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Abstract

:

The complete mitochondrial DNA sequence of the Nursehound Scyliorhinus stellaris has been determined for the first time and compared with congeneric species. The mitogenome sequence was 16,684 bp in length. The mitogenome is composed of 13 PCGs, 2 rRNAs, 22 transfer RNA genes and non-coding regions. The gene order of the newly sequenced mitogenome is analogous to the organization described in other vertebrate genomes. The typical conservative blocks in the control region were indicated. The phylogenetic analysis revealed a monophyletic origin of the Scyliorhininae subfamily, and within it, two subclades were identified. A significant divergence of Scyliorhinus spp. together with Poroderna patherinum in relation to the group of Cephaloscyllium spp. was observed, except for Scyliorhinus torazame, more related to this last cited clade. A hypothesis of a divergent evolution consequent to a selective pressure in different geographic areas, which lead to a global latitudinal diversity gradient, has been suggested to explain this phylogenetic reconstruction. However, convergent evolution on mitochondrial genes could also involve different species in some areas of the world.
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1. Introduction


The Nursehound Scyliorhinus stellaris is an elasmobranch belonging to the Scyliorhinidae family, order Carcharhiniformes, with a medium size (up to 160 cm), appearing as a bycatch in a variety of fishing gears throughout its distribution range and entering the markets [1,2,3]. This shark is widespread in the whole Mediterranean, as well as in the coastal waters of the eastern Atlantic Ocean, from Morocco to the North Sea on the Scandinavian coasts [4]. It inhabits rocky and algal covered bottoms, at a depth range of 2–380 m, and feeds on mollusks, crustaceans, Osteichthyes and other demersal fishes [4].



Due to its large size, patchy distribution and suspected population declines, S. stellaris is currently listed by the IUCN as Vulnerable globally [5], whereas it is listed as Near Threatened in European and Mediterranean waters [6,7], and in the Balearic Islands, it has been listed as an “Endangered” species under criteria 1 (I, IV) in the Balearic Red List of Fishes [8].



The Nursehound could be locally extinct in some areas [9,10,11] as it has been documented across the Mediterranean Sea between the 1950s and 1990s [12,13]. However, the population recovery may be affected by low levels of interconnectivity between isolated populations around islands far from the continental coast [14].



From a taxonomic point of view, the family Scyliorhinidae is composed of 7 genera and about 50 species [4]. Within this family, Compagno et al. [15] described the monophyly of the subfamily Scyliorhininae, which includes the genera Cephaloscyllium, Poroderma and Scyliorhinus, in a hypothesis later supported by molecular studies [16,17]. Moreover, the taxonomic classification of some members of the genera Cephaloscyllium, including newly discovered species, has recently been revised based on morphological characteristics [18]. However, although further recent phylogenetic studies based on the mitochondrial genome have contributed to understanding the systematics and evolution of many species of sharks [19], the relationships between the genera within the Scyliorhininae subfamily have not yet been fully elucidated. Cephaloscyllium was hypothesized as the sister group of Scyliorhinus, based on clasper and skeletal characters [20], but a closer relationship between Poroderma and Scyliorhinus was purposed by Naylor et al. [21] when studying the ND2 mitochondrial gene. Thus, some divergences in the phylogenetic relationships amongst its taxa have been observed between the morphological and molecular data. New data on the mitochondrial genomes of some species of the Scyliorhininae subfamily (Cephaloscyllium umbratile and Poroderma pantherinum) were also described to reveal their phylogenetic position [22,23], but the relationship of these species needs to be further studied.



Mitochondrial DNA (mtDNA) is commonly used in genetic studies due to its high abundance in the cell, high mutation rate and maternal inheritance [24]. The gene content of vertebrate mtDNA is a nearly identical set of 13 proteins, 22 tRNAs and 2 rRNAs, and a large non-coding region (control region) known to contain replication and transcription regulatory elements [25]. Mitochondrial genomes (mitogenomes) and their DNA molecular sequences (mtDNA) play important roles in evolutionary, genetic and ecological studies beside reliable datasets of mitogenomes which make molecular phylogenetic reconstruction very efficient [26].



The main objective of the present study was to sequence and characterize, for the first time, the complete mitogenome of the Nursehound S. stellaris. The gene content, organization, base composition and phylogenetic relationships, particularly with the Scyliorhininae subfamily species, including mitogenomes retrieved from GenBank, were studied. Finally, the diversity of the hypervariable mitochondrial control region of S. stellaris among individuals captured in the Balearic waters was analyzed.




2. Results and Discussion


2.1. Mitochondrial Genome Organization


The complete mitochondrial genomes of S. stellaris were 16,684 nt in length. The A + T content was 62.49% with the composition T = 31.53%, C = 23.63%, A = 30.95% and G = 13.89%. The full-length mitochondrial genome of S. stellaris has been deposited in the DDBJ/EMBL/GenBank databases and released under the accession number LC_723525. The organization and location of the different features in the genomes fit to the common vertebrate mitogenome model and other species of sharks [25,27]. Specifically, the mitogenome contained 13 protein-coding genes (PCGs), 2 ribosomal RNA (rRNA), 22 transfer RNA (tRNA) genes, the control region (D-loop) and very small nucleotide intergenic spacers (Figure 1; Table 1). The congeneric species Scyliorhinus canicula and Scyliorhinus torazame showed the same complete mitochondrial genome organization with a length of 16,697 nt (A + T = 62.01%) and 17,861 nt (A + T = 61.74%), respectively.




