001 0.1659 1 

ND5 -4945.65 18 0.0539 -4942.53 19 0.0521 0.2854 6.2362* 1 

ND6 -1116 18 2.5217 -1114.9 19 2.4342 999 1.5613 1 
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 Table S7 Codeml results of branch-site method tests, on dataset with only C. caretta sequences. Null model M2a fixes the value of ω = 1 on the foreground branch 

(here haplogroup IB). Alternative model MBr1_2S models 4 different site classes: in site class 0 all sites on all branches are under purifying selection (0 < ω0 < 1); in 

site class 1 all sites are under neutral evolution (ω1 = 1); in site class 2a, sites on foreground branch are under positive selection (ω2 > 1) and sites on background 

branches are under purifying selection (0 < ω0 < 1); in site class 2b, sites on foreground branch are under positive selection (ω2 > 1) and sites on background branches 

are under neutral evolution (ω1 = 1). Proportions of sites in classes are, respectively: p0, proportion of sites in class 0; p1, proportion of sites in class 1; p2a, proportion of 

sites in class 2a; p2b, proportion of sites in class 2b. lnL: logarithm of Likelihood, np: number of parameters, LRT: Likelihood Ratio Test, LRT = 2(lnLMBr1 – lnLM0), 

d.f.: degrees of freedom. The critical value for LRT statistic, for 1 degree of freedom and p = 0.005, is 3.841 and significant results are indicated by *. Values of ω = 

999 means ‘infinity’ and may derive by a lack of synonymous substitutions. 

 

C. caretta Null model M2a Alternative model MBr1_2S test 

gene lnL np ω0 lnL np ω0 ω 1 ω 2 p0 p1 p2a p2b LRT d.f. 

ATP6 -868.86 56 0,1269 -868.85 57 0.1245 1 110.90 0.9886 0 0.0114 0 0.0070 1 

ATP8 -205.23 56 0 -205.23 57 0 1 2.7852 0.9999 0 0.0001 0 0 1 

COXI -2058.11 56 0,0148 -2058.11 57 0.0148 1 1 1 0 0 0 0 1 

COXII -912.86 56 0 -912.86 57 0 1 2.1701 1 0 0 0 0 1 

COXIII -1043.37 56 0 -1043.37 57 0 1 1.6361 1 0 0 0 0 1 

CYTB -1507.68 56 0,0425 -1507.46 57 0.0426 1 256.55 0 0 1 0 0.4462 1 

ND1 -1298.91 56 0,1017 -1298.91 57 0.1017 1 1.5524 0.8554 0 0.1446 0 0.0004 1 

ND2 -1380.46 56 0,6864 -1380.26 57 0 1 242.63 0.8847 0.1121 0.0028 0.0003 0.3936 1 

ND3 -521.05 56 0,0961 -519.43 57 0.0972 1 999 0 0 1 0 3.2431 1 

ND4 -1775.49 56 0 -1775.09 57 0 1 429.96 0.9972 0 0.0027 0 0.8032 1 

ND4L -392.92 56 0 -392.92 57 0 1 2.6909 1 0 0 0 0 1 

ND5 -2360.52 56 0,1067 -2360.52 57 0.1066 1 38.410 0 0 1 0 0.0061 1 

ND6 -660.332 56 0 -660.332 57 0 1 1 1 0 0 0 0 1 
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Table S8 Codeml results of branch-site method tests, on dataset with multiple species. Null model M2a fixes the value of ω = 1 on the foreground branch (here 

haplogroup IB). Alternative model MBr1_2S models 4 different site classes: in site class 0 all sites on all branches are under purifying selection (0 < ω0 < 1); in site 

class 1 all sites are under neutral evolution (ω1 = 1); in site class 2a, sites on foreground branch are under positive selection (ω2 > 1) and sites on background branches 

are under purifying selection (0 < ω0 < 1); in site class 2b, sites on foreground branch are under positive selection (ω2 > 1) and sites on background branches are under 

neutral evolution (ω1 = 1). Proportions of sites in classes are, respectively: p0, proportion of sites in class 0; p1, proportion of sites in class 1; p2a, proportion of sites in 

class 2a; p2b, proportion of sites in class 2b. lnL: logarithm of Likelihood, np: number of parameters, LRT: Likelihood Ratio Test, LRT = 2(lnLMBr1 – lnLM0), d.f.: 

degrees of freedom. The critical value for LRT statistic, for 1 degree of freedom and p = 0.005, is 3.841 and significant results are indicated by *. Values of ω = 999 

means “infinity” and may derive by a lack of synonymous substitutions. 

 

Multiple sp Null model M2a Alternative model MBr1_2S test 

gene lnL np ω0 lnL np ω0 ω 1 ω 2 p0 p1 p2a p2b LRT d.f. 

ATP6 -1834.3 20 0.0389 -1834.2 21 0.0390 1 261 0 0 0.95 0.048 0.2565 1 

ATP8 -507 20 0.0932 -507 21 0.0932 1 1 0.9032 0.0968 0 0 0 1 

COXI -3693.1 20 0.0071 -3693.1 21 0.0071 1 1 0.993 0.007 0 0 0 1 

COXII -1632.4 20 0.0081 -1632.4 21 0.0081 1 1 0.9898 0.0102 0 0 0 1 

COXIII -1864.5 20 0.0054 -1864.5 21 0.0054 1 1 0.9659 0.0341 0 0 0 1 

CYTB -2961.7 20 0.0132 -2960.9 21 0.0132 1 75.256 0.9565 0.0321 0.0110 0.0004 1.6056 1 

ND1 -2566.5 20 0.0141 -2566.3 21 0.0140 1 15.327 0.9543 0.0364 0.0089 0.0003 0.2563 1 

ND2 -2781.4 20 0.0340 -2781.4 21 0.0340 1 1 0.9108 0.0742 0.0138 0.0011 0 1 

ND3 -1020.2 20 0.0281 -1020.2 21 0.0281 1 1 0.9305 0.0695 0 0 0 1 

ND4 -3738.0 20 0.0296 -3738.0 21 0.0296 1 1 0.9311 0.0351 0.0325 0.0012 0 1 

ND4L -762 20 0.0241 -762 21 0.0241 1 1 0.9697 0.0302 0 0 0 1 

ND5 -4907 20 0.0330 -4907 21 0.0330 1 1.4140 0.8554 0.0417 0.0981 0.0048 0.0198 1 

ND6 -1124 20 0 -1123 21 0 1 999 0 0 0.0745 0.9251 3.126 1 
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Table S9 (PROVEAN) Protein Variation Effect Analyzer scores for nonsynonymous substitutions that are fixed between haplogroup II and haplogroup IB. Shown with 

* significant values < - 2.5 indicating likelihood of a substitution to affect the protein function.  

 

Gene Position Ancestral state Derived state PROVEAN score 

ATP6 
78 Ala Thr -0.382 

151 Phe Leu -3.999 * 

CYTB 

47 Ile Thr -2.088 

182 Phe Leu -2.838 * 

190 Ile Val -0.581 

233 Leu Phe 2.136 

ND1 

16 Ile Val -0.292 

73 Ile Thr 1.689 

314 Thr Ala 0.266 

317 Gly Ser -3.683 * 

ND2 

4 His Tyr -0.038 

31 Thr Ile -1.678 

85 Asn Asp 3.039 

ND3 
5 Met Thr -1.498 

108 Val Ile 0.362 

ND4 35 Ala Ser -1.030 

ND5 

18 Leu Phe -0.232 

24 Tyr Cys -1.206 

31 Met Leu -0.284 

50 Ala Thr 0.346 

87 Val Ala -1.932 

177 Ile Val -0.896 

466 Thr Met -0.054 

573 Ser Leu -3.181 * 
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Introduction 

The protection of marine environments and marine life has gained increasing attention in 

public awareness and international policies, such that the 14
th

 Sustainable Development 

Goal (SDG) of the UN 2030 Agenda is dedicated to ‘conserve and sustainably use the 

oceans, seas and marine resources for sustainable development’ (United Nations 2015). 

The specific targets of the 14
th

 SDG address crucial issues such as marine pollution, 

ocean acidification, coastal urbanization and erosion, fishery bycatch and 

overexploitation, aiming to reduce these threats to oceans health and human well-being. 

Sea turtles are among the many affected species, and despite a recent overall 

improvement in their risk status compared to previous assessments (Hamann et al. 2010; 

Wallace et al. 2025), fisheries bycatch continues to heavily impact all seven sea turtle 

species worldwide. Bycatch reduction is therefore a priority in sea turtle conservation, 

and its effective implementation relies on close collaboration with local communities (e.g. 

Proyecto MARES Comunidad 2024), based on extensive data collection about fishing 

effort, gears description, and of course about species presence in the area (Wallace et al. 

2010b). Studying turtles at sea, both in terms of abundance and stock composition, is 

therefore crucial to inform appropriate conservation measures (Hamann et al. 2010). 

Western Africa and the Gulf of Guinea are important regions for five sea turtle species 

(Wallace et al. 2010a), including the endangered green turtle Chelonia mydas. Major 

Eastern Atlantic rookeries for this species have been described in Ascension Island by 

Formia et al. (2007) and in Poilao (Guinea Bissau) by Patricio et al. (2017). Smaller 

rookeries were also described in Sao Tomé, Principe and Bioko (Formia et al. 2006). On 

the other hand, relatively scarce information has been collected and discussed regarding 

the stocks of turtles at sea (e.g. Patrício et al. 2017; Hancock et al. 2019), foraging or 

migrating and facing heavy industrial fishery bycatch (Riskas and Tiwari 2013; Casale et 

al. 2017). 

Characterizing the stocks of turtles at sea in terms of rookeries of origin is always of 

major importance to understand which populations most rely on specific foraging areas, 

and which are threatened there. Genetic analyses have been applied extensively for this 

purpose, mainly based on mitochondrial DNA control region fragments which are used 

first for rookeries’ profiling and then for assigning turtles of unknown origin in the mixed 

stocks (Pella and Masuda 2001). For C. mydas, the vast majority of the available data 

have been produced using control region fragments of ~ 490 bp (Allard et al. 1994), 
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which is still the reference marker for wide population genetic studies. Moreover, mtDNA 

control region has been used to reconstruct the species phylogeography, and to make 

inferences about the colonization dynamics of the oceans (Jensen et al. 2019). According 

to those studies, the Gulf of Guinea, and in specific Sao Tomé and Principe, would have 

been crucial as refugia for C. mydas during Pleistocenic glaciations, preserving genetic 

diversity which is still higher today than in recently colonized regions. 

Although traditional control region markers are still used in population genetics and 

phylogenetic analyses, they have shortcomings. First, few common haplotypes, retrieved 

in all rookeries, may hamper the description of population and the assignment of turtles in 

the mixed stocks (e.g. Tolve et al. 2018); more powerful markers are needed, which can 

detect more polymorphisms within the mtDNA and resolve shared lineages. Second, 

single mtDNA genes may not be reliable in reconstructing the evolutionary history of a 

species, since mutation rate and selective constrains vary across the molecule (see chapter 

4 of this thesis). Scaling up to whole mitogenome sequencing might help overcome these 

limitations. 

In the present study, we focus on C. mydas in the Gulf of Guinea, providing genetic 

information about the mixed stocks of turtles at sea in such an important and understudied 

region. We take advantage of a broad sampling and of traditional genetic markers which 

allow a comparison with published literature. Moreover, we characterized a subsample of 

complete mitogenomes, in order to test their potential in genetic diversity resolution and 

phylogeographic application. 

 

Materials and Methods 

Control region analyses 

Between 1998 and 2015, 1034 tissue biopsies were collected from nesting, captured, 

bycaught and stranded green turtles in the Gulf of Guinea. DNA was extracted by a 

standard protocol with phenol chloroform and a ‘short’ ~ 490 bp fragment of the mtDNA 

control region was characterized in our laboratory (Formia 2002, unpublished; Formia et 

al. 2006), using primers LTCM1 and HDCM1 (Allard et al. 1994). Then, a ‘long’ control 

region fragment ~ 780 bp in length was characterized for this dataset, using primers 

LCM15382 and H950 (Abreu et al. 2006) and following the same laboratory protocol as 

Vilaça et al. (2022). Haplotypes were assigned based on the datasets available at the 

Archie Carr Center for Sea Turtles Research website 
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(https://accstr.ufl.edu/resources/mtdna-sequences/). These prior data was produced before 

the present PhD project.  

Number of haplotypes, haplotype and nucleotide diversity were computed in Arlequin 

3.5.2.2 (Excoffier and Lischer 2010) for each control region dataset – the one of ~ 490 bp 

sequences (1034 samples) and the one with ~ 780 bp sequences (465 samples). Two 

haplotype networks were also constructed, using statistical parsimony (Templeton et al. 

1992) implemented in TCS (Clement et al. 2000), allowing an infinite number of changes 

to link all haplogroups. The networks were visualized in tcsBU (Múrias dos Santos et al. 

2015), exported as svg files and graphically edited in Inkscape (https://inkscape.org/). 

To characterize the composition of the stocks at sea based on samples collected in the 

Gulf of Guinea in terms of contributing rookeries, we performed foraging ground – 

centric Mixed Stock Analyses (MSA) (Pella and Masuda 2001). We used the ~ 490 bp 

dataset, because it was the most numerous dataset that we had, and because the most 

comprehensive published baseline for green turtles has been constructed with the same 

marker. For the baseline we used data from Atlantic and Indo Pacific rookeries, with 

respective rookery size (number of nesting females per year) as prior (Supplementary 

Table S1). We ran separate analyses for the following mixed stocks of turtles sampled at 

sea (i.e. ‘not nesting’ turtles): i) Western Africa (samples from Liberia, Ivory Coast, 

Ghana, Togo, Benin: N = 64); ii) Continental Equatorial Guinea (N = 80); iii) Corisco 

Bay (N = 640); iv) Sao Tomé (N = 76), see Table 1. We used R mixstock package by 

Bolker (2007), setting 400,000 iterations and burn-in at 50% and checking chains 

convergence with Gelman and Rubin diagnostics (shrink factor < 1.2). 

 

Mitogenomic sequencing and assembly 

From the original dataset in Table 1, 13 individuals were subsampled for whole 

mitogenome sequencing; the choice of the samples was based on good DNA quality and 

quantity, assessed by 1% gel electrophoresis and Qubit 4 fluorometer Broad Range Assay 

(Invitrogen). Dual-indexed (i5 and i7) genomic libraries were built using a PCR-free 

Tagmentation Kit Illumina according to the manufacturer protocol. We envisaged a 1.8 X 

target nuclear genome coverage for 11 of these samples and 18X for two of these samples 

that were sequenced separately. Consequently, the target output was ~ 3.96 Gb and ~ 39.6 

Gb per sample, respectively. We sequenced the libraries paired-end on an Illumina 

NovaSeq 6000 System using a 300-cycle NovaSeq 6000 SP Reagent Kit v 1.5.  
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Sequencing data were demultiplexed and converted to fastq format using bcl2fastq 

version 2.20 (Illumina). Reads quality and sequencing statistics were checked using 

FastQC 11.9 (Andrews 2010) and Trimmomatic 0.39 (Bolger et al. 2014) was used to 

remove reads of insufficient length and quality and to create paired reads to be used in 

following analyses. We applied two different pipelines in parallel to assemble complete 

mitogenomes, comparing their output. One pipeline consisted of reads mapping on a 

reference mitogenome, while the other pipeline assembled mitogenomes de novo, using a 

seed-and-extend algorithm. 

