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Abstract: Chondrichthyes occupy a key position in the phylogeny of vertebrates. The complete se-
quence of the mitochondrial genome (mitogenome) of four species of sharks and five species of rays
was obtained by whole genome sequencing (DNA-seq) in the Illumina HiSeq2500 platform. The
arrangement and features of the genes in the assembled mitogenomes were identical to those found
in vertebrates. Both Maximum Likelihood (ML) and Bayesian Inference (BI) analyses were used to
reconstruct the phylogenetic relationships among 172 species (including 163 mitogenomes retrieved
from GenBank) based on the concatenated dataset of 13 individual protein coding genes. Both ML
and BI analyses did not support the “Hypnosqualea” hypothesis and confirmed the monophyly of
sharks and rays. The broad notion in shark phylogeny, namely the division of sharks into Galeo-
morphii and Squalomorphii and the monophyly of the eight shark orders, was also supported. The
phylogenetic placement of all nine species sequenced in this study produced high statistical support
values. The present study expands our knowledge on the systematics, genetic differentiation, and
conservation genetics of the species studied, and contributes to our understanding of the evolution-
ary history of Chondrichthyes.
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1. Introduction

Cartilaginous fish (Class Chondrichthyes) consist a group of vertebrates that demon-
strate an old radiation, dating back about 400 million years [1,2]. This lineage has survived
four mass extinction events [1] and most present-day taxa derive from Mesozoic forms
[3]. The evolutionary success of Chondrichthyes is partly due to the efficiency of their K-
selective reproductive traits [4], such as large body size, slow growth rate, late maturity,
low fecundity and large offspring size [5-7]. The class Chondrichthyes, which comprises
the most diverse group of large predatory animals, currently includes 14 orders, 60 fami-
lies and 198 genera with approximately 1200 species. It is composed of two subclasses, the
Holocephali (chimaeras) including one superorder (Holocephalimorpha with 49 species),
and Elasmobranchii including three superorders: Galeomorphii and Squalomorphii with
347 and 157 shark species, respectively, and Batoidea with 639 species of rays, stingrays,
skates and sawfishes [8-10].

Chondrichthyes play an important ecological role, most notably functioning as either
top predators with top-down control on the size and dynamics of many species [11] or
mesopredators in the marine food webs [12,13] by linking different trophic levels in the
marine ecosystems and contributing to system dynamics and stability [14]. Furthermore,
apart from providing an important perspective to interpreting functional and life-history
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evolution as being the sister group to all other extant jawed vertebrates (Gnathostomata)
[15], they exhibit a genomic architecture that is likely closer to the ancestral vertebrate
condition compared to teleosts [16]. Their commercial value, especially of their meat, fin
and liver is increasing as targeted teleost fish become less accessible [17,18]. As a result,
overfishing has profoundly altered shark and ray populations [19-21] and several species
are facing a two-fold higher extinction risk compared to finfish [22]. The International
Union for the Conservation of Nature (IUCN) has assessed the conservation status of 604
out of 1192 taxonomically valid species with 179 chondrichthyans categorized as threat-
ened (Vulnerable—VU; Endangered — EN; Critically Endangered — CR) [2]. Due to the fact
that almost 1/3 of the assessed species face extinction risk [2,23] and further 63 Data Defi-
cient (DD) species were predicted to be threatened based on correlates of IUCN threat
status, chondrichthyans comprise the most-imperiled class among all vertebrates [23].
This highlights the importance of preserving their biodiversity and shedding light on their
phylogenetic relationships [23] by prioritizing especially threatened species as they em-
body significant amounts of unique evolutionary history [2].

In recent years, with the advent of molecular data, there has been a significant effort
towards elucidating the evolutionary history of chondrichthyans [2,15]. However, their
phylogeny is still controversial at all levels, ranging from superorders to genera [24]. A
significant obstacle towards resolving their phylogenetic relationships is that several spe-
cies are likely to represent complexes of several distinct species that require taxonomic
resolution, for example some dogfishes, eagle rays, and stingrays [24-26]. Moreover, alt-
hough the “Hypnosqualea” hypothesis, suggesting that batoids are derived sharks related
intimately to the sawfish and angel sharks [27-30], is no longer supported [31-33] and it
is widely believed that modern sharks (Neoselachii) are monophyletic, the relationships
among the three main superorders (Galeomorphii, Squalomorphii and Batoidea) and the
arrangement of the orders within these groups remain unsolved [15]. Notably, most of the
phylogenetic studies of chondrichthyans are based on few nuclear and/or mitochondrial
DNA (mtDNA) genes [2,31,34]. Individual mitochondrial markers are widely used to as-
sess species diversity and population connectivity [35-37] due to the relatively simple se-
quencing procedures and the high rates of nucleotide substitution [38].