2.2. Ribosomal and Transfer RNA Genes


The 12S rRNA gene was 958 nucleotides long in S. stellaris, while it was 957 in S. canicula and S. torazame. With regard to the 16S rRNA gene, it was 1672, 1673 and 1669 nucleotides long in S. stellaris, S. canicula and S. torazame, respectively. A similar number of nucleotides were observed in other species of Scyliorhinidae: 955 nt in P. pantherinum as well as in C. umbratile and 957 nt in C. fasciatum for the 12S rRNA gene, while in relation to the 16S rRNA gene, they showed 1667, 1669 and 1672 nucleotides in P. pantherinum, C. umbratile and C. fasciatum, respectively. As in other vertebrates, in all Scyliorhinidae species, these rRNA genes were located between the tRNA-Phe and tRNA-Leu(UUR), being separated by the tRNA-Val.



The 22 tRNA genes in the S. stellaris mitogenome ranged in size from 67 to 75 nucleotides. Similar lengths were observed in all the species of the Scyliorhininae subfamily. They were interspersed between the rRNA and protein-coding genes. All the tRNAs could be folded into the typical cloverleaf secondary structure as determined by tRNAscan-SE software (Supplementary Data Figure S1).




2.3. Noncoding Regions


Minor non-coding sequences varying from one to five nucleotides were also localized in the S. stellaris mitogenome between some coding regions (see Table 1, the positive values in the last column).



The L-strand replication origin (OL) was determined to be 51 bp in length in the S. stellaris and S. canicula mitogenomes but only 49 bp in length in S. torazame. As in most vertebrates, it was located within a cluster of five tRNA genes: tRNA-Trp (W, tryptophan), tRNA-Ala (A, alanine), tRNA-Asp (N, asparagine), OL, tRNA-Cys (C, cysteine) and tRNA-Tyr (Y, tyrosine), known as the WANCY region.



The major non-coding region, the control region or the D-loop, was located in the S. stellaris mitogenome between the tRNA-Pro and tRNA-Phe, and it was approximatively 1048 bp in length. The nucleotide content averaged 34.4% A, 33.8% T, 19.2% C and only 12.6% G for the L-strand. The same position of this region in the mitogenome of S. canicula and S. torazame was observed. However, these two species showed different lengths of the D-loop: 1050 nt for S. canicula and 1055 for S. torazame. In relation to the D-loop sequence of S. canicula and S. torazame, we observed 115 and 215 nucleotide variable sites, respectively. The length of the D-loop in the species of the Scyliorhininae subfamily was 1059 nt in P. patherinum and C. umbratile, while it was 1061 nt in C. fasciatum.



The control region includes the regulation and initiation sites of mitochondrial genome replication and transcription [28]. The typical domains with different conserved sequence regions, such as the Termination-Associated Sequence (TAS) at the 3′ end and the conserved sequence box (CSB D, CSB1, CSB2 and CSB3), were also suggested. In fact, aligning different blocks of conserved sequences of Scyliorhinus and other species of Carcharhiniformes, the putative TAS (TAS1, TAS2 and TAS3), CSB-D, CSB-1, CSB-2, CSB-3 and a pyrimidine tract could be identified (Figure 2). Stem-and-loop structures may be predicted using a comparative analysis among sequences, considering that they are generally flanked by 5′ A/T-rich regions in 3′, mainly situated in the middle of the region both in vertebrate and mollusks [29,30]. The CSBs are involved in the positioning of the RNA polymerase for transcription as well as for priming replication [31,32]. In this study, it is the first time that conserved blocks sequences are indicated broadly for Carcharhiniformes and more particularly for Scyliorhinidae.



Variability in Balearic Sea


The mitochondrial control region of S. stellaris was also used to investigate the genetic diversity from the samples captured in two different locations of the Balearic Sea. We observed 4 haplotypes from the 13 analyzed individuals that showed only three nucleotide polymorphic sites among their sequences. However, none of the haplotypes showed a clear association with any specific geographic location.



The sequences of the four haplotypes varied from 1048 to 1050 and they have been deposited in the DDBJ/EMBL/GenBank databases and released under the accession numbers: LC_723526- LC_723529. The haplotype diversity among the obtained sequence was Hd = 0.8077 and the nucleotide diversity was π = 0.00037. Although the number of samples in our study was lower, these values were similar to the overall results or slightly higher than those observed in the Balearic samples for S. canicula (Hd = 0.742, π = 0.0021), studying the genetic variability of the mtDNA COI sequences [33]. These discrepancies, in addition to being a consequence of studies on different species, are probably due to the type of marker used, demonstrating that an analysis of the D-loop region could be more sensitive and suitable in future population studies of S. stellaris.