For the mapping pipeline we chose the annotated sequence C. mydas NC_000886.1 as 

reference. Bowtie2-2.5.0 (Langmead and Salzberg 2012) was used for indexing and 

generating the SAM files, then converted in the human readable BAM files. Samtools 

1.16.1 (Danecek et al. 2021) was used to sort and index the BAM files and to generate 

sorted.bam files thar can be visualized in IGV (Integrate Genomic Viewer) (Robinson et 

al. 2011). Variant calling and consensus sequence extrapolation were accomplished by 

BCFtools 1.16 (Danecek et al. 2021), filtering out variants with a quality score < 30. 

For the de novo assembly pipeline, we used NOVOPlasty software (Dierckxsens et al. 

2016). A COI sequence from C. caretta was used as a seed to start the assembly; k-mers 

option was set at 50 and eventually changed to higher values in case of failure of the 

assembly; genome range was set as 15000 – 18000 range. Successful assembly was 

achieved in case of circularized molecules or in case of overlapping contigs covering the 

entire length of the mitogenome.  

For each sample, we compared the mitogenome sequence obtained by the mapping 

pipeline with the mitogenome sequence obtained by NOVOPlasty. In case of 

discrepancies, the visual inspection of vcf statistics and of sorted.bam files in IGV 

allowed us to check the reads coverage for each polymorphic variant, clarifying the 

correct reconstruction. The consensus sequences were aligned and trimmed at position 

16443, removing the microsatellites from the following analyses. Mitogenomic haplotype 

names were assigned following the criterion of Shamblin et al. (2012a); the first two 

serial numbers refer to the respective ~ 780 bp control region haplotype and the third one 

refers to the variants outside the control region. 

 

Mitogenomic diversity and phylogenetic analyses 

To have a comprehensive picture of the information derived by using complete 

mitogenomes, we searched GenBank database to find all mitogenomic sequences 
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available for Chelonia mydas (Table 3). Sequences were downloaded, aligned with ours 

and partitioned in single genes alignments using Geneious Prime 2022.2.2; then, genetic 

diversity indices were computed for each gene with DnaSP (Librado and Rozas 2009). 

The whole mitogenomes alignment was used to build a mitogenomic TCS network. 

To perform phylogenetic analyses on the mitogenomic dataset, Natator depressus 

mitogenomic sequence (GenBank Accession Number NC_018550.1) was selected as 

outgroup. The best molecular evolution model was assessed and then a Maximum 

Likelihood (ML) phylogeny was constructed using IqTree (Trifinopoulos et al. 2016). 

Statistical support for the nodes was assessed by ultrafast bootstrap (values > 95%). 

FigTree v1.4.4 (http:// tree. bio. ed. ac. uk/ software/ figtr ee/) was used to visualize the 

tree. 

A Bayesian phylogenetic analysis using BEAST suite v.1.10.4 (Suchard et al. 2018b) was 

also performed to put dates on the nodes of the topology. The mitogenomic alignment 

was first partitioned in four: i) coding genes partition, ii) tRNAs partition, iii) rRNas 

partition; iv) control region partition. We used the four partitions with the ‘unlink’ option 

for substitution model and for molecular clock to estimate the parameters independently, 

the ‘link tree’ option, the ‘random starting tree’ option and ‘coalescent constant size’ 

option to generate the tree. As priors, we used the time of divergence between N. 

depressus and C. mydas suggested by Duchene et al. (2012), 36.43 MYBP (95% HPD 

21.92 – 52.51) and we forced monophyly of C. mydas. We performed 5 independent runs, 

10^8 steps each with a 10% burn-in. We used Tracer v.1.7.1 (Rambaut et al. 2018) to 

monitor ESS for each output parameter, Log Combiner to merge the runs, Tree Annotator 

(Drummond and Rambaut 2007) to summarise the overall output, and FigTree v1.4.4 

(http:// tree. bio. ed. ac. uk/ software/ figtr ee/) to visualize the tree. 

 

Selective pressure analyses 

To test deviation from neutrality in C. mydas mitogenomic coding region, we performed a 

McDonald – Kreitman test on each gene, using DnaSP (Librado and Rozas 2009) and N. 

depressus NC_018550.1 as outgroup. The test computes the number of non-synonymous 

and synonymous polymorphic changes within a species (Pn and Ps, respectively) and the 

number of fixed non-synonymous and synonymous changes between species (Dn and Ds, 

respectively); the output is a Neutrality Index (NI), defined as Pn/Ps divided by Dn/Ds, 

and it should be interpreted as neutrality if = 1, purifying selection if > 1, positive 

selection if < 1. 
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To test more specifically the presence of different selective pressure within C. mydas 

mitogenomic coding partition, we used codeml package implemented in PAML (Yang 

2007), using the ML phylogeny that we had previously generated and following the 

indications in Álvarez-Carretero et al. (2023). We first applied a Random Site Method to 

test the presence of sites under selection (values of ω) across the phylogeny. We used M0 

as null model, assuming one value of ω across all sites and all branches. M0 was 

compared with M1a, a nearly-neutral model considering two site classes (one for ω = 1 

and one for ω < 1); then, M1a was compared with M2a, which considers three site classes 

(one for ω = 1, one for ω < 1 and one for ω >1). Also, we applied the Random Site 

Method using M7 (null model) vs M8 (alternative model), which are more robust than 

M1a, M2a in case of weak positive selection (Álvarez-Carretero et al. 2023). This 

analysis indicates possible sites where selection might be acting without clustering on 

some lineages. Additionally, we tested specific hypotheses of selection in action on 

definite branches of the phylogeny, and we assessed i) whether selection on mtDNA 

affected the divergence of C. mydas from N. depressus, and ii) whether selection on 

mtDNA affected in specific the divergence of the Atlantic clade of C. mydas that we 

retrieved in our phylogeny (see Results). Therefore, a Branch Method was applied, to test 

the presence of a different value of ω on the foreground branch in comparison to the other 

branches (null model M0, alternative model MBr1); we first used the whole C. mydas 

clade, then the only Atlantic clade as ‘foreground branch’. Finally, we used a Branch Site 

Method to identify specific loci under selection in the previously specified foreground 

branches. In this method the null model M0 is compared with an alternative model 

assuming four site classes; one class for sites under purifying selection on both branches, 

one class for sites under neutral selection on both branches, one class for sites under 

positive selection on the foreground branch and under purifying selection on the 

background branch, and one class for sites under positive selection on the foreground 

branch and under neutral selection on the background branch. For each test, the 

significance was assessed by a Likelihood Ratio Test (LRT). 

We also used TreeSAAP software (Woolley et al. 2003) to test the presence of selective 

pressure with a complementary approach, not based on modelling of ω but on the 

physicochemical properties of amino acids corresponding to non-synonymous 

substitutions. 

 



153 
 

 

 

Fig. 1 Study area of the Gulf of Guinea and images from the field; on the left, green turtles nesting and 

researchers collecting data; on the right, bycaught green turtle in a fishing net.
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 Table 1. Control region haplotypes (~ 490 bp fragment) for samples collected in the Gulf of Nigeria. In parentheses, number of samples from nests. Samples collected 

specifically in Corisco Bay are reported separately from samples collected in other scattered locations in Gabon and Equatorial Guinea, because it is considered as a self-

standing mixed stock in MSA. 

Haplotype Liberia 
Ivory 

Coast 
Ghana Togo Benin 

Continental 

Equatorial 

Guinea 

Gabon 
Corisco 

Bay 
Principe 

Sao 

Tome 
Bioko TOT 

CmA05 0 0 3 0 1 2 0 32 0 5 (1) 0 43 (1) 

CmA06 0 0 2 1 1 6 3 (1) 53 1 4 (1) 6 (5) 77 (7) 

CmA08 6 22 13 8 2 61 19 (3) 467 41 (39) 69 (12) 53 (46) 761 (100) 

CmA09 0 0 0 0 0 2 0 7 0 0 0 9 

CmA10 0 0 0 0 0 1 1 8 0 0 0 10 

CmA23 0 0 0 0 0 0 0 1 0 0 0 1 

CmA24 0 0 0 0 0 0 0 2 0 1 0 3 

CmA25 0 0 0 0 0 0 0 2 0 0 0 2 

CmA32 0 0 0 0 0 0 0 4 0 0 0 4 

CmA35 0 0 0 0 0 2 0 10 0 1 0 13 

CmA36 0 1 0 1 0 4 1 25 26 (25) 10 (1) 2 70 (26) 

CmA37 0 0 0 0 0 0 0 4 0 2 (1) 0 6 (1) 

CmA38 0 0 0 0 0 0 0 0 0 2 (2) 0 2 (2) 

CmA39 0 0 0 0 0 0 0 1 0 0 0 1 

CmA40 0 1 0 0 0 0 0 5 0 0 0 6 

CmA41 0 0 0 0 0 0 0 2 0 0 0 2 

CmA42 0 0 0 0 0 1 0 1 0 0 0 2 

CmA43 1 0 0 0 0 1 1 (1) 4 0 0 0 7 (1) 

CmA44 0 0 0 0 1 0 0 2 0 0 0 3 

CmA72 0 0 0 0 0 0 0 1 0 0 0 1 

CmA75 0 0 0 0 0 0 0 1 2 (2) 0 0 3 (2) 

CmP47 0 0 0 0 0 0 0 1 0 0 0 1 

CmP49 0 0 0 0 0 0 0 7 0 0 0 7 

TOT 7 24 18 10 5 80 25 (5) 640 70 (66) 94 (18) 61 (51) 1034 (140) 
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Table 2. Control region haplotypes (~ 780 bp fragment) for a subset of samples collected in the Gulf of Nigeria. In parentheses, number of samples from nests. Samples 

collected specifically in Corisco Bay are reported separately from samples collected in other scattered locations in Gabon and Equatorial Guinea because it is considered 

as a self-standing mixed stock in MSA. 

. 

Haplotype Ghana 

Continental 

Equatorial 

Guinea 

Gabon 
Corisco 

Bay 
Principe 

Sao 

Tome 
TOT 

CmA5.1 0 0 0 20 0 0 20 

CmA6.1 0 2 2 (1) 32 0 1 37 (1) 

CmA8.1 1 12 16 (3) 270 37 (35) 0 336 (38) 

CmA8.3 0 0 0 3 0 0 3 

CmA9.1 0 0 0 3 0 0 3 

CmA10.1 0 0 1 2 0 0 3 

CmA24.1 0 0 0 1 0 0 1 

CmA25.1 0 0 0 1 0 0 1 

CmA32.1 0 0 0 3 0 0 3 

CmA35.1 0 0 0 3 0 0 3 

CmA36.1 0 0 1 15 22 0 38 

CmA37.1 0 0 0 3 0 0 3 

CmA40.1 0 0 0 1 0 0 1 

CmA43.1 0 0 1 2 0 0 3 

CmA44.1 0 0 0 1 0 0 1 

CmA72.1 0 0 0 1 0 0 1 

CmA75.1 0 0 0 1 2 0 3 

CmP47.1 0 0 0 1 0 0 1 

CmP49.1 0 0 0 3 0 0 3 

CmP49.2 0 0 0 1 0 0 1 

TOT 1 14 21 (4) 367 61 (35) 1 465 (39) 
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Table 3. C. mydas mitogenomic sequences that we used in this study.  

ID sample / 

Accession 

Number 

Reference 

Target 

nuclear 

coverage 

(X) 

Output 

nuclear 

coverage 

(X) 

Output 

mitogenomic 

coverage (X) 

Sample 

provenance 
Ocean 

Nesting vs 

at sea 

Control 

region 

haplotype 

Mitogenomic 

haplotype 

G14 This study 1.8 0.59 22 Corisco Atlantic at sea CMA8.1 CMA8.1.1 

GE144 This study 1.8 1.80 143 Corisco Atlantic at sea CMA8.1 CMA8.1.1 

GE146 This study 1.8 1.85 153 Corisco Atlantic at sea CMA8.1 CMA8.1.2 

M036 This study 1.8 2.72 108 Corisco Atlantic at sea CMA8.1 CMA8.1.1 

M038 This study 1.8 2.30 400 Corisco Atlantic at sea CMA8.1 CMA8.1.3 

M090 This study 1.8 2.77 217 Principe Atlantic nesting CMA8.1 CMA8.1.1 

ST16 This study 1.8 3.89 289 Sao Tome Atlantic at sea CMA8.1 CMA8.1.1 

ST17 This study 1.8 2.01 179 Sao Tome Atlantic at sea CMA8.1 CMA8.1.4 

ST26 This study 1.8 3.38 236 Sao Tome Atlantic at sea CMA8.1 CMA8.1.1 

ST24 This study 18 15.9 1040 Sao Tome Atlantic at sea CMA5.1 CMA5.1.4 

ST61 This study 18 17.6 1362 Sao Tome Atlantic at sea CMA5.1 CMA5.1.4 

JQ026233 
 (Shamblin et al. 

2012a) 
- - - Costa Rica Atlantic 

nesting 
CMA3.1 CMA3.1.1 

JQ034420 
 (Shamblin et al. 

2012a) 
- - - Buck Island Atlantic 

nesting 
CMA5.1 CMA5.1.1 

JX454971 
 (Duchene et al. 

2012) 
- - - Hawaii Pacific ? CMP1.1 CMP1.1.1 

JX454972 
 (Duchene et al. 

2012) 
- - - Cyprus Mediterranean ? CMA13.1 CMA13.1.1 

JX454974 
 (Duchene et al. 

2012) 
- - - Mexico Pacific ? CMP4.1 CMP4.1.1 

JX454976 
 (Duchene et al. 

2012) 
- - - Malaysia Pacific ? CMP20.1 CMP20.1.1 

JX454978 
 (Duchene et al. 

2012) 
- - - Galapagos Pacific ? CMP4.1 CMP4.1.2 

JX454985 
 (Duchene et al. 

2012) 
- - - Micronesia Pacific ? CMP20.1 CMP20.1.1 

JX454990 
 (Duchene et al. 

2012) 
- - - Costa Rica Atlantic ? CMA3.1 CMA3.1.2 

NC000886 
 (Kumazawa and 

Nishida 1999) 
- - - ? Atlantic ? CMA3.1 CMA3.1.3 
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Results 

Control region analyses 

Out of 1034 biopsies that had been genetically typed using the ‘short’ (~ 490 bp) 

fragment of the control region, 465 were successfully amplified and sequenced also for 

the ‘long’ (~ 780 bp) fragment.  

Details about sampling location, sample type and control region haplotypes are reported 

in Tables 1 and 2 for the ‘short’ and ‘long’ fragment datasets, respectively. 

From the dataset of samples analysed using the ~ 490 bp control region fragment (N = 

1034), 23 haplotypes were retrieved (Tables 1 and 4). Haplotype CmA8 alone represents 

74% of the total and the second most abundant haplotype is CmA6 which represents 7%; 

the other 21 haplotypes all together represent the remaining 19%. From the dataset of 

samples successfully characterized by the ~ 780 bp fragment (N = 465), 20 haplotypes 

were retrieved (Table 2 and 4). Haplotype CmA8.1 represents 72% of the total and 

CmA6.1 and CmA36.1 are the second most abundant ones, representing 8% each; the 

other 17 haplotypes all together represent the remaining 20%. Four ‘long’ control region 

haplotypes represent variants of two ‘short’ control region haplotypes; in detail, CmA8.1 

and CmA8.3 split CmA8, while CmP49.1 and CmP49.2 split CmP49. In all the other 

cases, each 780 bp control region haplotype is the single, longer variant of one 490 bp 

control region haplotype. In both TCS control region networks (Fig. 1 and 2) haplotypes 

cluster in three groups. In both networks, the most represented group has a starlike shape 

and includes all the ‘CmA’ haplotypes, with CmA8 and CmA8.1 at the centre, 

respectively; the other two groups are represented by ‘CmP’ haplotypes. 