The recent blooming of Next Generation Sequencing (NGS) methodologies allowed
the reliable and accurate assembly of the complete mtDNA genomes (mitogenomes) for
phylogenetic analysis [15,23,39]. Currently, the complete mitogenomes have been se-
quenced, assembled and annotated from 82 species of sharks, 73 species of rays and 8
species of chimaeras (Table S1).

In this context, the principal objective of the present study was to sequence and char-
acterize the complete mitogenome of nine chondrichthyans (four sharks and five rays)
sampled as bycatch by commercial fisheries in Greece. The gene content, organization,
codon usage and base composition were analyzed in each assembled mitogenome. The
phylogenetic relations of all 172 species were reconstructed based on Maximum Likeli-
hood and Bayesian Inference methods that were applied to the concatenated sequences of
the 13 protein coding genes of the mitogenome.

2. Materials and Methods
2.1. Tissue Sampling and DNA Extraction

Individual fin clips were obtained from four shark species (Galeus melastomus, Odon-
taspis ferox, Prionace glauca and Squalus blainville) and five ray species (Bathytoshia centroura,
Dasyatis tortonesei, Gymnura altavela, Raja undulata and Torpedo marmorata) (Table 1). All
specimens were incidentally caught by commercial trawlers or long-liners in the Aegean
Sea, Greece and were kindly provided by fishermen. The experimental design was per-
formed by an accredited researcher (MR: CZ03540) and was approved by the ethical com-
mittee of the Faculty of Science, Charles University, Czech Republic (UKPRF/28830/2021).
Fin samples were preserved in 95% ethanol and stored at -20°C. Total genomic DNA was
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extracted from approximately 25 mg of each sample using the standard protocol of the
DNeasy Tissue kit (Qiagen, Chatsworth, CA, USA). The DNA concentration of each sam-
ple was estimated using NanoDrop One Spectrophotometer (Thermo Scientific, Wilming-
ton, DE, USA). DNA fragmentation was checked with 1% agarose gel electrophoresis.
Species identification was initially assessed macroscopically based on standard taxonomic
features [9] and was confirmed by blasting the obtained cytochrome c oxidase subunit I
(COI) gene from each assembled mitogenome to the homologous sequences deposited in
GenBank, using the Basic Local Alignment Search Tool (BLAST) of the National Center
for Biotechnology Information (NCBI) [40].

Table 1. The complete mitogenome was assembled and annotated from four shark species (Galeus melastomus, Odontaspis
ferox, Prionace glauca and Squalus blainville) and five ray species (Bathytoshia centroura, Dasyatis tortonesei, Gymnura altavela,
Raja undulata and Torpedo marmorata) All information for the mitogenome sequence and annotation is deposited in the
GenBank database under the accession numbers MT274568-MT274575. The IUCN conservation status globally and for the
Mediterranean Sea is indicated per species. Abbreviations: CR, Critically Endangered; DD, Data Deficient; EN, Endan-
gered; LC, Least Concern; NT, Near Threatened; VU, Vulnerable.

Species Common Name IUCN Conservation Status GenBank
Globally Mediterranean Sea Accession Number
Bathytoshia centroura Roughtail stingray VU Not evaluated MT274568
Dasyatis tortonesei Tortonese's stingray DD vu MT274569
Galeus melastomus Blackmouth catshark LC LC MT274570
Gymnura altavela Spiny butterfly ray vu CR MT274571
Odontaspis ferox Smalltooth sand tiger vu CR MT274572
Prionace glauca Blue shark NT CR MT274573
Raja undulata Undulate ray EN NT MT274574
Squalus blainville Longnose spurdog DD DD MT274575
Torpedo marmorata Marbled electric ray DD LC MT274576