2.4. Protein-Coding Genes


In S. stellaris, the majority of the PCGs were transcribed from the heavy (H) strand, except for the ND6 gene and 8 out of the 22 tRNA genes (tRNA-Gln, tRNA-Ala, tRNA-Asn, tRNA-Cys, tRNA-Tyr, tRNA-Ser, tRNA-Glu and tRNA-Pro), which were transcribed from the light (L) strand. All genes had a methionine (ATG) start codon except for the COI, which started with the GTG. The start GTG codon has also been reported at the beginning of the COI genes in other bony fishes [34,35,36,37]. The open reading frames ended with the TAA (ND1, ND2, COI, ATP8, ATP6, COIII, ND3, ND4L and ND6), AGA in COII and TAG (ND5). The two remaining genes (ND4 and cytB) showed an incomplete stop codon, “T”. The terminal T showed by some mtDNA genes is rather common to meet in vertebrates, where the TAA appears to be created via post-transcription polyadenylation [38].



Among the Scyliorhininae subfamily species, the same start and stop codons were shown in the comparison with S. stellaris, except for the termination of the genes: cytB, where S. torazame and C. umbratile showed the TAG; ND5, where all the other Scyliorhininae species showed the TAA; and ND6 gene, where S. canicula showed the TAG (Supplementary Data Table S1).



The nucleotide substitutions in the PCGs among the congeneric species varied from 10 (ATP8) to 127 (ND5) in the comparison of S. stellaris with S. canicula and from 24 (ATP8) to 249 (ND5) with S. torazame. In the comparison of the S. stellaris mitogenome with other species of the Scyliorhininae subfamily, the lowest overall number of substitutions was detected in the ATP8 gene, varying from 17 in P. pantherinum (10 synonymous and 7 nonsynonymous) to 24 in C. umbratile and C. fasciatum (16 synonymous and 5 nonsynonymous),while the highest varied in the ND5 gene from 222 nucleotide substitutions in P. pantherinum (180 synonymous and 41 nonsynonymous) to 240 in C. fasciatum (191 synonymous and 48 nonsynonymous) (Supplementary Data Table S1). The number of transitions (ts) and transversions (tv) varied from 9 (ATP8 of S. canicula) to 193 (ND5 of P. pantherinum) and from 1 (ATP8 and ND4L of S. canicula) to 61 (ND5 of S. torazame) (Supplementary Data Table S1).



In the comparisons of S. stellaris with the Scyliorhininae species, we observed that in all the coding genes, amino acid changes occurred. The changes in the amino acid composition produced by nonsynonymous nucleotide substitutions varied from 1 in ND4L (1.02% of the AA changes in relation to the number of AA in the gene) in the comparisons of S. stellaris with S. canicula to 42 in ND4 (3.7% AA changes) with C. umbratile. Anyway, the highest value of the percentage of AA changes was detected in ND6 (13.29%) in the comparison with C. umbratile (Figure 3; Supplementary Data Table S1).



As we can see in Figure 3A, some genes (ND2, ND3) showed clear differences in the trend of AA changes, mainly in the comparisons of S. stellaris with S. canicula and P. pantherinum. However, among all the studied species, these genes did not show a different trend in relation to the synonymous substitutions (Figure 3B). Therefore, we suggest that this disagreement could be the result of a divergent evolution consequent to a selective pressure caused by the different environmental conditions of the farthest geographic areas where each of the studied species usually lives. Adaptation mechanisms in heterogeneous habitats have recently been described for the widely distributed pelagic fish Sardinella longiceps, with a positive and diversifying selection involved in the oxidative phosphorylation complexes of the mitochondrial DNA regions [39]. However, the same authors also clarified that the effect of genetic drift in a population with a low effective population size (Ne) may leave similar signals as positive selection. For that reason, studies on the populations of the S. stellaris must be further investigated to understand if the effective size of the Nursehound populations in the Mediterranean Sea could be strongly reduced. Moreover, it can also be observed in Figure 3B that in the comparison with S. stellaris, the species P. pantherinum showed a lower percentage of synonymous substitutions than S. torazame, and a different trend in the ND6 gene.




2.5. Multigenes Phylogenies and Genetic Distance


As shown in Table S2 (Supplementary Data), excluding the outgroup, the genetic distances varied from 0.074 between S. canicula and S. stellaris to 0.2540 between Hemigaleus microstoma and S. torazame. Within the Scyliorhininae subfamily, the highest value was 0.1571 between P. pantherinum and S. torazame.