 

Table 4 Genetic diversity statistics for datasets of ~ 490 and ~ 780 bp control region haplotypes. N, number 

of sequences; k, number of haplotypes; h, haplotypic diversity; π, nucleotide diversity; SE, Standard Error. 

mtDNA control 

region fragment 
N k h±SE π±SE 

~ 490 bp 1034 23 0.4464±0.0007 0.0028±0.0001 

~ 780 bp 465 20 0.4636±0.0015 0.0025±0.00005 
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 Fig. 1 TCS network for ~ 490 bp control region haplotypes retrieved in samples from dataset in Table 1. In 

grey, haplotypes from lineage II; in orange, haplotype from lineage IV; in blue, haplotype from lineage 

VIII, as defined in Jensen et al. (2019). Lineage II is the only one described in South Atlantic rookeries; 

lineages IV and VIII can be found in rookeries in Southwest Indian Ocean. White circles indicate 

unsampled haplotypes. 

 

 

Fig. 2 TCS network for ~ 780 bp control region haplotypes retrieved in samples from dataset in Table 2. 

Colours and lineages as in Fig 1 and as defined in Jensen et al. (2019). White circles indicate unsampled 

haplotypes. 
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Mixed stock analysis 

Contribution estimates from the Atlantic and Indo Pacific rookeries to the four mixed 

stock that we analysed generally had very wide confidence intervals, often crossing zero. 

For Western Africa mixed stock (Fig. S1), the highest contribution estimates were from 

Ascension Island and Bioko Island, 40% and 32%, but with confidence intervals 0 – 94% 

and 0 – 93%, respectively. For Equatorial Guinea mixed stock (Fig. S2), contribution 

estimates from Sao Tome, Ascension Island and Guinea Bissau were 38% (ci 14 - 72%), 

32% (ci 0 – 69%) and 25% (ci 0 – 57%). For Corisco Bay mixed stock (Fig. S3), the 

highest contributions were from Sao Tomé (43%, ci 21 – 75%) and Ascension Island 

(37%, ci 20 – 58%), and in this case the estimates significantly differed from zero; in this 

case also a contribution from Europa (South Indian Ocean) was detectable (2%, ci 0 – 

17%). For Sao Tomé mixed stock (Fig. S4) the main contribution estimate was from Sao 

Tomé itself (75%, ci 32 – 98%), followed by Ascension Island (14%, ci 0 – 51%). 

 

Mitogenomic sequencing and assembly 

From mitogenome sequencing we obtained an output nuclear coverage ≥ 1.8 X and 

optimal reads quality for 10 out of 13 samples, while three samples had an output nuclear 

coverage < 1.8 X. Two of these three samples also reported issues in FastQC statistics, 

due to bad per-sequence GC content, which impeded the reconstruction of the molecule 

by either NOVOPlasty or by mapping pipeline, therefore they were discarded from the 

analyses. For the remaining 11 samples, complete high coverage mitogenomes were 

obtained using NOVOPlasty and the mapping pipeline in parallel.  

While comparing the contigs generated by NOVOPlasty and by the mapping pipeline for 

each sample, we found discrepancies on two occasions. For sample G14, NOVOPlasty 

reported three N positions, while the mapping pipeline assigned all the nucleotide bases; 

inspecting the bam files, we visually checked that the bases had been assigned correctly 

by the mapping. For sample M038 instead, the two contigs reported two different 

nucleotide bases at the same positions; inspecting the bam files, we visually checked that 

the correct assignment was achieved by NOVOPLasty, probably due to stringent per base 

quality filter of the mapping pipeline. Samples information, sequencing statistics, control 

region and mitogenomic haplotypes are reported for the mitogenomic dataset in Table 3. 
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Mitogenomic diversity and phylogenetic analyses 

The dataset that we used for mitogenomic diversity analyses resulted by the alignment of 

our sequences (N = 11) with sequences downloaded from GenBank (N = 10) and counted 

21 C. mydas mitogenomes (details in Table 3). We identified 14 mitogenomic haplotypes, 

four of which are mitogenomic variants of the 780 bp control region haplotype CmA8.1 

and were retrieved from our samples collected in Corisco Bay, Principe and Sao Tomé. 

We also described a new mitogenomic variant of CmA5.1 (CmA5.1.4) in two samples 

from Sao Tomé. The other mitogenomic haplotypes came from published sequences. The 

most abundant mitogenomic haplotype is CmA8.1.1, carried by six sequences (29% of 

the total); two sequences carry CmA5.1.4 and CmP20.1.1 (10% each), one sequence carry 

CmA3.1.1, CmA3.1.2, CmA3.1.3, CmA5.1.1, CmA8.1.2, CmA8.1.3, CmA8.1.4, 

CmA13.1.1, CmP1.1.1, CmP4.1.1, CmP4.1.2 (5% each), see Table 3. 

In the TCS network (Fig. 3) mitogenomic haplotypes cluster into 5 groups. One group 

includes the CmA8 and CmA5 variants, which had been sampled in both Eastern and 

Western Atlantic. Another group comprises CmA3 variants, also sampled in Western 

Atlantic, and it is located 15 substitutions away from the first group. The only 

Mediterranean haplotype stands apart, being 12 substitutions from the first group and 10 

from the second. The greatest genetic distances are observed between these three groups 

and the two Pacific groups: one represented by CmP20.1.1 - sampled in Western Pacific - 

and one represented by CmP1.1.1, CmP4.1.1, CmP4.1.2 – sampled in Eastern Pacific. 

These Pacific groups are 138 and 154 substitutions away, respectively. 
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Fig. 3 TCS network for mitogenomic haplotypes retrieved in our dataset (Table 3). In light blue, haplotypes 

retrieved in samples from Pacific Ocean; in yellow, haplotype retrieved in samples from Mediterranea Sea; 

in purple, haplotypes retrieved in samples from the Gulf of Guinea; in orange, haplotype retrieved in 

samples from Buck Island; in green, haplotypes retrieved in samples from Atlantic Costa Rica. White 

circles indicate unsampled haplotypes. 

 

Looking at the single gene diversity within the mitogenomic dataset (Table 5), the control 

region has the highest values of polymorphic sites, and its nucleotide diversity is an order 

of magnitude higher than for the other genes. Haplotypic diversity has the highest value 

in the control region, even if the same number of haplotypes (k = 7) is provided by ND2 

gene. Among coding genes, CYTB and COXI have the highest haplotypic diversity, 

while ATP6 and ND4 have the highest nucleotide diversity. 
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Table 5 Information and diversity for single mitochondrial genes and tRNA partition of the mitogenomic 

alignment. Sequence length in base pairs (bp). Number of haplotypes (k), number of polymorphic sites (S), 

haplotype (h) and nucleotide diversity (π) with their Standard Error (SE), and dN/dS ratios for coding 

genes. * indicates that the test could not be computed, due to dS= 0. 

 

mtDNA gene 
Sequence 

length (bp) 
k S h±SE π±SE dN/dS 

12S 969 6 10 0.662±0.033 0.00259±0.00002 - 

16S 1611 5 12 0.490±0.035 0.00193±0.00001 - 

ATP6 683 6 14 0.662±0.033 0.00619±0.00006 0.097 

ATP8 186 3 2 0.410±0.034 0.00343±0.00008 * 

COXI 1546 5 12 0.767±0.029 0.00255±0.00001 0 

COXII 687 3 6 0.410±0.034 0.00238±0.00003 0.063 

COXIII 784 5 9 0.605±0.034 0.00238±0.00002 0 

CYTB 1145 6 17 0.776±0.029 0.00457±0.00003 0.045 

ND1 971 3 4 0.410±0.032 0.00131±0.00001 0.118 

ND2 1039 7 15 0.671±0.032 0.00448±0.00003 0.172 

ND3 350 2 1 0.257±0.030 0.00073±0.00002 * 

ND4L 297 1 0 0 0 * 

ND4 1381 4 25 0.595±0.034 0.00566±0.00004 0.107 

ND5 1806 6 22 0.610±0.035 0.00363±0.00002 0.190 

ND6 525 4 6 0.481±0.035 0.00319±0.00004 0.172 

tRNAs 1550 3 5 0.410±0.034 0.00077±0.00006 - 

Control 

region 

927 7 58 0.790±0.028 0.01982±0.00014 - 

 

The best-fitting molecular substitution model for the mitogenomic alignment of C. mydas 

and N. depressus was GTR + G4, which was used to construct the Maximum Likelihood 

(ML) phylogeny (Fig. 4). In the resulting topology, the first node with maximum 

statistical support separates haplotypes sampled in the Pacific Ocean from those sampled 

in the Atlantic Ocean and the Mediterranean Sea. The second most ancient and well-

supported node corresponds to the divergence between CmP20.1.1 (sampled in the 

Western Pacific) and haplotypes sampled in the Eastern Pacific. Within the Atlantic 

clade, the ML topology supports a basal position of the Mediterranean haplotype 

CmA13.1.1, while the relationship between CmA3 variants and the other Atlantic 

haplotypes has low statistical support. The cluster of CmA8 and CmA5 variants is again 

well-supported, while more recent nodes are not. 
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Fig. 4 Maximum Likelihood phylogeny for complete mitogenomes dataset (Table 3). Colours as in Fig.3. 

Values of ultrafast bootstrap are reported for each node. The root does not have a value of statistical support 

because it was imposed by the user. Branch length is in number of substitutions per site. 

 

The topology that we obtained using the Bayesian phylogenetic analysis (Fig. 5) mostly 

confirms the ML one, apart from the position of CmA13.1.1 which in this case clusters 

with CmA3 variants instead of being basal to the Atlantic clade; however, this node is not 

well-supported. In Table 6 we report the time estimates and respective 95% HPD for the 

seven most ancient nodes; the other nodes are not reported nor discussed since more 

recent events are less statistically supported. 
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Fig. 5 Bayesian phylogeny for complete mitogenomes dataset (Table 3). Colours as in Fig. 3. Names of the 

nodes are in roman numbers (as in Table 6). Values of posterior probability are reported for each node. 

Branch length is in millions of years by present (MYBP). 

 

Table 6 Bayesian tree’s height estimates and 95% Height Posterior Density (HPD) for nodes shown in Fig 

5. Estimates are reported in thousands of years by present (KYBP). 

Node Node description Median (KYBP) 95% HPD 

I 
N. depressus – C. 

mydas 
34,682 18,829 – 49,782 

II Pacific - Atlantic 3,464 1,879 – 5,176 

III 
CmP20.1.1 – Eastern 

Pacific 
2,072 1,064 – 3,112 

IV CmA5/A8 – CmA3/13 476 215 – 750 

V CmA3 – CmA13 355 152 – 580 

VI CmA5 – CmA8 162 56 – 290 

VII CmP1.1.1 – CmP4 150 44 - 279 
 

Selective pressure analyses 

McDonald – Kreitman test, so as dN/dS, could not be computed for genes ATP8, ND3, 

ND4L due to the absence of synonymous substitutions. For all other genes where the test 

was performed, results were non-significant. 

Tables 7 – 10 report the results of selective pressure tested with Codeml on the coding 

genes partition. The Random Site Method gave significant results for positive selection 

when comparing models M8 and M7; two sites, ATP6:AA3 and ND5:AA52, were 

detected by the bayes empirical bayes (BEB) approach as sites under positive selection 

with a probability > 80%. The Branch Method gave significant results for the best fitting 

of the alternative model than the null model, indicating different values of ω between the 
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foreground branch and the background branch, even if < 1. The tests were significant both 

in the case of C. mydas as foreground branch and in the case of the only Atlantic clade of 

C. mydas as foreground branch. Significant values of ω > 1 on the foreground branches 

were retrieved in both cases applying the Branch Site Method; in the case of Atlantic C. 

mydas as foreground branch, a site was detected by BEB as under positive selection with 

> 80% of probability (ND2:AA191). This site carries an Isoleucine in all Atlantic 

sequences and an Alanine in all Pacific sequences. 

Those sites that resulted as potentially under positive selection for Codeml, namely 

ATP6:AA3, ND5:AA52, ND2:AA191, also scored significant in TreeSAAP respectively 

for 19, 16, 21 aminoacidic properties (of which 3, 3 and 1 belonging to a category of high 

impact ≥7).  

 

Table 7 Codeml results for Random Site Method applied through nested models: null model, M0; 

alternative models, M1a, M2a. lnL: logarithm of Likelihood, np: number of parameters; ω0 indicates 

purifying selection, ω1 indicates neutral selection, ω2 indicates positive selection; p0: proportion of sites 

with ω0, p1: proportion of sites with ω1, p2: proportion of sites with ω2. LRT: Likelihood Ratio Test, d.f.: 

degrees of freedom. For M1a, LRT = 2(lnLM1a – lnLM0). For M2a, LRT = 2(lnLM2a – lnLM1a). The 

critical value for LRT statistic, with 1 degree of freedom and p = 0.005, is 3.841. The critical value for LRT 

statistic, with 2 degrees of freedom and p = 0.005, is 5.99. Significant results are indicated by asterisks. 

 

model lnL np ω0 ω 1 ω 2 p0 p1 p2 LRT d.f. 

M0 -17467.1938 30 0.0378 - - 1 - - - - 

M1a -17435.4293 31 0.0161 1 - 0.9636 0.0364 - 63.52* 1 

M2a -17434.1561 33 0.0210 1 2.8423 0.9779 0.0116 0.0104 2.55 2 
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Table 8 Codeml results for Random Site Method applied through nested models: null model, M7 and 

alternative model M8. lnL: logarithm of Likelihood, np: number of parameters, p and q: parameters of beta 

distribution describing ω for sites in the range 0 ≤ ω ≤ 1. ω2 indicates positive selection, p0: proportion of 

sites with ω from beta (p, q) as in M7, p1: proportion of sites with ω2. LRT: Likelihood Ratio Test, d.f.: 

degrees of freedom. Here, LRT = 2(lnLM8 – lnLM7). The critical value for LRT statistic, with 2 degrees of 

freedom and p = 0.005, is 5.99. Significant results are indicated by asterisks. 

 

model lnL np p q ω 2 p0 p1 LRT d.f. 

M7 -17438.2501 31 0.0157 0.2535 - - - - - 

M8 -17434.0971 33 0.1581 4.6632 2.8501 0.9878 0.0122 8.31* 2 
 

 

Table 9 Codeml results for Branch Method applied through models M0 and MBr1, first considering all C. 

mydas taxa as foreground branch, then considering only Atlantic C. mydas as foreground branch. lnL: 

logarithm of Likelihood, np: number of parameters; ω indicates purifying selection (homogeneous across all 

the sites and the tree); ωb indicates the value for selection on the background branch; ω f indicates the value 

for selection on the foreground branch. LRT: Likelihood Ratio Test, d.f.: degrees of freedom. Here, LRT = 

2(lnLMBr1 – lnLM0). The critical value for LRT statistic, with 1 degree of freedom and p = 0.005, is 3.84. 

Significant results are indicated by asterisks. 

 

Analysis setting model lnL np ω ωb ω f LRT d.f. 

C. mydas as 

foreground branch 

M0 -17467.1937 30 0.0378 - - - - 

MBr1 -17455.8466 31 - 0.0234 0.0967 22.69* 1 

Atlantic C. mydas 

as foreground 

branch 

M0 -17467.1925 30 0.0378 - - - - 

MBr1 -17455.8465 31 - 0.0347 0.1567 22.69* 1 
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Table 10 Codeml results for Branch Site Method applied through nested models M0, M2a_f and MBr1_2s, first considering all C. mydas taxa as foreground branch, 

then considering only Atlantic C. mydas as foreground branch. lnL: logarithm of Likelihood, np: number of parameters; ω0 indicates purifying selection, ω1 indicates 

neutral selection, ω2 indicates positive selection; p0: proportion of sites with ω0, p1: proportion of sites with ω1, p2a: proportion of sites with ω0 on the background branch 

and ω2 on the foreground branch, p2b: proportion of sites with ω1 on the background branch and ω2 on the foreground branch. Here, LRT is computed comparing 

MBr1_2s first with M0: LRT = 2(lnLMBr1_2s – lnLM0); then, with M2a_f: LRT = 2(lnLMBr1 – lnLM2a_f). The critical value for LRT statistic, with 3 degrees of 

freedom and p = 0.005, is 7.81. The critical value for LRT statistic, with 1 degree of freedom and p = 0.005, is 3.84. Significant results are indicated by asterisks. 