The most appropriate model GTR + G was selected by jModeltest software using the Akaike Information Criterion (AIC). The phylogenetic trees constructed using the two methods were consistent with high intermediate bootstrap values post probabilities. As expected, the separation of the Scyliorhininae subfamily clade from other Carchariniformes species was observed. However, within this group, two subclades were detected, supported by high values of bootstrap (Figure 4). Curiously, in these two subclades, the species were not separated by genera. In one clade, C. umbratile and C. fasciatum were grouped together as well as in the other clade S. stellaris and S. canicula. Nevertheless, these two clades also included S. torazame and P. pantherinum in the first and second group, respectively, and showed S. torazame paraphyletic with respect to the congeneric species S. stellaris and S. canicula (Figure 4).



Other authors have proposed P. pantherinum as the sister taxon of Scyliorhinus sp. [21,23], as well as S. torazame placed in a separate clade in relation to S. canicula and S. stellaris [16,40]. At the same time, the Scyliorhinus and Cephaloscyllium genera would fit with the hypothesis of a sister group based on morphological characters, as proposed by Soares and de Carvalho [20].



However, these suggested different hypotheses could be merged after a more careful observation of the descriptions of the Scyliorhininae subfamily species which have been grouped in this work. It seems evident that these species are distributed in different clades following an apparent geographical pattern. In fact, the S. canicula and S. stellaris species are common in the Mediterranean Sea, the North Sea and the Northeastern Atlantic Ocean; P. pantherinum is common in the Southeast Atlantic and South Africa; S. torazame is distributed in the Northwest Pacific (Japan, Korea and Taiwan); C. umbratile in the Western North Pacific (Japan Sea, East China Sea, Korea and Taiwan), possibly up to New Zealand; and finally, C. fasciatum in the Western Pacific Ocean (China to northwestern Australia) [41].



The geographical distance between the areas where each species usually lives would agree perfectly with the phylogenetic reconstruction obtained in this study. The evolutionary divergences accumulated among them in different environments show a clear pattern of distance that could be referred to the latitudinal diversity gradient relative to the global distribution of biodiversity. Conversely, S. torazame is closer to the Cephaloscyllium clade than to the congeneric S. stellaris and S. canicula species, showing the non-monophyly of the Scyliorhinus genus. This strongest relationship could instead be due to a convergent evolution phenomenon among the different genera that inhabit the same geographical area. Convergent evolution occurs when species occupy similar ecological niches and adapt in similar ways in response to similar selective pressures [42]. Some studies describe effects of multiple adaptive evolution (positive selection and convergent/parallel evolution) on mitochondrial genes. For instance, it has been proven that the positive selection can drive the survival of fishes in the deep-sea environment, mainly maximizing the use of limited energy sources [43], or it can mediate tolerance to physico-chemical stress in independent lineages of fish as a result of changes in highly conserved physiological pathways associated with essential mitochondrial processes [44].



However, more studies with more Scyliorhinidae species from different areas should be conducted to confirm this hypothesis.





3. Materials and Methods


3.1. Fish Sampling


Thirteen specimens were collected in 2021 from commercial catches (trammel nets and bottom trawl) in two different areas of the Balearic Sea (Menorca channel and Formentera; Northwestern Mediterranean Sea) (Spain). Those individuals were transferred to aquaria, where they were kept alive both in quarantine and exhibition tanks. The species identification was based in the morphologic and meristic features. A portion of the dorsal fin of each individual was excised and kept in absolute ethanol.




3.2. DNA Isolation, Amplification and Purification


Total genomic DNA was isolated from 30 mg of tissue using the Tissue Genomic DNA Extraction Kit (Macherey-Nagel, Duren, Germany), according to the manufacturer’s instructions.



For the amplification of the mitogenome, primer pairs were designed based on the partial sequences of S. stellaris available on GenBank, followed by several specific primer pairs designed from obtained sequences in this study (Supplementary Data Table S3). PCR reactions were performed in a total volume of 20 μL containing: 10 μL of Kapa Taq Ready mix (Sigma-Aldrich, Burlington, MA, USA), 8.2 μL of sterile water, 0.4 μL of each primer (stock 20 Mmol) and 1 μL of DNA at 50 ng/μL. The following conditions of PCR were used: an initial denaturation step at 95 °C for 3 min, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 50–60 °C for 30 s and elongation at 72 °C for 5 min. All the PCR products were purified using a mi-Gel Extraction Kit (Metabion) and bidirectionally sequenced using the Sanger’s method at Secugen S.L. service (Madrid, Spain).




3.3. Sequence Analysis


The sequences were manually checked and assembled with Sequence Scanner (ThermoFisher, Waltham, MA, USA) and Bioedit [45] software. The final complete sequence annotation was performed using NCBI BLAST. The location of the two ribosomal RNAs (rRNAs) and the protein-coding genes were primarily identified using MITOS WebSever [46], Mitoannotator-MitoFish [47] and RNAfold web server. The boundaries of 13 PCGs and 2 ribosomal RNA (rRNA) genes were also determined by comparing them with the homologous genes of other Scyliorhinus species. The amino acid sequences of 13 PCGs were aligned by using Bioedit software under defaults settings. Transfer RNA (tRNA) genes were predicted using the programs tRNAscan-SE v1.21 [48]. Number of haplotypes, haplotype diversity (Hd) and nucleotide diversity (π) were computed with DNASP v. 6 [49].




3.4. Mitogenomes Comparison, Genetic Distance and Phylogenetic Analyses


The nucleotide sequences were aligned with MEGA 11 [50], using the MUSCLE algorithm, and the sequences of all protein-coding genes (PCGs) were later concatenated. The base composition, relative codon usage and the pairwise genetic distances (p-distance) of each gene were obtained using MEGA11 software.



The sequences were then analyzed with JModelTest v2.1.7 [51] using the Akaike Information Criterion (AIC; [52]) to select the appropriate model of evolution, as a guide to determine the best-fit maximum likelihood model. Both maximum likelihood (ML) and Bayesian Inference (BI) methods were adopted to reconstruct the phylogenetic relationships using MEGA11, with 1000 bootstrap replicates, and MrBayes v. 3.2 [53], respectively. In addition to the PCGs sequences of the subfamily Scyliorhininae species Scyliorhinus stellaris, S. canicula (Y16067), S. torazame (AP019520), P. pantherinum (MH321446), C. umbratile (KT003686) and C. fasciatum (MZ424309), the PCGs sequences of 20 species of Carcharhiniformes available in GenBank were used in the phylogenetic analyses (Figure 4). The sequence of Isurus oxyrinchus (order: Lamniformes, FJ572956) was also included in the analysis as an outgroup.





4. Conclusions


A complete mitogenome sequence in the Scyliorhinus genus has now been added to the list. In summary, the mitogenome of the Nursehound Scyliorhinus stellaris was found to have a conserved gene order comparable to Scyliorhinidae and in general to vertebrates. The control region was informative at an intra-specific level. This information will be valuable for performing population studies of this vulnerable species. No studies prior to this described the sequences of the control region and the conserved blocks in Scyliorhinidae. Our results suggested that the phylogenetic placement of S. stellaris was highly supported based on both the ML and BI analyses. The tree topologies corroborated the monophyly of the clade of Scyliorhininae and also its division in two subclades, more related to the natural habitat of the geographical areas where each species inhabits than the relationship between the genera. Finally, the mitochondrial genes could indicate signals of positive selections in some amino acid residues, a condition indicating adaptation to deep-sea environments.



The mitochondrial genome and its detailed analysis will provide a valuable genetic resource for further studies on population genetics, species identification, gene arrangement and the evolutionary and conservation studies of the S. stellaris.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms231810355/s1.





Author Contributions


Conceptualization, G.C. and G.M.; funding acquisition, A.M.G.; investigation, G.C., G.M. and F.V.; methodology, G.C. writing—original draft, G.C.; writing—review and editing, G.C., G.M., F.V. and A.M.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Molecular data have been deposited to GenBank with the following accession number: LC_723525-LC_723529.




Acknowledgments


We thank DG Pesca (Conselleria d’Agricultura, Pesca i Alimentació, Govern de les Illes Balears), the Conselleria de Medi Ambient i Territori (Govern Illes Balears), the OP MallorcaMar, PalmaAquarium and PNMTAC, Mallorca Preservation Foundation, Save the Med Foundation, Shark Med, Marilles Foundation and Petite Illes del Mediterrani for supporting this research. We also thank Alex Martin, Jorge Jiménez, José Arribas, Batolome Bonilla Ferrer, Carlos Ribas Serra, Antonio Navarro Lopez, Emilio Campillo Mari and Ruben García for their help in sampling.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Barausse, A.; Correale, V.; Curkovic, A.; Finotto, L.; Riginella, E.; Visentin, E.; Mazzoldi, C. The role of fisheries and the environment in driving the decline of elasmobranchs in the northern Adriatic Sea. ICES J. Mar. Sci. 2014, 71, 1593–1603. [Google Scholar] [CrossRef]

	



Koehler, L.; Smith, L.E.; Nowell, G. Recovered and released-A novel approach to oviparous shark conservation. Ocean Coast. Manag. 2018, 154, 178–185. [Google Scholar] [CrossRef]

	



Silva, J.F.; Ellis, J.R. Bycatch and discarding patterns of dogfish and sharks taken in English and Welsh commercial fisheries. J. Fish Biol. 2019, 94, 966–980. [Google Scholar] [CrossRef] [PubMed]

	



Ebert, D.A.; Dando, M.; Fowler, S. Sharks of the World: A Complete Guide; Princeton University Press: Princeton, NJ, USA, 2021. [Google Scholar] [CrossRef]

	



Finucci, B.; Derrick, D.; Pacoureau, N. Scyliorhinus Stellaris. The IUCN Red List of Threatened Species 2021; e.T161484A124493465; IUCN: Gland, Switzerland, 2021. [Google Scholar]

	



Ellis, J.; Serena, F.; Mancusi, C.; Haka, F.; Morey, G.; Guallart, J.; Schembri, T. Scyliorhinus Stellaris. The IUCN Red List of Threatened Species 2015; e.T161484A48923567; IUCN: Gland, Switzerland, 2015. [Google Scholar]