 

Analysis setting model lnL np ω0 ω1 ω2 p0 p1 p2a p2b LRT d.f. 

C. mydas as 

foreground branch 

M0 -17467.1923 30 0.0377 - - - - - - - - 

M2a_f -17435.4303 32 0.0161 - 1 - - - - - - 

MBr1_2s -17435.4296 33 0.0162 1 2.0848 0.8871 0.0335 0.0765 0.0029 
63.52* 3 

0.001 1 

Atlantic C. mydas as 

foreground branch 

M0 -17467.1939 30 0.0378 - - - - - - - - 

M2a_f -17431.1969 32 0.0156 - 1 - - - - - - 

MBr1_2s -17428.6939 33 0.0158 1 48.2178 0.9608 0.0333 0.0034 0.0001 
77.00* 3 

5.01* 1 
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Discussion 

The genetic analyses in this study aimed to enhance current knowledge about the 

diversity within foraging stocks and the movements of C. mydas reaching the Gulf of 

Guinea. We applied multiple genetic markers and analytical pipelines to characterize our 

samples, in specific we tested the potential of whole mitogenomes to improve genetic 

diversity resolution and to give insights into the species phylogeography. We also provide 

methodological considerations which might support future research planning. To the best 

of our knowledge, the present study is based on the largest dataset of green turtle samples 

ever collected in the Gulf of Guinea. 

 

Control region analyses 

Using ‘short’ control region haplotypes (490 bp), we characterized all the samples in the 

dataset. We confirmed some patterns already reported in literature; specifically, CmA8 is 

by far the most abundant haplotype at all sampling locations of the Gulf of Guinea, 

followed by CmA6 and CmA5, while CmA36 is characteristic of Sao Tomé and Principe 

(Formia et al. 2006; Hancock et al. 2019). However, we also identified some haplotypes 

that had never been reported in this study area (Formia et al. 2006; Hancock et al. 2019). 

Haplotypes CmA41 and CmA72, detected in two and one samples from Corisco Bay, 

respectively, have never been found in any rookery or foraging ground. The same applies 

to CmA43, which we found in one turtle caught in Liberia, one in Equatorial Guinea, and 

four in Corisco Bay; we also recorded CmA43 in a nesting turtle in Gabon, suggesting a 

possible origin for this rare haplotype. These findings indicate that some rookeries – 

whether nearby or distant – remain undersampled or even unknown. We also found 

haplotypes not previously documented in this area, but with records in known rookeries. 

Specifically, we found two turtles in Corisco Bay carrying haplotype CmA25, which has 

been recorded in the rookeries of Fernando Noronha (Brazil) (Encalada et al. 1996; 

Bjorndal et al. 2006) and in Ascension Island (Formia et al. 2007); we also found one 

turtle in Equatorial Guinea and one turtle in Corisco Bay carrying haplotype CmA42, 

which has been recorded in Guinea Bissau (Patrício et al. 2017). Finally, we found one 

turtle and seven turtles in Corisco Bay carrying haplotypes CmP47 and CmP49, 

respectively. As shown by our haplotypic networks and by phylogenetic reconstruction in 

Jensen et al. (2019), CmP47 and CmP49 belong to a distinct, Indo - Pacific phylogenetic 

clade compared to all the other haplotypes that we identified in our dataset. These 
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haplotypes are specific of Southern Indian Ocean rookeries (Bourjea et al. 2015), with no 

records from Atlantic nesting sites. This suggests that some individuals likely enter the 

Atlantic via South Africa, swimming northward until they reach Corisco Bay. The eight 

samples carrying these Indo Pacific haplotypes indicate that this migration is not a 

common behaviour, neither is it an isolated event. Moreover, according to Van der Zee et 

al. (2021), the crossing of the Cape of Good Hope has occurred more than once on an 

evolutionary timescale, both westward and eastward, allowing gene flow between 

Atlantic and Indo Pacific. 

A more exhaustive description of the composition of the stocks at sea in terms of 

contributing rookeries was tempted through the Mixed Stock Analyses. Haplotype CmA8, 

widely shared by all Eastern Atlantic rookeries, severely hampers the resolution of the 

MSA. In all the four mixed stocks we analysed, the contributions with the narrowest 

confidence intervals were those from Western Atlantic, where haplotype CmA8 is not 

present, indicating ‘zero contribution’. For most of the contribution estimates higher than 

zero, we had wide confidence intervals, the real value potentially being twice or half the 

estimate or even null, in case of confidence intervals including zero. This was the case for 

the whole Western Africa’s MSA. For Western Africa we hypothesize an overestimation 

of contribution from Bioko and a contemporary underestimation of contribution from 

Poilao (Guinea Bissau), since Poilao is one of the major rookeries in Eastern Atlantic 

(Seminoff et al. 2015) and significant connections between Guinea Bissau and Western 

Africa have been already reported in literature (Patrício et al. 2017); on the other hand, 

Bioko is quite a small rookery (Tomás et al. 2010). For Sao Tomé, the main contribution 

was from local rookeries and in this case we consider it reliable since it departs from zero. 

Curiously, Hancock et al. (2019) found much higher contribution from Guinea Bissau in a 

similar MSA on Sao Tomé, while we estimated it to be quite low. The MSA for 

Equatorial Guinea took advantage of an exclusive haplotype of Sao Tomé (CmA36) and 

obtained contribution significantly higher than zero from this rookery. The best 

performing MSA was Corisco, where a very large sample size (ten times the sample size 

of Western Africa) allowed more reduced confidence intervals compared to the other 

MSA and main estimates significantly higher than zero, from Sao Tomé and Ascension 

Island. 

Since the wide sharing of few common haplotypes has hampered the population structure 

description and the MSA for a long time, the characterization of the longer control region 

fragments (780 bp) was tempted for C. mydas, aimed to find more polymorphisms and to 
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increase the power of the genetic marker. In our study we faced the limitation of a low 

amplification and sequencing success for the ‘long’ control region fragment, reducing the 

dataset of more than half the total sample size. The number of ‘long’ haplotypes was 

lower than the number of ‘short’ haplotypes, therefore the resolution of the new marker 

did not compensate for the low yield. Overall, the genetic information obtained by long 

haplotypes did not provide additional insights to the previous results. 

 

Mitogenomic analyses 

In Tolve et al. (2024), we showed for C. caretta in the Mediterranean that complete 

mitogenomes can split the most shared control region haplotypes into numerous 

mitogenomic variants. In this study as well, we aimed to test the capability of 

mitogenomics to better resolve shared lineages in C. mydas, which long control region 

markers had almost failed to achieve. Additionally, we explored phylogeographic and 

adaptive signals in the mitochondrial DNA that could enhance our understanding of 

populations evolution, as we did for loggerheads in the previous chapter of this thesis. 

Complete mitogenomes were retrieved as secondary outputs from whole-genome 

sequencing (WGS) data. Since genomic library preparation requires high DNA quality 

and quantity mitogenomics studies based on WGS are generally applied to a limited 

number of samples. Therefore, optimizing the sequencing output is crucial for obtaining 

datasets of sufficient size. In our protocol, adopting two assembly pipelines and 

comparing the results helped correct errors and uncertainties, thereby enabling the 

reconstruction of mitogenomic contigs from sub-optimally sequenced reads. We 

emphasize the importance of generating bam files through the mapping pipeline, as they 

are a key tool for visualizing polymorphisms and confirming or rejecting contig 

reconstruction. Overall, WGS with low - medium nuclear target coverage and a 

combination of mapping and de novo assembly allowed us to obtain medium – high 

coverage mitogenomes for 11 out of 13 samples that we had selected for this approach. 

Mitogenomes revealed high haplotypic diversity, since we retrieved 5 mitogenomic 

haplotype among 11 samples and 4 of these haplotypes were variants of the control region 

haplotype CmA8.1, ubiquitous in the Eastern Atlantic rookeries; the other mitogenomic 

haplotype we retrieved is a variant of CmA5.1. This control region haplotype not only is 

present in Eastern Atlantic, but it is also the most widespread in Western Atlantic 

rookeries; Shamblin et al. (2012a) found three different mitogenomic variants, which 

differ from the one we found in our samples. This is promising for improving the genetic 
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assignment of turtles to different Regional Management Units. Since almost all our 

samples were collected at sea, we were not able to associate different mitogenomic 

variants to different nesting site, but thanks to these findings we characterized 

mitogenomic diversity in the Gulf of Guinea with a higher potential for resolution of 

lineages than long control region haplotypes. This paves the way for future, focused 

investigation on nesting sites. 

The mitogenomic network and phylogenies largely align with the reconstructions based 

on the control region by Jensen et al. (2019), although some differences are present. 

Mitogenomic variants of CmA8 and CmA5, previously reported in the Eastern Atlantic 

and Caribbean (Shamblin et al. 2012a), cluster with mitogenomic variants of CmA3 

(Western Atlantic), mirroring the grouping of control region clades II and I in Jensen et 

al. (2019). The Mediterranean mitogenome (CmA13.1.1) and CmA3 mitogenomic 

variants are more divergent from each other than their corresponding control region 

haplotypes (Jensen et al. 2019), and there is disagreement between our ML and Bayesian 

phylogenies regarding the placement of the Mediterranean haplotype. If the ML tree was 

correct (given its high statistical support, unlike Bayesian tree), the Mediterranean clade 

would represent the earliest divergence from the Atlantic haplotypes and not a recent one, 

as stated in Jensen et al. (2019). Of course, a single sample from the Mediterranean is not 

sufficient to draw firm conclusions, and broader sampling in the region is needed. The 

Pacific mitogenomic haplotypes included in our analyses, from both the Western and 

Eastern Pacific, cluster together; however, their corresponding control region clades, 

namely clade III and clade IX in Jensen et al. (2019), do not. Clade III is grouped with 

clades I and II, while clade IX clusters with other Pacific lineages. The phylogenetic 

reconstruction from our analyses is statistically robust, with strong support for all nodes 

involving these clades, and it is also consistent with geographic expectations; control 

region clade III and clades I – II are geographically disconnected, whereas clades III and 

IX likely diverged in the Pacific from a common ancestor. Regarding the dating of the 

nodes, the posterior estimate for the divergence between C. mydas and N. depressus is 

still consistent with the values in Duchene et al. (2012), that we used as prior. The 

divergence between Pacific and Atlantic turtles around 3.5 MYBP occurred in 

correspondence with the closure of the Isthmus of Panama (20 – 2.8 MYBP) (O’Dea et al. 

2016), a pattern shared by other turtle species (e.g. Shamblin et al. 2014). The split of the 

mitogenomic clades of Western and Eastern Pacific date around 2 MYBP, at the 

beginning of the Pleistocene, while the divergence between our Atlantic mitogenomic 
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clades result more recent than what testified by the control region analyses (Jensen et al. 

2019). Discrepancies between single-gene and whole-mitogenome phylogenies are not 

exceptional, since mutation rates and selective pressures vary considerably across 

different regions of the mitochondrial DNA. Therefore, different phylogeographic 

scenarios may emerge, depending on the mtDNA marker chosen for the analysis; for this 

reason, it is important to refer to the most informative one – in this case, the complete 

mitogenome - as discussed also in the previous chapter of this thesis in relation to the 

loggerhead turtle. 

To understand the phylogeography of the species it is also necessary to investigate 

adaptive patterns. Indeed, the genetic structure and geographic distribution of 

mitochondrial lineages in many marine species result not only from neutral evolution but 

can also be shaped by selective pressure (e.g. Silva et al. 2014; Baltazar-Soares et al. 

2021; Noll et al. 2022). Although mitochondrial DNA is a highly conserved molecule and 

primarily subject to purifying selection, signals of positive selection can emerge under 

appropriate biological hypotheses and analytical framework (e.g. Morales et al. 2015). 

From the tests we ran on green turtle mitogenomes, we found weak evidence of positive 

selection across the phylogeny, supported by the least stringent models within the 

Random Site Method (models M8 and M7). The selective pressure acting on C. mydas 

branch significantly differed from that on the outgroup N. depressus, according to both 

the Branch Method and Branch Site Method. However, the methods yielded different 

values, which were not always greater than 1, and thus did not consistently indicate 

positive selection. A similar pattern was observed on the Atlantic C. mydas branch, where 

we also identified a specific site under selection in the ND2 gene, with high probability, 

confirmed by the analyses of physicochemical aminoacidic properties. Upon inspecting 

our alignments, we also detected the point mutation in the ATP8 gene, previously 

reported and discussed by Duchene et al. (2012), which removes a stop codon and 

extends the overlapping region with ATP6. While those authors reported the mutation 

only in Mediterranean and Atlantic C. mydas, we also observed the mutation in two 

Pacific haplotypes, suggesting that it may have evolved independently more than once 

within the C. mydas phylogeny. The phenotypic effects of this mutation, as well as of the 

others we reported, remain to be fully understood and should be interpreted in the context 

of the species biology. A broader dataset of mitogenomes, combined with biochemical 

approaches, will be essential for drawing more robust results. 
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Conclusions 

In the present study we meant to improve our knowledge of green turtles in the Gulf of 

Guinea by both leveraging data produced by traditional mtDNA markers from a broad 

sample dataset and employing newer techniques of whole mitogenome sequencing. The 

extensive characterization of control region haplotypes allowed us to compare our 

sequences with existing baseline information, thereby enabling inferences about the 

origin and movements of turtles within the Gulf. We confirmed the contribution of nearby 

rookeries to the mixed stocks and, notably, detected turtles from Indian Ocean reaching 

Corisco Bay, shedding light on an understudied migratory behaviour. On the other hand, 

whole mitogenome sequencing proved promising in resolving the ubiquitous control 

region mtDNA lineage, potentially improving phylogeographic reconstructions and 

studies on adaptation. While a full replacement of traditional markers by whole 

mitogenomes is not currently on the agenda for population genetics, we envisage 

complementarity between the two techniques, where mitogenomes can address well-

defined questions within a broader context identified by traditional, widespread markers. 
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 Table S1. Baseline data used in MSA: 490 bp haplotype frequencies in Atlantic and Indo Pacific green turtle rookeries, with respective rookery size estimates in 

number of nesting females per year. FL: Florida (Encalada et al. 1996; Bass and Wayne 2000); MX: Quintana Roo, Mexico (Encalada et al. 1996); CR: Tortugero, 

Costa Rica (Encalada et al. 1996; Bjorndal et al. 2005); CU: Cuba (Ruiz-Urquiola et al. 2010); BKI: Buck Island (Shamblin et al. 2012a); GU: Guadeloupe (Costa 

Jordao et al. 2017); AV: Aves Island, Venezuela (Encalada et al. 1996; Lahanas et al. 1998; Shamblin et al. 2015); SU: Matapica, Suriname (Encalada et al. 1996; 

Shamblin et al. 2012a); FG: French Guiana (Costa Jordao et al. 2017); FN: Fernando de Noronha, Brazil (Encalada et al. 1996; Bjorndal et al. 2006; Shamblin et al. 