	



Ellis, J.R.; Serena, F.; Mancusi, C.; Haka, F.; Morey, G.; Guallart, J.; Schembri, T. Scyliorhinus Stellaris. The IUCN Red List of Threatened Species 2016; e.T161484A16527873; IUCN: Gland, Switzerland, 2016. [Google Scholar]

	



Grau, A.M.; Mayol, J.; Oliver, J.; Riera, F.; Riera, M.I. Llibre vermell dels peixos de les Illes Balears; Conselleria de Medi Ambient, Agricultura i Pesca: Palma, Spain, 2015; 150p. [Google Scholar]

	



Aldebert, Y. Demersal Resources of the Gulf of Lions (NW Mediterranean). Impact of exploitation of fish diversity. Milieu 1997, 47, 275–284. [Google Scholar]

	



Ragonese, S.; Vitale, S.; Dimech, M.; Mazzola, S. Abundances of Demersal Sharks and Chimaera from 1994–2009 Scientific Surveys in the Central Mediterranean Sea. PLoS ONE 2013, 8, e74865. [Google Scholar] [CrossRef]

	



Ramírez-Amaro, S.; Ordines, F.; Esteban, A.; García, C.; Guijarro, B.; Salmerón, F.; Terrrasa, B.; Massutí, E. The diversity of recent trends for chondrichthyans in the Mediterranean reflects fishing exploitation and a potential evolutionary pressure towards early maturation. Sci. Rep. 2020, 10, 1–18. [Google Scholar] [CrossRef]

	



Maynou, F.; Sbrana, M.; Sartor, P.; Maravelias, C.; Kavadas, S.; Damalas, D.; Cartes, J.E.; Osio, G. Estimating Trends of Population Decline in Long-Lived Marine Species in the Mediterranean Sea Based on Fishers’ Perceptions. PLoS ONE 2011, 6, e21818. [Google Scholar] [CrossRef]

	



Colloca, F.; Scarcella, G.; Libralato, S. Recent Trends and Impacts of Fisheries Exploitation on Mediterranean Stocks and Ecosystems. Front. Mar. Sci. 2017, 4, 244. [Google Scholar] [CrossRef]

	



Ellis, J.; Serena, F.; Mancusi, C.; Haka, F.; Morey, G.; Guallart, J.; Schembri, T. Scyliorhinus Stellaris. The IUCN Red List of Threatened Species 2009; e.T161484A5434281; IUCN: Gland, Switzerland, 2009. [Google Scholar]

	



Compagno, L.J.V. Sharks of the Order Carcharhiniformes; First Reprint, 2003; The Blackburn Press: Caldwell, NJ, USA, 1988; pp. 1–572. [Google Scholar]

	



Iglésias, S.P.; Lecointre, G.; Sellos, D.Y. Extensive paraphylies within sharks of the order Carcharhiniformes inferred from nuclear and mitochondrial genes. Mol. Phylogenet. Evol. 2005, 34, 569–583. [Google Scholar] [CrossRef]

	



Human, B.A.; Owen, E.P.; Compagno, L.J.; Harley, E.H. Testing morphologically based phylogenetic theories within the cartilaginous fishes with molecular data, with special reference to the catshark family (Chondrichthyes; Scyliorhinidae) and the interrelationships within them. Mol. Phylogenetics Evol. 2006, 39, 384–391. [Google Scholar] [CrossRef]

	



Schaaf-da Silva, J.A.; Ebert, D.A. A revision of the western North Pacific swellsharks, genus Cephaloscyllium Gill 1862 (Chondrichthys: Carcharhiniformes: Scyliorhinidae), including descriptions of two new species. Zootaxa 2008, 1872, 1–8. [Google Scholar] [CrossRef]

	



Kousteni, V.; Kasapidis, P.; Kotoulas, G.; Megalofonou, P. Evidence of high genetic connectivity for the longnose spurdog Squalus blainville in the Mediterranean Sea. Med. Mar. Sci. 2016, 17, 371–383. [Google Scholar] [CrossRef]

	



Soares, K.D.A.; de Carvalho, M.R. Phylogenetic relationship of catshark species of the genus Scyliorhinus (Chondrichthyes, Carcharhiniformes, Scyliorhinidae) based on comparative morphology. Zoosys. Evol. 2020, 96, 345–395. [Google Scholar] [CrossRef]

	



Naylor, G.J.P.; Caira, J.N.; Jensen, K.; Rosana, K.A.M.; Straube, N.; Lakner, C. Elasmobranch Phylogeny: A Mitochondrial Estimate Based on 595 Species. In Biology of Sharks and Their Relatives, 2nd ed.; Carrier, J.C., Musick, J.A., Heithaus, M.R., Eds.; CRC Press: Boca Raton, FL, USA, 2012; pp. 31–56. [Google Scholar]

	



Chen, H.; Lin, L.; Chen, X.; Ai, W.; Chen, S. (Complete mitochondrial genome and the phylogenetic position of the Blotchy swell shark Cephaloscyllium umbratile. Mitochondrial DNA Part A 2016, 27, 3045–3047. [Google Scholar] [CrossRef]

	



van Staden, M.; Gledhill, K.S.; Rhode, C.; Bester-van der Merwe, A.E. The complete mitochondrial genome and phylogenetic position of the leopard catshark, Poroderma pantherinum. Mitochondrial DNA Part B 2018, 3, 750–752. [Google Scholar] [CrossRef]

	



Curole, J.P.; Kocher, T.D. Mitogenomics: Digging deeper with complete mitochondrial genomes. Trends Ecol. Evol. 1999, 14, 394–398. [Google Scholar] [CrossRef]

	



Boore, J.L. Animal mitochondrial genomes. Nucleic Acids Res. 1999, 27, 1767–1780. [Google Scholar] [CrossRef]

	



Miya, M.; Nishida, M. The mitogenomic contributions to molecular phylogenetics and evolution of fishes: A 15-year retrospect. Ichthyol. Res. 2015, 62, 29–71. [Google Scholar] [CrossRef]

	



Kousteni, V.; Mazzoleni, S.; Vasileiadou, K.; Rovatsos, M. Complete mitochondrial DNA genome of nine species of Sharks and Rays and their phylogenetic placement among modern Elasmobranchs. Genes 2021, 12, 324. [Google Scholar] [CrossRef] [PubMed]

	



Wolstenholme, D.R. Animal mitochondrial DNA: Structure and evolution. Int. Rev. Cytol. 1992, 141, 173–216. [Google Scholar]

	



Manchado, M.; Catanese, G.; Ponce, M.; Funes, V.; Infante, C. The complete mitochondrial genome of the Senegal sole, Solea senegalensis Kaup. Comparative analysis of tandem repeats in the control region among soles. DNA Seq. 2007, 18, 169–175. [Google Scholar] [CrossRef] [PubMed]

	



Catanese, G.; Coupé, S.; Bunet, R. Mitogenome sequence comparison in the endangered congeneric Pinna nobilis and Pinna rudis bivalves. Mol. Biol. Rep. 2022, 49, 3627–3635. [Google Scholar] [CrossRef] [PubMed]

	



Clayton, D.A. Replication and transcription of vertebrate mitochondrial DNA. Annu. Rev. Cell Biol. 1991, 7, 453–478. [Google Scholar] [CrossRef]

	



Shadel, G.S.; Clayton, D.A. Mitochondrial DNA maintenance in vertebrates. Annu. Rev. Biochem. 1997, 66, 409–435. [Google Scholar] [CrossRef]

	



Kousteni, V.; Kasapidis, P.; Kotoulas, G.; Megalofonou, P. Strong population genetic structure and contrasting demographic histories for the small-spotted catshark (Scyliorhinus canicula) in the Mediterranean Sea. Heredity 2015, 114, 333–343. [Google Scholar] [CrossRef]

	



Broughton, R.E.; Milam, J.E.; Roe, B.A. The complete mitochondrial sequence of the zebrafish (Danio rerio) mitochondrial genome and evolutionary patterns in vertebrate mitochondrial DNA. Genome Res. 2001, 11, 1958–1967. [Google Scholar] [CrossRef]

	



Inoue, J.G.; Miya, M.; Tsukamoto, K.; Nishida, M. A mitogenomic perspective on the basal teleostean phylogeny: Resolving higher-level relationships with longer DNA sequences. Mol. Phylogenet Evol. 2001, 20, 275–285. [Google Scholar] [CrossRef]

	



Manchado, M.; Catanese, G.; Infante, C. Complete mitochondrial DNA sequence of the Atlantic bluefin tuna (Thunnus thynnus). Fish. Sci. 2004, 70, 68–73. [Google Scholar] [CrossRef]

	



Catanese, G.; Infante, C.; Manchado, M. Complete mitochondrial DNA sequences of the frigate tuna Auxis thazard and the bullet tuna Auxis rochei. Mitochondrial DNA 2008, 19, 159–166. [Google Scholar] [CrossRef]

	



Ojala, D.; Montoya, J.; Attardi, G. tRNA punctuation model of RNA processing in human mitochondria. Nature 1981, 290, 470–474. [Google Scholar] [CrossRef]

	



Sebastian, W.; Sukumaran, S.; Zacharia, P.U.; Muraleedharan, K.R.; Kumar, P.K.D.; Gopalakrishnan, A. Signals of selection in the mitogenome provide insights into adaptation mechanisms in heterogeneous habitats in a widely distributed pelagic fish. Sci. Rep. 2020, 10, 9081. [Google Scholar] [CrossRef] [PubMed]

	



Vélez-Zuazo, X.; Agnarsson, I. Shark tales: A molecular species-level phylogeny of sharks (Selachimorpha, Chondrichthyes). Mol. Phylogenet Evol. 2011, 58, 207–217. [Google Scholar] [CrossRef] [PubMed]

	



Froese, R.; Pauly, D. FishBase. World Wide Web Electronic Publication. version (02/2022). 2022. Available online: www.fishbase.org (accessed on 22 July 2022).