2015); TRI: Trinidade Island, Brazil (Encalada et al. 1996; Bjorndal et al. 2006; Shamblin et al. 2015); ASC: Ascension Island (Formia et al. 2007); GB: Guinea Bissau 

(Patrício et al. 2017); BIO: Bioko Island (Formia et al. 2006); SAO: Sao Tomé Island (Formia et al. 2006); PR: Principe Island (this study, unpublished data; Formia et 

al. 2006); MED: Lara bay, Cyprus (Encalada et al. 1996; Kaska 2000); EUR: Europa Island (Bourjea et al. 2015); JDN: Juan de Nova (Bourjea et al. 2015); NSWIO: 

Northern South West Indian Ocean (Bourjea et al. 2015); SEY: Seychelles (Bourjea et al. 2015). 

 

Haplotype FL MEX CR CU BKI GU AV SU FG FN TRI ASC GB BIO SAO PR MED EUR JDN NSWIO SEY 

CMA1 224 7 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA2 11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA3 219 5 395 16 0 1 6 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA4 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA5 6 1 32 0 45 35 69 68 43 0 0 0 0 0 1 0 0 0 0 0 0 

CMA6 0 0 0 0 0 0 0 3 0 0 0 11 0 5 1 0 0 0 0 0 0 

CMA7 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA8 1 0 0 0 0 0 0 0 2 50 67 204 170 45 13 39 0 31 11 13 0 

CMA9 0 0 0 0 0 0 0 0 0 7 19 9 0 0 0 0 0 0 0 0 0 

CMA10 0 0 0 0 0 0 0 0 0 2 0 5 0 0 0 0 0 0 0 0 0 

CMA11 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 

CMA12 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 

CMA13 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 241 0 0 0 0 

CMA14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 

CMA15 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA16 3 1 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA17 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA18 2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA20 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA21 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA22 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

CMA23 0 0 0 0 0 0 0 0 0 0 6 1 0 0 0 0 0 0 0 0 0 

CMA24 0 0 0 0 0 0 0 0 0 0 1 7 0 0 0 0 0 0 0 0 0 

CMA25 0 0 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 0 0 0 0 
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CMA26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA27 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

CMA28 5 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA32 0 0 0 0 0 0 0 0 0 1 5 1 0 0 0 0 0 0 0 0 0 

CMA33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

CMA36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 25 0 0 0 0 0 

CMA37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

CMA38 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 

CMA39 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

CMA40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA41 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA42 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

CMA43 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA44 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

CMA45 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

CMA46 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 

CMA47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA48 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA49 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA50 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

CMA53 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA55 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA56 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA57 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA58 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA61 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

CMA62 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

CMA63 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

CMA68 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA69 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA72 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMA75 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 

CMP40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

CMP47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 37 24 

CMP49 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 8 240 54 

CMP57 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
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 CMP62 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

CMP75 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 6 

CMP76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 1 

CMP79 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

CMP87 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 

CMP114 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

CMP115 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

CMP120 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

TOT 

sequences 
485 20 433 28 49 36 75 73 46 69 99 245 171 50 20 66 248 33 20 307 89 

Rookery 

size 
779 1,587 26,535 2,226 63 50 267 1,814 6,000 129 3,000 3,709 2,523 407 90 88 100 6,500 20 16,550 750 
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Fig. S1 Estimated contribution of Atlantic and Indo Pacific rookeries to Western Africa mixed stock. 

Acronyms as in Table S1. 

 

 

Fig. S2 Estimated contribution of Atlantic and Indo Pacific rookeries to Equatorial Guinea mixed stock. 

Acronyms as in Table S1. 
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Fig. S3 Estimated contribution of Atlantic and Indo Pacific rookeries to Corisco mixed stock. Acronyms as 

in Table S1. 

 

 

Fig. S4 Estimated contribution of Atlantic and Indo Pacific rookeries to Sao Tomé mixed stock. Acronyms 

as in Table S1. 
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Introduction 

According to the scientific community the sixth mass extinction is ongoing (Barnosky et 

al. 2011) and even relying on conservative estimates (Ceballos et al. 2015), the average 

rate of vertebrate species loss over the last century would be up to 100 times higher than 

the background rate of previous mass extinction. The magnitude of this phenomenon and 

its impact on ecosystems and human societies have nowadays been acknowledged as one 

of the most urgent challenges of our times (IPBES 2019).  

To prevent species extinction through effective conservation actions, it is crucial to 

provide reliable assessments of risk and threats. This has become a collective effort, as in 

the context of the IUCN Red List of Threatened Species and in particular the Marine 

Turtle Specialist Group (MTSG). For appropriate sea turtles conservation strategies, the 

MTSG first developed the Regional Management Units (RMU) concept (Wallace et al. 

2010a) and consequently a framework to evaluate the conservation status of all marine 

turtle RMUs using appropriate criteria and information: the ‘conservation priorities 

portfolio’ (CPP) (Wallace et al. 2011), which has been recently updated (Wallace et al. 

2025) and shared as free online resource (https://www.seaturtlestatus.org/cpp-dashboard). 

The hawksbill turtle (Eretmochelys imbricata) is one of the most historically impacted sea 

turtle species (Mortimer and Donnelly 2008), having suffered from intensive human 

exploitation. Nowadays, it is primarily affected by habitat degradation – particularly of 

coral reefs, which represent its preferred feeding ground.  Although the overall 

conservation status of E. imbricata has improved according to the CPP (Wallace et al. 

2025), assessments vary among different RMUs.  

The Eastern Atlantic RMU is one of those in a critical condition, with low conservation 

capacity. Among the main risk factors are the low abundance of nesting females, the 

vulnerability of the rookeries and the reduced genetic diversity. All available population 

genetics data for the Eastern Atlantic have been generated using a 384 bp fragment of the 

mitochondrial DNA (mtDNA) control region (Monzón-Argüello et al. 2010; Monzón-

Argüello et al. 2011). Sequence comparison revealed only a few haplotypes across two 

foraging grounds - Cape Verde and Principe - with just one fixed haplotype reported at 

the only described nesting site, Principe. 

Longer mtDNA control region fragments (733 bp) have been used to characterize 

hawksbill populations globally (Arantes et al. 2020), offering higher resolution of genetic 

lineages than 384 bp fragments; however, the region of the Eastern Atlantic has remained 
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understudied and lacks information on genetic diversity and structure. A comprehensive 

investigation using the longer marker on a broad dataset was therefore needed to update 

our understanding of the genetic diversity in the Eastern Atlantic. This study aims to fill 

this knowledge gap for E. imbricata in the Gulf of Guinea.  

Furthermore, since whole mitogenomic sequences proved promising in better resolving 

shared control region lineages in other sea turtle species (e.g. Tolve et al. 2024 and 

Chapter 5 of this thesis), we tested the potential of this technique in E. imbricata, 

exploring its usefulness for phylogeographic inference and the study of selective 

pressures. Overall, these data will help define future assessment for the species along the 

western African coast. 

 

Materials and Methods 

Control region analysis 

Between 1998 and 2017, 293 tissue biopsies were collected from nesting, captured, 

bycaught and stranded hawksbill turtles in the Gulf of Guinea. DNA was extracted by a 

standard protocol using phenol chloroform. A ~ 733 bp fragment of the mtDNA control 

region was characterized using primers LTEi9 and H950 (Abreu et al. 2006) and 

following the protocol by Vilaça et al. (2022). Haplotypes were assigned based on the 

review by Arantes et al. (2020). These data were produced before this PhD project. 

In order to visualize the haplotypes from our dataset along with the control region 

haplotypes described in the literature, a network was constructed, using the 

comprehensive haplotypes dataset in Arantes et al. (2020). We used statistical parsimony 

(Templeton et al. 1992) implemented in TCS (Clement et al. 2000). The network was 

visualized in tcsBU (Múrias dos Santos et al. 2015), exported as svg file and graphically 

edited in Inkscape (https://inkscape.org/). 

We pooled all our samples collected from turtles ‘at sea’ (i.e. not nesting) into a single 

mixed stock. We used Arlequin 3.5.2.2 (Excoffier and Lischer 2010) to compute the 

number of haplotypes, as well as haplotype and nucleotide diversity for the mixed stock. 

We also compared the genetic diversity of our mixed stock with that of the other foraging 

grounds reported in Arantes et al. (2020), using both genetic diversity indices and 

pairwise FST values with 1000 permutations. 

We conducted two foraging ground centric Mixed Stock Analyses (MSA) on our Gulf of 

Guinea mixed stock, using the R package mixstock (Bolker et al. 2007). In the first 



191 
 

analysis, we used data from Atlantic and Indo – Pacific rookeries reported in Arantes et 

al. (2020) as the baseline. In the second analysis, we grouped the samples from scattered 

nesting sites in our dataset into a single potential source population (Gulf of Guinea) and 

added this pool to the baseline. Our aim was to evaluate the effect of including or not our 

nesting samples from the Gulf of Guinea on the MSA estimates. As a prior, we used 

rookery size (i.e. number of clutches per year). For rookeries lacking available size data, 

we applied the average size estimated from those with available data (see Table S1). For 

the Gulf of Guinea, we used the estimate available for the Principe rookery (Monzón-

Argüello et al. 2011), acknowledging that this likely underestimates the total number of 

clutches for the entire region. For both analyses we set the number of iterations to 

400,000 with a 50% burn-in and assessed convergence of the MCMC chains using the 

Gelman and Rubin diagnostic (shrink factor < 1.2). 

 

Mitogenome sequencing and assembly 

We selected 10 samples from the dataset, based on good DNA quality and quantity, 

assessed by 1% gel electrophoresis and Qubit 4 fluorometer Broad Range Assay 

(Invitrogen). Dual-indexed (i5 and i7) genomic libraries were built using a PCR-free 

Tagmentation Kit Illumina according to the manufacturer protocol. We envisaged a 1.8 X 

target nuclear genome coverage for 5 of these samples and 18X for the other five samples 

that were sequenced separately. Consequently, the target output was ~ 3.96 Gb and ~ 39.6 

Gb per sample, respectively. We sequenced the libraries paired-end on an Illumina 

NovaSeq 6000 System using a 300-cycle NovaSeq 6000 SP Reagent Kit v 1.5.  

Sequencing data were handled in the same way as in chapter 5 of this thesis. In brief, after 

demultiplexing, reads quality check and trimming, mitogenome assembly was achieved 

through two different pipelines in parallel, one based on mapping on a reference 

mitogenome, and one based on de novo assembly using a seed-and-extend algorithm. As 

reference mitogenome we used the annotated sequence E. imbricata NC012398. For each 

sample we compared the mitogenome sequence obtained by the mapping with the 

mitogenome sequence obtained by NOVOPlasty, and in case of discrepancies, we 

clarified the correct reconstruction checking the coverage of the polymorphic sites using 

the sorted.bam. Mitogenomic haplotype names were assigned using the first code which 

refers to the respective ~ 733 bp control region haplotype and a serial number referring to 

the variants outside the control region (e.g. EiA70.1 would be a mitogenomic variant of 

control region haplotype EiA70). 
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We searched online databases for all the published mitogenomes of E. imbricata. We 

found a total of seven different samples for which the complete mitogenome had been 

reconstructed. However, two of these sequences (NC012398 and MF571906) lacked 

information on sampling location; for this reason, we considered them potentially 

misleading, and we excluded them from our analyses. The resulting mitogenome database 

is reported in Table 2. 

 

Mitogenomic diversity and phylogenetic analyses 

Downloaded mitogenomes were aligned with sequenced mitogenomes and trimmed at 

position 16,271, removing N bases and the microsatellite from the following analyses. 

The alignment of mitogenomic sequences was used to construct a mitogenomic haplotype 

network with TCS (Clement et al. 2000), allowing an infinite number of changes to link 

the haplogroups. As for the dloop, the network was visualized in tcsBU (Múrias dos 

Santos et al. 2015), exported as svg file and graphically edited in Inkscape 

(https://inkscape.org/). The mitogenomic alignment was then partitioned in single genes 

alignments using Geneious Prime 2022.2.2, and genetic diversity indices were computed 

for each gene using DnaSP (Librado and Rozas 2009). 

For phylogenetic analyses, we included two Caretta caretta mitogenome sequences 

(NC016923 and JX454988) as outgroup in the alignment. First, we assessed the best 

molecular evolution model, and we constructed a Maximum Likelihood (ML) phylogeny 

using IqTree (Trifinopoulos et al. 2016). Statistical support for the nodes was assessed by 

ultrafast bootstrap (values > 95%). FigTree v1.4.4 (http:// tree. bio. ed. ac. uk/ software/ 

figtr ee/) was used to visualize the tree. Then, we performed a Bayesian phylogenetic 

analysis using BEAST suite v.1.10.4 (Suchard et al. 2018b) and four partitions as in 

chapter 5 of this thesis, setting the same options for the analysis. As priors, we forced 

monophyly of E. imbricata and we set the time of divergence between the branches C. 

caretta + Lepidochelys and E. imbricata, that we extrapolated by Duchene et al. (2012), 

around 32.5 MYBP (95% HPD, 23.5 – 43.5). We performed 5 independent runs, 10^8 

steps each with a 10% burn-in. We used Tracer v.1.7.1 (Rambaut et al. 2018) to monitor 

ESS for each output parameter, Log Combiner to merge the runs, Tree Annotator 

(Drummond and Rambaut 2007) to summarise the overall output, and FigTree v1.4.4 

(http:// tree. bio. ed. ac. uk/ software/ figtr ee/) to visualize the tree. 
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Selective pressure analyses 

We tested deviation from neutrality comparing E. imbricata mitogenomic coding 

partition with the outgroup sequences of C. caretta (NC016923 and JX454988). We 

performed a McDonald-Kreitman test on each gene using DnaSP (Librado and Rozas 

2009). For details about the computation of the Neutrality Index, see Selective pressure 

analysis in Chapter 5. 

To test specifically the presence of selective pressure within E. imbricata mitogenomic 

coding partition, we used codeml package implemented in PAML (Yang 2007) with the 

ML phylogeny previously generated. As in Chapter 5, we applied the Random Site 

Method, then the Branch Method and the Branch Site Method, setting E. imbricata as 

foreground branch (see this section in Chapter 5 for details about the tests). 

 

Results 

Control region analyses 

Within our dataset we found nine control region haplotypes (Table 1 and Fig 1). The most 

abundant one in our dataset was EiA48, also known in literature as EiIP16, which 

represents 62% of the total samples. The second most abundant haplotype was EiA70 

(27% of the total). The other recorded haplotypes all represent minor percentages (3% or 

below). Among the rare haplotypes, we found two new haplotypes, that we called EiA50 

and EiIP134, respectively. Haplotypes EiA48, EiA50, EiA70 were recorded not only in 

turtles at sea, but also in samples from nests. All haplotypes but EiA01, EiA32 and the 

new one EiIP134 belong to the II Indo Pacific clade, as defined in Arantes et al. (2020); 

EiA01 and EiA32 belong to the I Atlantic clade, while EiIP134 belongs to the I Indo 

Pacific clade (Fig 1). 

Comparing our mixed stock from the Gulf of Guinea with the other foraging grounds 

reported in literature (Arantes et al. 2020), we found a higher value of haplotypic 

diversity for the Gulf of Guinea compared to the other Eastern Atlantic foraging ground 

for which this information is available (Ascension Island) (Table 2), although lower than 

other foraging grounds in the other oceanic basins. High and significant values of FST 

were recorded for each comparison involving the Gulf of Guinea with another foraging 

ground, with the only exception of Gulf of Guinea vs Principe and United States (USA) 

(not significant). 

The results of the MSA differed consistently between the two analyses (Fig 2). The first 

run, the one with no samples from nesting in the Gulf of Guinea, gave very wide 
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confidence intervals spanning from zero to 100% for all the non-null contribution. 

Conversely, nearly all of the contribution to the stock (97%, ci 94 – 99%) was assigned to 

the nesting sites in the Gulf of Guinea, when our samples were included within the 

baseline, and null contribution was assigned to the other rookeries. 
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Table 1.   Control region haplotypes (~ 733 bp fragment) for samples of Eretmochelys imbricata collected 

in the Gulf of Nigeria/Western Africa. In parentheses, number of samples from nesting. EiA48 is also 

reported as EiIP16. Haplotypes marked by § are previously undescribed control region haplotype. 

 

 
Fig 1. Control region haplotype network, comprehensive of all published haplotypes. Haplotypes recorded 

in samples sequenced in this study are shown in red. Haplotypes only recorded in samples from already 

published mitogenomes are shown in brown. Haplogroup names as in Arantes et al. (2020).  

 

Haplotype Liberia Benin 

Continental 

Equatorial 

Guinea 

Corisco 

Bay 
Principe 

Sao 

Tome 
Gabon TOT 

EiA01 1 0 1 2 2 1 1 8 

EiA32 0 0 1 1 0 0 0 2 

  EiA48* 1 0 27 86 22 (1) 35 (1) 10 (2) 181 (4) 

EiA49 0 0 2 6 0 0 1 9 

EiA50
§
 0 0 3 3 1 1 (1) 0 8 (1) 

EiA70 0 1 11 35 26 (2) 6 (1) 1 80 (3) 

EiA75 0 0 0 1 0 0 1 2 

EiA87 0 0 0 1 0 0 0 1 

EiIP134
§
 0 0 0 0 2 0 0 2 

TOT 2 1 45 135 53 (3) 43 (2) 14 (2) 293 (8) 



 1
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 Table 2. Genetic diversity of E. imbricata foraging grounds reported in Arantes et al. (2020). N, number of samples; K, number of control region haplotypes (733 bp); 

h, haplotypic diversity; π, nucleotide diversity; SE, Standard Error. 

 

Oceanic area Locality Abbreviation N K h ± SE π ± SE Reference 

Eastern 

Atlantic 

Gulf of Guinea GG 285 9 0.544 ± 0.002 0.0035 ± 

0.0001 

This study 

Ascension Island AS 18 4 0.399 ± 0.040 0.0120 ± 

0.0000 

 (Putman et al. 2014) 

Principe PI 3 1 0.000 ± 0.000 0.0000 ± 

0.0000 

 (Monzón-Argüello et al. 2011) 

Northwest 

Atlantic 

Florida, Key West FL 50 12 0.770 ± 0.012 0.0061 ± 

0.0002 
 (Gorham et al. 2014) 

Florida, Palm Beach County PB 106 16 0.761 ± 0.006 0.0046 ± 

0.0001 

 (Wood et al. 2013) 

Mexico, Punta Xen PX 43 7 0.756 ± 0.014 0.0029 ± 

0.0007 

 (Labastida-Estrada et al. 2018) 

Mexico, Isla Contoy IC 7 3 0.667 ± 0.103 0.0085 ± 

0.0001 

 (Labastida-Estrada et al. 2018) 

Mexico, Cozumel CZ 37 9 0.634 ± 0.019 0.0069 ± 

0.0000 

 (Labastida-Estrada et al. 2018) 

Mexico, Banco Chinchorro MexBC 34 6 0.608 ± 0.021 0.0069 ± 

0.0000 

 (Labastida-Estrada et al. 2018) 

Mexico, Xcalak MexXC 2 2 1.000 ± 0.000 0.0179 ± 

0.0002 

 (Labastida-Estrada et al. 2018) 

Colombia, Atlantic Coast CO 6 5 0.933 ± 0.064 0.0091 ± 

0.0002 

 (Trujillo-Arias et al. 2014) 

Jardines del Rey (Cuba) CU 59 14 0.825 ± 0.009 0.0078 ± 

0.0001 

 (Pérez-Bermúdez et al. 2017) 

Puerto Rico PR 118 20 0.757 ± 0.005 0.0081 ± 
0.0001 

 (Velez-Zuazo et al. 2008) 

Turks and Caicos TC 15 4 0.371 ± 0.047 0.0026 ± 

0.0000 

 (Richardson et al. 2009) 

Cayman Islands CA 90 10 0.707 ± 0.007 0.0077 ±  (Blumenthal et al. 2009) 
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0.0002 

Tobago, Leeward Coast ToLe 17 7 0.838 ± 0.032 0.0083 ± 

0.0001 

 (Cazabon-Mannette et al. 2016) 

Tobago, Windward Coast ToWi 47 8 0.588 ± 0.015 0.0065 ± 

0.0001 

 (Cazabon-Mannette et al. 2016) 

Southwest 

Atlantic 

Brazil, Fernando de 

Noronha 

NA 94 14 0.516 ± 0.008 0.0103 ± 
0.0001 

 (Vilaca et al. 2012) 

Brazil, Sao Pedro Sao Paulo SPSP 12 4 0.636 ± 0.059 0.0026 ± 
0.0000 

 (Proietti et al. 2014) 

Brazil, Bahia BA 32 5 0.434 ± 0.022 0.0022 ± 

0.0000 

 (Proietti et al. 2014) 

Brazil, Cearà CE 22 3 0.178 ± 0.025 0.0015 ± 

0.0002 

 (Proietti et al. 2014) 

Brazil, Abrolhos Park AB 65 5 0.203 ± 0.009 0.0010 ± 
0.0001 

 (Proietti et al. 2014) 

Brazil, South SO 22 2 0.368 ± 0.032 0.0005 ± 

0.0001 

 (Proietti et al. 2014) 

Indo-Pacific 

Tun Sakaran Marine Park TSMP 6 6 1.000 ± 0.000 0.0214 ± 
0.0001 

 (Nishizawa et al. 2016) 

Peninsular Malaysia PM 8 3 0.464 ± 0.094 0.0171 ± 

0.0001 

 (Nishizawa et al. 2016) 

Howick Group HG 91 15 0.618 ± 0.008 0.0062 ± 

0.0002 

 (Bell and Jensen 2018) 

Palau Tiga PT 2 2 1.000 ± 0.000 0.0041 ± 

0.0000 

 (Nishizawa et al. 2016) 

Palau Sipadan PS 5 5 1.000 ± 0.000 0.0027 ± 

0.0001 

 (Nishizawa et al. 2016) 

Eastern 

Pacific 

Guatemala, Pacific Coast GU 5 3 0.800 ± 0.126 0.0022 ± 

0.0000 

 (Gaos et al. 2018) 

Panama, Pacific Coast PA 68 6 0.580 ± 0.010 0.0012 ± 

0.0000 

 (Gaos et al. 2018) 

El Salvador ES 136 8 0.661 ± 0.005 0.0012 ± 

0.0000 

 (Gaos et al. 2018) 

Nicaragua, Pacific Coast NI 118 5 0.654 ± 0.006 0.0011 ±  (Gaos et al. 2018) 
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0.0000 

Mexico, Pacific Coast MP 94 7 0.588 ± 0.007 0.0010 ± 

0.0000 

 (Zuñiga-Marroquin and Espinosa 

de los Monteros 2017) 

Colombia, Pacific Coast CP 9 3 0.556 ± 0.083 0.0010 ± 
0.0000 

 (Trujillo-Arias et al. 2014) 

Ecuador EC 64 5 0.407 ± 0.011 0.0006 ± 

0.0000 

 (Gaos et al. 2018) 

Costa Rica, Pacific Coast CR 62 4 0.333 ± 0.011 0.0006 ± 
0.0000 

 (Gaos et al. 2018) 

USA, Pacific Coast USA 1 1 1.000 ± 0.000 0.0000 ± 

0.0000 

 (Gaos et al. 2018) 

Perù PE 4 1 0.000 ± 0.000 0.0000 ± 

0.0000 

 (Gaos et al. 2018) 

 

 

 

 

 

Fig 2. Estimated contributions of Atlantic and Indo Pacific rookeries to the Gulf of Guinea mixed stock. On the left, analysis excluding Gulf of Guinea from the 

baseline. On the right, analysis including Gulf of Guinea in the baseline. Acronyms as in Table S1. 
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Table 3. E. imbricata mitogenomic sequences that we used in this study. EiA48 is also known as EiIP16. In §, a previously undescribed control region haplotype.  

 

ID sample/ 

Accession 

Number 

Reference 
Target nuclear 

coverage (X) 

Output 

nuclear 

coverage (X) 

Output 

mitogenomic 

coverage (X) 

Sample 

provenance 
Ocean 

Nesting  

vs  

at sea 

Control region 

haplotype 

MtGenome 

haplotype 

8025733 This study 1.8 1.43 73 Principe Atlantic Nesting EiA70 EiA70.1 

8025738 This study 1.8 8.47 1,309 Principe Atlantic Nesting EiA70 EiA70.1 

8026680 This study 1.8 12.85 568 Principe Atlantic At sea EiA48* EiA48.3 

8028257 This study 1.8 2.30 248 Principe Atlantic At sea EiA48* EiA48.1 

8029500 This study 1.8 1.75 180 Principe Atlantic At sea EiA48* EiA48.2 

M123 This study 18 15.31 774 Sao Tomé Atlantic Nesting EiA50 EiA50.1 

M136 This study 18 9.19 380 Sao Tomé Atlantic At sea EiA48* EiA48.1 

M167 This study 18 16.83 2,503 Sao Tomé Atlantic At sea EiA48* EiA48.1 

M168 This study 18 17.15 2,141 Sao Tomé Atlantic At sea EiA48* EiA48.1 

M169 This study 18 20.03 2,692 Sao Tomé Atlantic At sea EiA48* EiA48.1 

JX454970 
 (Duchene et al. 

2012) 
- - - Hawaii Pacific ? EiIP74 EiIP74.1 

JX454980 
 (Duchene et al. 

2012) 
- - - Singapore Pacific ? EiIP53 EiIP53.1 

JX454986 
 (Duchene et al. 

2012) 
- - - Costa Rica Atlantic ? EiA11 EiA11.1 

KP221806 Unpublished - - - Colombia Atlantic ? EiIP135§ EiIP135.1 

OZ223910 
 (Rhie et al. 

2021) 
- - - Hawaii Pacific ? EiIP74 EiIP74.2 
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Mitogenomic analysis and genetic diversity 

For some samples, the output nuclear coverage differed from the target nuclear coverage; 

however, in all cases it ensured a high mitogenomic coverage, with minimum and 

maximum values of 73X and 2,692X, respectively (Table 3). For all assembled 

sequences, a few discrepancies were observed at polymorphic sites reported by 

NOVOPlasty and the mapping pipeline. In all such cases, visual inspection of the bam 

files confirmed the most supported variant (see also Chapter 5 of this thesis). 

Among 10 assembled mitogenomes, we identified five different mitogenomic haplotypes; 

three of these were variants of the most common control region haplotype, EiA48 (Table 

3). Additionally, we assigned corresponding control region and mitogenomic haplotypes 

to the sequences retrieved from databases. Among these, we found two mitogenomic 

variants of haplotype EiIP74, one mitogenomic variant of EiIP53 and one mitogenomic 

variant of EiA11. The sequence KP221806 from Atlantic Colombia carried a previously 

unreported control region haplotype belonging to I Indo Pacific Clade, that we designated 

EiIP135, along with its mitogenomic variant, EiIP135.1. Unexpectedly, this sample was 

collected in Atlantic Colombia. 

The mitogenomic haplotype network (Fig3) mostly resembles the control region 

haplotype network (Fig1). Five clusters can be identified: one corresponding to the 

haplotypes recorded in our samples (EiA48.1, EiA48.2, EiA48.3, EiA50.1, EiA70.1), 

which fall within the control region II Indo Pacific Clade; a second cluster for EiIP53.1, 

corresponding to the control region III Indo Pacific Clade; a third cluster including the 

two mitogenomic haplotypes EiIP74.1 and EiIP74.2, corresponding to the control region I 

Indo Pacific Clade. EiIP135.1 forms a separate cluster, located 65 substitutions away 

from the EiIP74 variants. In this case, the distances between mitogenomic clusters are 

greater than those between the corresponding control region clusters; however, the closest 

haplogroup to EiIP135.1 remains that including EiIP74.1 and EiIP74.2. The fifth cluster 

includes EiA11.1, which corresponds to the control region I Atlantic Clade and is the 

most divergent from all other clusters.  

Looking at the single gene diversity (Table 4), the control region is confirmed to be the 

most variable one, even if the same number of haplotype (k = 7) was recorded within 

COXI gene, along with similar values of haplotypic diversity. All dN/dS ratios were 

below 1, consistent with purifying selection, although values varied considerably among 

genes, with ATP8 and ND3 showing the highest ratios -indicating a relatively elevated 

rate of non-synonymous substitutions in these regions. 
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Table 4 Information and diversity for single mitochondrial genes and tRNA partition of the mitogenomic 

alignment. Sequence length in base pairs (bp). Number of haplotypes (k), number of polymorphic sites (S), 

haplotype (h) and nucleotide diversity (π) with their Standard Error (SE), and dN/dS ratios for coding 

genes. 

 

mtDNA gene 
Sequence 

length (bp) 
k S h ± SE π ± SE dN/dS 

12S 971 4 8 0.467 ± 0.049 0.0015 ± 0.0000 - 

16S 1620 5 13 0.562 ± 0.048 0.0017 ± 0.0000 - 

ATP6 683 4 12 0.543 ± 0.048 0.0035 ± 0.0000 0.0714 

ATP8 186 2 3 0.113 ± 0.033 0.0021 ± 0.0001 0.5670 

COXI 1548 7 27 0.724 ± 0.044 0.0036 ± 0.0000 0.1260 

COXII 690 3 5 0.448 ± 0.049 0.0016 ± 0.0000 0 

COXIII 784 2 8 0.133 ± 0.033 0.0014 ± 0.0003 0.0672 

CYTB 1144 6 19 0.705 ± 0.044 0.0034 ± 0.0000 0.1224 

ND1 974 4 15 0.553 ± 0.048 0.0050 ± 0.0000 0.1279 

ND2 1048 4 26 0.552 ± 0.048 0.0068 ± 0.0000 0.1032 

ND3 350 3 8 0.448 ± 0.049 0.0037 ± 0.0002 0.5058 

ND4L 297 3 5 0.457 ± 0.049 0.0047 ± 0.0000 0 

ND4 1384 6 30 0.714 ± 0.044 0.0040 ± 0.0000 0.1726 

ND5 1803 5 34 0.562 ± 0.048 0.0045 ± 0.0000 0.2851 

ND6 526 5 6 0.562 ± 0.048 0.0028 ± 0.0000 0.1527 

tRNAs 1562 5 19 0.476 ± 0.049 0.0026 ± 0.0000 - 

Control 

region 

733 7 49 0.781 ± 0.040 0.0194 ± 0.0002 - 

 

 

 

Fig 3. TCS network for mitogenomic haplotypes retrieved in our dataset (Table 3). Circle size is 

proportional to the number of sequences carrying the haplotype. In purple, haplotypes sampled in the Gulf 
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of Guinea; in red, haplotype sampled in Indo Pacific Ocean; in green, haplotype sampled in Western 

Atlantic; in light blue, haplotypes sampled in Eastern Pacific.  

Phylogenetic analyses 

The best-fitting molecular substitution model for the mitogenomic alignment of 

E.imbricata and the outgroup sequences of C. caretta was GTR + G4, which was used to 

construct the Maximum Likelihood (ML) phylogeny (Fig. 4). In the resulting topology, 

the deepest and well supported divergence within E.imbricata is between EiIA11.1 and 

other mitogenomic haplotypes. This confirms a primary split between the Atlantic Clade 

(represented here by a single haplotype) and the Indo Pacific Clades (which include all 

the remaining haplotypes). The second major node within E.imbricata separates EiIP74 

variants and EiIP135.1 (corresponding to the control region I Indo Pacific Clade) from the 

other haplotypes (control region II Indo Pacific Clade). Therefore, the ML tree confirms 

the placement of the novel haplotype EiIP135.1 within the EiIP74 cluster. All these nodes 

are highly supported, while the branching pattern within the cluster of haplotypes from 

our samples (EiA48.1, EiA48.2, EiA48.3, EiA50, EiA70) is less clearly resolved. 