	



Gabora, L. Convergent Evolution. In Brenner’s Encyclopedia of Genetics, 2nd ed.; Maloy, S., Hughes, K., Eds.; Academic Press: Cambridge, MA, USA, 2013; pp. 178–180. [Google Scholar]

	



Shen, X.; Pu, Z.; Chen, X.; Murphy, R.W.; Shen, Y. Convergent Evolution of Mitochondrial Genes in Deep-Sea Fishes. Front. Genet. 2019, 10, 925. [Google Scholar] [CrossRef] [PubMed]

	



Greenway, R.; Barts, N.; Henpita, C.; Brown, A.P.; Arias Rodriguez, L.; Rodríguez Peña, C.M.; Arndt, S.; Lau, G.Y.; Murphy, M.P.; Wu, L.; et al. Convergent evolution of conserved mitochondrial pathways underlies repeated adaptation to extreme environments. Proc. Natl. Acad. Sci. USA 2020, 117, 16424–16430. [Google Scholar] [CrossRef] [PubMed]

	



Hall, T.A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for windows 95/98/NT. Nucleic Acids Symp. Ser. 1999, 41, 95–98. [Google Scholar]

	



Bernt, M.; Donath, A.; Jühling, F.; Externbrink, F.; Florentz, C.; Fritzsch, G.; Pütz, J.; Middendorf, M.; Stadler, P.F. MITOS: Improved de novo metazoan mitochondrial genome annotation. Mol. Phylogenet Evol. 2013, 69, 313–319. [Google Scholar] [CrossRef] [PubMed]

	



Iwasaki, W.; Fukunaga, T.; Isagozawa, R.; Yamada, K.; Maeda, Y.; Satoh, T.P.; Sado, T.; Mabuchi, K.; Takeshima, H.; Miya, M.; et al. MitoFish and MitoAnnotator: A Mitochondrial Genome Database of Fish with an Accurate and Automatic Annotation Pipeline. Mol. Biol. Evol. 2013, 30, 2531–2540. [Google Scholar] [CrossRef]

	



Lowe, T.M.; Eddy, S.R. tRNAscan-SE: A program for improved detection of transfer RNA genes in genomic sequence. Nucleic Acids Res. 1997, 25, 955–964. [Google Scholar] [CrossRef]

	



Rozas, J.; Ferrer-Mata, A.; Sánchez-DelBarrio, J.C.; Guirao-Rico, S.; Librado, P.; Ramos-Onsins, S.E.; Sánchez-Gracia, A. DnaSP 6: DNA Sequence Polymorphism Analysis of Large Datasets. Mol. Biol. Evol. 2017, 34, 3299–3302. [Google Scholar] [CrossRef]

	



Tamura, K.; Stecher, G.; Kumar, S. MEGA 11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021, 7, 3022–3027. [Google Scholar] [CrossRef]

	



Darriba, D.; Taboada, G.; Doallo, R.; Posada, D. jModelTest 2: More models, new heuristics and parallel computing. Nat. Methods 2012, 9, 772. [Google Scholar] [CrossRef] [PubMed]

	



Posada, D.; Buckley, T.R. Model selection and model averaging in phylogenetics: Advantages of Akaike information criterion and Bayesian approaches over likelihood ratio tests. Syst. Biol. 2004, 53, 793–808. [Google Scholar] [CrossRef] [PubMed]

	



Ronquist, F.; Teslenko, M.; van der Mark, P.; Ayres, D.L.; Darling, A.; Höhna, S.; Larget, B.; Liu, L.; Suchard, M.A.; Huelsenbeck, J.P. MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 2012, 61, 539–542. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 10355 g001 550] 





Figure 1. Scyliorhinus stellaris mitogenome drawn using the Mitoannotator Server (http://mitofish.aori.u-tokyo.ac.jp/annotation/input.html; accessed on 26 July 2022). 
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Figure 2. Alignment of the mtDNA control region of some species of Carcharhiniformes. The blocks TAS, CSB-D, CSB-1, CSB-2, CSB-3 and pyrimidine tract (PY) are shaded. Hyphens indicate gaps, and dots represent identity. 
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Figure 3. (A) Percentage of amino acids changes and (B) percentage of synonymous changes for each protein-coding gene in the comparison of S. stellaris with Scyliorhininae subfamily species. 
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Figure 4. Phylogenetic tree based on concatenated protein-coding genes among Carchariniformes species. Maximum likelihood (ML) bootstraps and Bayesian (BI) posterior probability values are indicated above nodes. 
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Table 1. Location of features in the mitogenome of Scyliorhinus stellaris. L and H signify that the indicated gene is transcripted from L-strand or H-strand, respectively. Start and stop codons are indicated for protein-coding genes. The spacer column indicates the number of nucleotides downstream to the start of the next gene. The value is negative for genes with overlapping reading frames.
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tRNA-F PHE (TTC)
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tRNA-V VAL (GTA)
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