The Bayesian phylogeny (Fig5) confirms the ML topology; all the main nodes are 

strongly supported, and the clustering of the haplotypes is the same as previously 

described. In Table 5 we report the time estimates and respective 95% HPD for the 

supported nodes. 
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Fig 4. Maximum Likelihood phylogeny for complete mitogenomes dataset (Table 3). Values of ultrafast 

bootstrap are reported for each node. The root does not have a value of statistical support because it was 

imposed by the user. Branch length is in number of substitutions per site. 

 

 
 

Fig 5. Bayesian phylogeny for complete mitogenomes dataset (Table 3).  Names of the nodes are in roman 

numbers (as in Table 5). Values of posterior probability are reported for each node. Branch length is in 

thousands of years by present (KYBP). 
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Table 5 Bayesian tree’s height estimates and 95% Height Posterior Density (HPD) for nodes shown in Fig 

5. Estimates are reported in thousands of years by present (KYBP). Names of the clades follow Arantes et 

al. (2020) as in the text. 

Node Node description Median (KYBP) 95% HPD 

I C. caretta – E. imbricata 30,884 16,908 – 44,679 

II I Atlantic – Indo Pacific clades 4,703 2,552 – 7,000 

III 
I Indo Pacific – other Indo Pacific 

clades 
1,947 997 – 2,900 

IV II Indo Pacific – III Indo Pacific 895 435 – 1,396 

V EiIP135.1 – other I Indo Pacific 691 329 – 1,081 

VI EiIP74.1 – EiIP74.2 141 30 – 273 

VII EiA50.1 – other II Indo Pacific 121 35 - 222 
 

Selective pressure analyses 

The McDonald – Kreitman test yielded non-significant results for all genes except ND5, 

which showed a p-value of 0.01 and a Neutrality Index of 2.458, indicating purifying 

selection. 

Tables XXX present the results of selective pressure analyses performed with Codeml on 

the coding partition. The Random Site Method produced significant results when 

comparing nested models M0, M1a, M2a, but not for M8 versus M7. Despite the 

significancy of the likelihood ratio test (LRT), no candidate sites under positive selection 

were identified by the Bayes Empirical Bayes (BEB). In both the Branch Method and the 

Branch Site Method, the value of omega on the foreground branch (i.e. E. imbricata) was 

significantly different from that on the background branch (C. caretta), although lower 

than 1 (i.e. purifying selection). Consistently, no positively selected sites were identified 

in either approach. 

 
Table 6. Codeml results for Random Site Method applied through nested models: null model, M0; 

alternative models, M1a, M2a. lnL: logarithm of Likelihood, np: number of parameters; ω0 indicates 

purifying selection, ω1 indicates neutral selection, ω2 indicates positive selection; p0: proportion of sites 

with ω0, p1: proportion of sites with ω1, p2: proportion of sites with ω2. LRT: Likelihood Ratio Test, d.f.: 

degrees of freedom. For M1a, LRT = 2(lnLM1a – lnLM0). For M2a, LRT = 2(lnLM2a – lnLM1a). The 

critical value for LRT statistic, with 1 degree of freedom and p = 0.005, is 3.841. The critical value for LRT 

statistic, with 2 degrees of freedom and p = 0.005, is 5.99. Significant results are indicated by asterisks. 

 

model lnL np ω0 ω 1 ω 2 p0 p1 p2 LRT d.f. 

M0 
-

19,352.7695 
28 0.3256 - - 1 - - - - 

M1a 
-

19,310.4196 
29 0 1 - 0.6393 0.3607 - 84.70* 1 

M2a 
-

19,308.3010 
31 0.1443 1 2.4872 0.8543 0.0661 0.0796 88.94* 2 
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Table 7. Codeml results for Random Site Method applied through nested models: null model, M7 and 

alternative model M8. lnL: logarithm of Likelihood, np: number of parameters, p and q: parameters of beta 

distribution describing ω for sites in the range 0 ≤ ω ≤ 1. ω2 indicates positive selection, p0: proportion of 

sites with ω from beta (p, q) as in M7, p1: proportion of sites with ω2. LRT: Likelihood Ratio Test, d.f.: 

degrees of freedom. Here, LRT = 2(lnLM8 – lnLM7). The critical value for LRT statistic, with 2 degrees of 

freedom and p = 0.005, is 5.99. Significant results are indicated by asterisks. 

 

model lnL np p q ω 2 p0 p1 LRT d.f. 

M7 -19,310.6745 29 0.0055 0.0103 - - - - - 

M8 -19,308.2978 31 0.9595 3.9796 2.4550 0.9130 0.0870 4.7533 2 
 

 

Table 8. Codeml results for Branch Method applied through models M0 and MBr1, considering E. 

imbricata as foreground branch. lnL: logarithm of Likelihood, np: number of parameters; ω indicates 

purifying selection (homogeneous across all the sites and the tree); ωb indicates the value for selection on 

the background branch; ω f indicates the value for selection on the foreground branch. LRT: Likelihood 

Ratio Test, d.f.: degrees of freedom. Here, LRT = 2(lnLMBr1 – lnLM0). The critical value for LRT 

statistic, with 1 degree of freedom and p = 0.005, is 3.84. Significant results are indicated by asterisks. 

 

model lnL np ω ωb ω f LRT d.f. 

M0 -19,352.7693 28 0.3255 - - - - 

MBr1 -19,342.8170 29 - 0.4618 0.0855 19.905* 1 
 

 

 

Table 9. Codeml results for Branch Site Method applied through nested models M0, M2a_f and MBr1_2s, 

considering E. imbricata as foreground branch. lnL: logarithm of Likelihood, np: number of parameters; ω0 

indicates purifying selection, ω1 indicates neutral selection, ω2 indicates positive selection; p0: proportion of 

sites with ω0, p1: proportion of sites with ω1, p2a: proportion of sites with ω0 on the background branch and 

ω2 on the foreground branch, p2b: proportion of sites with ω1 on the background branch and ω2 on the 

foreground branch. Here, LRT is computed comparing MBr1_2s first with M0: LRT = 2(lnLMBr1_2s – 

lnLM0); then, with M2a_f: LRT = 2(lnLMBr1 – lnLM2a_f). The critical value for LRT statistic, with 3 

degrees of freedom and p = 0.005, is 7.81. The critical value for LRT statistic, with 1 degree of freedom and 

p = 0.005, is 3.84. Significant results are indicated by asterisks. 

 

model lnL np ω0 ω1 ω2 p0 p1 p2a p2b LRT d.f. 

M0 -19,352.769 28 0.325 - - - - - - - - 

M2a_f -19,310.419 30 0 - 1 - - - - - - 

MBr1_2s -19,310.419 31 0 1 1 0.616 0.348 0.022 0.012 
84.70* 3 

0.00 1 
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Discussion 

This study provides an unprecedentedly broad dataset of 733 bp-long control region 

haplotypes from samples collected in the Gulf of Guinea, including both at-sea turtles and 

nesting individuals from previously undocumented locations. These data fill a significant 

knowledge gap for E. imbricata, as the lack of genetic information generated using this 

longer mtDNA marker has so far hindered the integration of the Eastern Atlantic into a 

comprehensive phylogeographic framework for the species. Additionally, we applied 

mitogenomic sequencing to a subsample of turtles to evaluate its potential for resolving 

widespread haplotypes and to gain further phylogeographic insights into this species at 

global level. 

 

Control region analyses 

Among the turtles sampled at sea in the Gulf of Guinea, we recorded haplotypes 

belonging to both the I Atlantic clade and the II Indo Pacific clade, although the latter was 

largely predominant. The presence of this phylogenetic clade in the Eastern Atlantic was 

already observed in the foraging grounds of Cape Verde (Monzón-Argüello et al. 2010) 

and Principe Island (Monzón-Argüello et al. 2011), where it was mostly represented by 

the EATL haplotype (384 bp in length). According to those studies, haplotype EATL was 

fixed in the Cape Verde foraging ground while only a few individuals in the Principe 

Island foraging ground carried other haplotypes (EiA87, II Indo Pacific clade, and A, I 

Atlantic clade). Haplotypes EiA70 and EiA48 (733 bp in length), which constitute the 

majority of samples analysed in this study for the Gulf of Guinea, actually include the 

shorter EATL sequence. Therefore, our findings support previous results from these 

foraging grounds, while also providing greater resolution of the EATL genetic lineage. 

Among the haplotypes that we found in turtles at sea, EiA48 was previously found both in 

foraging grounds and in rookeries of the Indo-Pacific Ocean (Arantes et al. 2020). 

However, additional haplotypes were previously recorded in other foraging grounds of 

the Indian Ocean, but not in any known rookery. These were EiA70, very abundant in our 

stock, and EiA49, EiA75, EiA87, which we found in minor percentage. Moreover, we 

identified two completely new haplotypes in the stock of the Gulf of Guinea, EiA50 and 

EiIP134, both belonging to II Indo Pacific clade. This indicates that many rookeries have 

been under-sampled so far, or even not discovered. 
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Our dataset also included samples from nesting turtles in Principe and Sao Tomé Islands 

and in Gabon. While Monzón-Arguello et al. (2011) described some nesting females in 

Principe with the 384 bp haplotypes (EATL was fixed), we provided the first genetic 

dataset from nesting in Sao Tomé and Gabon. Among these samples from nesting turtles, 

we reported exclusively the II Indo Pacific clade, represented by EiA48 and EiA70 in 

Principe Island, EiA48, EiA50 and EiA70 in Sao Tomé, EiA48 in Gabon. All these 

findings are somehow new; EiA48 has never been recorded in Atlantic nests, and EiA50 

and EiA70 have never been recorded in any nest at all. Until other nesting sites will be 

characterized by those haplotypes, EiA50 and EiA70 are potentially exclusive haplotypes 

of Sao Tomé and of Sao Tomé – Principe, respectively, and this is of crucial importance 

for genetic assignment of turtles at sea. 

Thanks to our data, we performed the first MSA in the Gulf of Guinea using a 733 bp-

long control region haplotype. Although the Gulf of Guinea cannot be considered a true 

rookery, such as those usually included in MSA baselines, we refer to the Gulf of Guinea 

as a broad source region. Including or excluding these nesting data in our MSA 

significantly altered the results: without the Gulf of Guinea in the baseline, our analysis 

was uninformative, indicating many potential source populations with contributions 

ranging from zero to 100%. In contrast, when the Gulf of Guinea was included, nearly all 

individuals in the mixed stock were assigned to it, with a narrow confidence interval. Of 

course, comprehensive sampling of rookeries in the region is still needed and will 

improve the resolution of future assignments. Through this MSA, we confirmed that 

hawksbills found at sea in the Gulf of Guinea are predominantly of local origin, rather 

than arriving from the Indian Ocean, as previously suggested by Monzón-Arguello et al. 

(2011) using 384 bp haplotypes. Connectivity between the Atlantic and the Indian Oceans 

has been documented in other sea turtle species, such as green turtles (see Chapter 5 of 

this thesis) and likely occurs in hawksbill as well (Putman et al. 2014). However, massive 

interoceanic migration is unlikely to constitute a major source for the foraging stock in 

the Gulf of Guinea. On the other hand, westward movements of turtles from the Indian 

Ocean on an evolutionary time-scale likely led to the colonization of Eastern Atlantic 

rookeries by Indo Pacific haplotypes. 

 

Mitogenomic analyses 

Whole mitogenome sequencing of a subsample from our dataset revealed that the most 

common control region haplotype, EiA48, can be divided into at least three distinct 
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mitogenomic lineages. The genetic diversity uncovered by this technique is promising for 

future studies: applying mitogenomics more extensively to the characterization of 

rookeries in the region could clarify the distribution of these mitogenomic lineages and 

potentially identify unique mitogenomic haplotypes specific to certain nesting areas. In 

parallel with control region haplotype-based MSA, this approach could contribute to 

study population structure across both rookeries and foraging grounds. Unfortunately, we 

could only sequence whole mitogenomes for a few samples, due to protocol restrictions 

regarding DNA quality and quantity. For highly migratory species such as sea turtles, 

identifying the natal beach is crucial for conducting population genetics studies. While 

the sampling location alone may not be sufficient for this purpose, it can still serve as a 

basis for formulating hypotheses and drawing inferences. When even the sampling 

location is unknown, genetic data become difficult to interpret and offer poor insights, 

especially for elusive and understudied species like the hawksbill turtle. In our analyses, 

we included sequence KP221806, which is listed in GenBank as originating from Atlantic 

Colombia. This sequence carries an unknown haplotype that clusters, in both control 

region and mitogenomic networks, with I Indo Pacific clade haplotypes from the Eastern 

Pacific. Phylogenetic analyses further support this placement. This finding is unexpected, 

as these genetic lineages have never been observed in Caribbean stocks and, a 

circumglobal migration from the Eastern Pacific to the Western Atlantic appears highly 

unlikely. At the moment, we are more prone to hypothesize a data entry error in the 

database, rather than looking for a phylogeographic explanation, but we highlight this 

case as an example of how poor sampling metadata can hinder phylogeographic 

inference. 

Overall, our mitogenomic phylogeny supports previous reconstructions, with a deep 

divergence between Atlantic and Indo Pacific clades in correspondence of the closure of 

the Isthmus of Panama (12 – 2.5 MYBP) (O’Dea et al. 2016), as observed in other sea 

turtle species (e.g. Jensen et al. 2019; Baltazar-Soares et al. 2020). The I Indo Pacific 

clade diverged from the other Indo Pacific clades, which consequently separated in the 

Pleistocene during recurring events of ice formation and melting (Head and Gibbard 

2005). The entrance of Indo Pacific haplotypes in the Atlantic would have occurred as a 

consequence of the formation of the Agulhas currents (Turney and Jones 2010) since 130 

KYBP; indeed, when the phylogenetic spread of II Indo Pacific Clade begun (see Results, 

Table 5), these warm westward currents had already formed. In future analyses a broader 

sampling including more Atlantic and Pacific sequences will enable further details and 
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even more robust dating of the nodes. Similarly, adding more mitogenomic sequences to 

the database would allow to test selective pressure in more detail, eventually to enforce 

evidence of different evolutionary patterns within the branches of the phylogeny, 

identifying sites under selection. 

 

 

Conclusions 

This study provides the first genetic data based on 733 bp control region haplotypes and 

whole mitogenomic haplotypes for hawksbill turtles foraging and nesting in the Gulf of 

Guinea. We report a predominantly local origin for most turtles at sea and the exclusive 

presence of Indo Pacific haplotypes at sampled nesting sites in the area. These findings 

are consistent with previous studies using shorter control region fragments but offer 

increased resolution in the genetic characterization of the Gulf of Guinea population. We 

advocate that future assessments of hawksbill in Eastern Atlantic Regional Management 

Unit will benefit from this data. In addition, we explored the potential of whole 

mitogenome sequencing to further resolve maternal lineages of hawksbill in the region 

and to provide deeper insights into their phylogeography and adaptative history of the 

species. We envisage that expanding local mitogenome datasets would help clarify the 

fine-scale population structure of hawksbills in the Gulf of Guinea, and that broader 

global mitogenomics efforts would allow us to take full advantage of this technique to 

enhance our understanding of this critically endangered species. 
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Supplementary materials 

 Table S1. Baseline data used in MSA: 733 bp haplotype frequencies in Atlantic and Indo Pacific hawksbill turtle rookeries, with respective rookery size estimates in 

number of clutches per year; in bold, average size estimated from available rookeries in case of missing data for the specific rookery. CU, Cuba (Leroux et al. 2012); 

PR, Puerto Rico (Velez-Zuazo et al. 2008); SI, Saona Island (Carreras et al. 2013); BW, Barbados Windward (Browne et al. 2010); BKI, Buck Island (Leroux et al. 

2012); JN, Jaragua National Park (Carreras et al. 2013); AN, Antigua (Leroux et al. 2012); CR, Costa Rica (Leroux et al. 2012); GU, Guadalupe (Leroux et al. 2012); 

MEX, Atlantic Mexico (Labastida-Estrada et al. 2018); NI, Nicaragua (Leroux et al. 2012); SP, Sandy Point (Hill et al. 2018); CO, Atlantic Colombia (Trujillo-Arias et 

al. 2014); TO, Tobago (Cazabon-Mannette et al. 2016); BL, Barbados Leeward (Browne et al. 2010); NB, Northern Brazil (Vilaca et al. 2012); SB, Sergipe Bahia 

Brazil (Marcovaldi et al. 2007; Vilaca et al. 2012); AM, Amirantes Island, Seychelles (Mortimer et al. 2011; Vargas et al. 2015); PL, Platte Island, Seychelles (Vargas 

et al. 2015); GI, Granitics Island, Seychelles (Vargas et al. 2015); CH, Chagos Archipelago (Vargas et al. 2015; Mortimer et al. 2020); AL, Aldabra, Seychelles (Vargas 

et al. 2015). Nest GG, Gulf of Guinea, present study and estimate for the rookery size from Monzón-Argüello et al. (2011). 
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EiA01 62 1 3 3 8 1 42 0 2 0 0 33 12 24 54 22 54 0 0 0 0 0 0 8 

EiA02 0 0 0 0 0 0 0 11 0 0 19 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA03 0 0 0 0 2 0 29 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 

EiA09 0 1 0 6 2 2 0 3 69 0 0 0 2 2 0 0 0 0 0 0 0 0 0 0 

EiA11 1 59 22 21 50 3 1 33 2 0 54 7 13 9 0 0 0 0 0 0 0 0 0 0 

EiA12 0 0 0 0 0 0 0 5 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA13 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA18 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA20 0 25 6 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA21 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA22 0 0 0 0 0 0 0 0 0 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA23 0 0 0 0 1 4 0 0 0 87 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA24 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA28 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 

EiA29 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA30 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 



2
1

1
 

 

EiA32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 0 0 0 0 0 0 2 

EiA39 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA41 0 0 0 0 0 0 0 0 0 19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA43 0 2 0 0 0 4 0 0 0 1 16 0 0 1 0 0 0 0 0 0 0 0 0 0 

EiA47 0 0 0 0 0 1 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA49 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 

EiA50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 7 

EiA52 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA61 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 

EiA62 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 1 0 0 0 0 0 0 0 

EiA63 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

EiA65 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA70 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 77 

EiA75 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 

EiA84 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA87 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

EiIP02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP07 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP08 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 3 4 2 0 4 177 

EiIP17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 14 18 10 0 0 0 

EiIP18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 6 13 4 2 0 0 

EiIP19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 2 0 0 0 0 

EiIP20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

EiA52 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 

EiA61 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 

EiA62 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 



 2
1

2
 

EiA63 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA65 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 

EiA70 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA75 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA84 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiA87 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 

EiIP03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

EiIP05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 0 1 0 0 

EiIP07 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP08 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

EiIP16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

EiIP26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

EiIP27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 



2
1

3
 

 

EiIP34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP38 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 

EiIP40 62 1 3 3 8 1 42 0 2 0 0 33 12 24 54 22 54 0 0 0 0 0 0 8 

EiIP41 0 0 0 0 0 0 0 11 0 0 19 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP42 0 0 0 0 2 0 29 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 

EiIP43 0 1 0 6 2 2 0 3 69 0 0 0 2 2 0 0 0 0 0 0 0 0 0 0 

EiIP44 1 59 22 21 50 3 1 33 2 0 54 7 13 9 0 0 0 0 0 0 0 0 0 0 

EiIP47 0 0 0 0 0 0 0 5 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP48 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP49 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP50 0 25 6 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP51 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP53 0 0 0 0 0 0 0 0 0 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP54 0 0 0 0 1 4 0 0 0 87 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP57 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP74 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 

EiIP75 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP76 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP80 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 0 0 0 0 0 0 2 

EiIP81 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP106 0 0 0 0 0 0 0 0 0 19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP107 0 2 0 0 0 4 0 0 0 1 16 0 0 1 0 0 0 0 0 0 0 0 0 0 

EiIP108 0 0 0 0 0 1 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP110 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 

EiIP114 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 

EiIP115 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EiIP124 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 

EiIP125 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 1 0 0 0 0 0 0 0 

New 

Haplo 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Rookery 

size 
130 740 100 150 158 15 203 25 151 311 205 300 410 577 1504 304 1345 300 410 410 1200 410 50 - 
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The characterization of mitochondrial DNA (mtDNA) has long been a widely used 

technique in molecular ecology and conservation genetics (Harrison 1989). For decades, 

it has primarily relied on the analysis of individual genes or fragments of the molecule 

(e.g. Di Rienzo and Wilson 1991; Norman et al. 1994; Bronstein et al. 2018). However, in 

more recent years, the use of whole mitogenome sequencing and of genomics has 

significantly increased, driven by the growing accessibility of high-throughput 

sequencing technologies (Formenti et al. 2021; Rhie et al. 2021).  

The use of mitochondrial DNA is particularly suitable for population genetic studies of 

some species; marine turtles are undoubtedly among them, due to a pronounced female 

philopatry to natal beaches, which leads to strong population structuring (Bowen and Karl 

2007). Mitochondrial DNA – maternally inherited – allows researchers to trace female 

lineages and thus to describe populations associated with specific nesting beaches (Jensen 

et al. 2013). This type of information, integrated with behavioural and biological data, has 

been fundamental in defining Regional Management Units (RMUs) (Wallace et al. 2010) 

for conservation purposes, and in reconstructing both present and historical patterns of 

global distribution (e.g. Shamblin et al. 2014).  

Even in female-philopatric animals, not only the analysis of mtDNA is important, but also 

of nuclear data, as it allows for the reconstruction of male-mediated gene flow among 

oceanic stocks and thus contributes to a more comprehensive understanding of genetic 

diversity and movements from rookeries to foraging grounds (e.g. Carreras et al. 2007). 

Historically, nuclear data have primarily derived from microsatellite characterization (e.g. 

Aggarwal et al. 2004) or single-gene amplification and sequencing (e.g. Brito et al. 2020). 

Today, the increasing availability of reference genomes (Chang et al. 2023) is paving the 

way for population genomics (Chow et al. 2019) and for evolutionary studies on a 

genomic scale (e.g. Bentley et al. 2023), in sea turtles as well as in many other species 

(e.g. Dussex et al. 2018; Morin et al. 2021). Overall, whole mitogenome and whole-

genome sequencing represent the new frontier in molecular ecology; it is therefore crucial 

to assess the potential of these techniques for species of recognized conservation concern, 

such as sea turtles. 

In this PhD thesis, I set up a pipeline for the sequencing, assembly and analysis of 

mitogenomes in three sea turtle species. A PCR-free genomic library protocol based on 

tagmentation allowed to avoid amplification errors. However, an inherent limitation of 

this approach was the requirement for high-quality and high-quantity DNA, which is 

often difficult to obtain from tissue biopsies of deceased animals - such as stranded 
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turtles. This limited the number of samples that could be sequenced. Whole genome 

sequencing with low nuclear coverage was performed to obtain medium–to-high coverage 

mitogenomes, although coverage heterogeneity among samples occurred, due to 

differences in input library quality. In all my case studies, a reference mitogenome was 

already available in online databases; I therefore used it to map the reads, or to support a 

de novo assembly pipeline. I also assembled the mitogenomes using both approaches in 

parallel, which ensured robust reconstruction even in case of suboptimal read quality - the 

only exception being the microsatellite at the end of the control region. As discussed in 

Chapter 2, reliable assembly of repetitive regions is not achievable with short-reads 

sequencing. I therefore chose to exclude the microsatellite from the bioinformatic 

analyses, as it was not required for our objectives. Overall, optimizing the laboratory 

procedure was crucial to fully leverage the available samples. The methodological 

choices made throughout this PhD thesis were driven by a balanced approach prioritizing 

quality, efficiency and cost-effectiveness. 

This pipeline was applied to a range of biological questions involving three sea turtle 

species in different geographic areas. In Chapter 3, I first assessed the potential of whole 

mitogenomes to improve the resolution of maternal lineages of loggerhead turtle (Caretta 

caretta) that could not be distinguished using control region fragments. I focused on the 

Central Mediterranean, where the widely shared CcA2.1 haplotype had historically 

limited the characterization of rookeries and the assignment of individuals of mixed 

stocks to their natal populations (Tolve et al. 2018). I identified 11 mitogenomic variants 

associated with the same control region haplotype CcA2.1, and I also provided new 

genetic data for previously undescribed or recently colonized nesting sites. These 

preliminary findings advocate for future re-analyses of Mediterranean rookeries, where 

distinct mitogenomic haplotypes could subdivide the widespread CcA2.1 control region 

haplotype, potentially contributing to a refined mitogenomic baseline for Mixed Stock 

Analyses (MSAs).  

Not only complete mitogenomes can be a useful tool for conservation genetics, but also 

for improving ecological studies and evolutionary history reconstruction. In Chapter 4, I 

used complete mitogenomes to clarify the global phylogeography of C. caretta, still 

debated by researchers supporting different colonization patterns for the three mtDNA 

haplogroups (e.g. Shamblin et al. 2014; Baltazar-Soares et al. 2020). I compared single 

genes topologies and mitogenomic topology of the same dataset and found divergent 

results; I concluded that conflicting phylogeographic hypotheses arose from the use of 
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single mtDNA genes in previous studies, and I highlighted the importance of using the 

most informative marker for phylogenetic inferences. In the same study I also 

investigated potential selective pressure in action on the Atlantic haplogroup (IB), under 

the hypothesis of adaptation to cold temperatures, which could help explain the peculiar 

latitudinal gradient in the relative distribution of this haplogroup and Atlantic-

Mediterranean haplogroup (II) in Western Atlantic rookeries. I found significant 

correlation between temperature and haplogroup frequencies in that region; moreover, 

comparing the complete coding genes partitions of C. caretta haplogroups with the 

complete coding genes partitions of the other sea turtle species, I identified a pattern of 

nonsynonymous substitutions which suggests a different evolutionary pathway for 

haplogroup IB. Detailed analysis of mitogenomic alignment allowed detection of weak 

signals of selection which remained unnoticed using statistical approaches, due to the 

very conserved nature of the mitochondrial DNA. 

Chapters 5 and 6 of this thesis were dedicated to Chelonia mydas and Eretmochelys 

imbricata in the Gulf of Guinea. In those studies, I leveraged both data produced by 

traditional mtDNA markers from broad sample datasets and whole mitogenome 

sequences produced from subsamples. For C. mydas, control region haplotypes 384 bp 

long allowed to perform four MSAs using published baselines, on Western Africa, Sao 

Tomé, Equatorial Guinea, and Corisco Bay. I recorded foraging turtles in the Gulf of 

Guinea coming from Indo Pacific rookeries, testifying interoceanic migrating behaviour. 

Results for the different MSA had very wide confidence intervals, unless a very numerous 

mixed stocks was used for the MSA, such as Corisco Bay. The main reason for this was 

the common haplotype CmA8. Interestingly, in the case of C. mydas, shifting to longer 

control region markers did not provide a better resolution of the shared lineages. On the 

other hand, whole mtDNA analysis recovered 5 mitogenomic haplotypes among 11 

sequenced samples, and CmA8 control region haplotype was split into four mitogenomic 

lineages. Mitogenomic sequences also gave insights into the phylogeny of the species, 

giving different results compared to the control region phylogenies (Jensen et al. 2019) 

regarding the clustering of Indo Pacific groups and the placement of the Mediterranean 

haplotype. As in previous Chapters, I acknowledged the importance of using the most 

informative mtDNA sequences to make phylogeographic inferences.  

For E. imbricata, I presented the first description of Eastern Atlantic foraging grounds 

and nesting using 733 bp control region haplotypes, which allowed to fill the gap of 

knowledge about this geographic area that had remained understudied until now and only 
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described by 384 bp fragments. Thanks to investigations on longer control region 

haplotypes, I confirmed that most turtles at sea in the Gulf of Guinea are of local origin, 

and not migrating from the Indo Pacific; also, I retrieved higher genetic diversity than 

previous studies, and such information will be useful to update regional assessment for 

the species.  We also identified mitogenomic variants of abundant control region 

haplotypes were identified, although the limited sample size with very few individuals 

from nesting did not allow to make comprehensive inferences about the origin of the 

maternal lineages. This study highlighted the scarcity of mitogenomic data available now 

globally and how this may hinder the possibility of phylogeographic analyses, advocating 

for future increase in the use of whole mtDNA genome sequences. Overall, in Chapters 5 

and 6 I showed how – even in the mitogenomics era - control region sequences can still 

be useful to population genetics, answering some broad ecological questions, mainly due 

to the huge amount of data that have been published over the decades and thanks to the 

generation of new sequences.  

The potential of mitogenomics to improve population genetics and studies on 

evolutionary biology of sea turtles emerges across all the thesis. However, it is important 

to delineate the cases and requirements for efficient implementation of this technique. 

Although whole mitogenomes provided a higher resolution of matrilines than traditional 

markers, they are not yet a massive substitute of control region haplotypes. To assess 

mitogenomic diversity at population level and to perform mitogenomic Mixed Stock 

Analyses a huge effort of re-sequencing needs to be done, for all the main rookeries in the 

baselines and the main foraging grounds. The feasibility of such a transition relies on the 

research community’s commitment to adopt mitogenomics, which is still more expensive 

than traditional genetic methods. Additionally, re-analysing all major Mediterranean 

rookeries and foraging grounds using mitogenomes might require more time than fully 

implementing more advanced population genomics tools. The outcome will depend on the 

relative pace at which the cost and feasibility of mitogenomics decline compared to the 

rate at which genomic tools become affordable and are adopted. 

Multidimensional scaling (MDS) based on genome-wide data (Tzeng et al. 2008) looks 

promising as a method to reconstruct population structure, therefore, to define 

Management Units of turtle rookeries. Moreover, Discriminant Analysis of Principal 

Components (DAPC) using SNP data is likely to be used in the next future to make 

assignments of turtles to the populations of origin, so as for other animal species 

(Iannucci et al. 2021). The strength of these techniques, and in general of genomics 



229 
 

approaches, is to take advantage of a huge amount of genetic information from a 

relatively lower number of sampled individuals than what required by MSA with single 

gene markers. This is of main interest for endangered and elusive species, such as all 

extant sea turtles, whose sampling is mostly occasional and not always straightforward; 

the possibility to leverage limited sample size datasets will certainly empower sea turtle 

conservation genetics. 

Until population genomics spreads for sea turtle studies, mitogenomics can be useful to 

address specific questions about fine-scale description of genetic diversity. Within 

defined geographic areas and a well-planned experimental design, a mitogenomic 

assessment could be done to refine rookeries description and track turtles’ movements to 

local foraging grounds, not implying MSA. This is possible whenever a high number of 

mitogenomic lineages is described in limited areas, where mostly local turtles are likely to 

move. Moreover, in this thesis we demonstrated that whole mitogenomes have an 

underestimated potential to shed light on phylogeographic questions and adaptive studies. 

In conclusion, for future research on sea turtle species we envisage a combination of 

traditional and more advanced techniques, from single gene markers, across 

mitogenomes, until genomics. All approaches have strengths and weaknesses, and should 

be used as complementary tools, under appropriate experimental design and well-defined 

biological questions. 
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