2.2. Sequencing and Mitogenome Assembly

Total DNA sequencing was performed by Novogene Bioinformatics Technology Co.,
Ltd. (Yuen Long, Hong Kong) in Illumina HiSeq2500 platform with 150 base pair per-end
sequencing option. The reads were trimmed for adapters in Trimmomatic [41], checked
for quality in FastQC [42] and mapped against a reference mitogenome from a closely
related species in Geneious Prime software [43]. The reference mitogenomes are presented
in Table S1. Subsequently, the mapped Illumina reads were de novo assembled with Ge-
neious Prime [43] to reconstruct the complete mitogenome of each species. As a final step,
the total DNA-seq reads were mapped to the assembled mitogenome from the same spe-
cies with Geneious Prime [43] to confirm the quality of the assembly, correct potential
assembly gaps, and finally close the circular molecule. The infrastructure of MetaCentrum
(www.metacentrum.cz (accessed on 26/10/2020)) was used for computational resources.

2.3. Annotation and Sequence Analysis

The complete mitogenome of each species was annotated using MitoAnnotator on
the MitoFish website (http://mitofish.aori.u-tokyo.ac.jp/annotation/input.html (accessed
on 26/10/2020)) [44]. The programs RNAmmer (http://www.cbs.dtu.dk/services/RNAm-
mer/ (accessed on 26/10/2020)) [45] and tRNA scan-SE (http://lowelab.ucsc.edu/tRNAs-
can-SE/ (accessed on 26/10/2020)) [46] were used to confirm the ribosomal RNA (rRNA)
and the transfer RNAs (tRN As) annotation results, respectively. The secondary structures
of tRNAs were predicted by MITOS (http://mitos.bioinf.uni-leipzig.de/help.py (accessed
on 26/10/2020)) [47]. The control region was inspected by the program “Tandem Repeats
Finder” (https://tandem.bu.edu/trf/trf.html (accessed on 26/10/2020)) [48]. The boundaries
of the protein coding genes (PCGs), IRNA genes and tRNA genes were refined manually
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by comparison with the annotated elasmobranch mitogenomes from GenBank. The ob-
tained complete mitogenomes were deposited in GenBank under the accession numbers
MT274568-MT274575 (Table 1; Table S1).

The nucleotide composition and the A+T and G+C contents (%) were calculated for
the complete mitogenome and each of the 13 PCGs per species in MEGA v5.1 [49]. The AT
skews and GC skews were calculated using the following formulas: AT skew D (A-
T)/(A+T), GC skew D (G-C)/(G+C) [50]. Finally, the codon usage in the mitochondrial
PCGs was estimated per species by the Sequence Manipulation Suite (http://www.bioin-
formatics.uni-muenster.de/tools/sms2/codon_usage.html) [51]. The relative synonymous
codon usage value (RSCU) of a codon, corresponding to the number of times that a codon
appears in a gene in relation to the number of expected occurrences under an assumption
of equal usage of synonymous codons (values less than 1 or more than 1 indicate that the
codons are used less or more often than the expected) [52] was calculated in DNASP
v6.12.03 [53].

2.4. Phylogenetic Analysis

For phylogenetic analyses, in addition to the nine assembled mitogenomes, a total of
163 complete mitochondrial genomes of sharks, rays and chimaeras were retrieved from
GenBank (Table S1). The 13 PCGs were extracted, aligned with the CLUSTAL W algo-
rithm [54], and concatenated using the software Geneious [43]. The most likely model of
sequence evolution for each dataset (individual PCGs and concatenated dataset) was se-
lected by JModelTest v2.1.7 [55], based on the Bayesian Information Criterion (Table S2).
The phylogenetic relationships were initially reconstructed with the Maximum Likeli-
hood (ML)-based approach through the online implementation of PhyML v3 provided by
the Montpellier Bioinformatics Platform (http://www.atgc-montpellier.fr (accessed on
26/10/2020)) [56] with 1000 bootstrap replicates. In addition, a Bayesian Inference (BI) phy-
logenetic tree was constructed in MrBayes 3.2.6 [57] on the computer cluster MetaCen-
trum (www.metacentrum.cz (accessed on 26/10/2020)). The Bayesian Inference method
was applied using the Markov Chain Monte Carlo (MCMC) algorithm from randomly
generated starting trees for 5 million generations with trees sampled every 100 genera-
tions and 2 runs with 4 chains (2 heated and 2 cold). The first 25% of the trees were dis-
carded as burn-in, and the remaining sampled trees were used to estimate the 50% major-
ity rule consensus tree and the Bayesian posterior probabilities. For the concatenated anal-
ysis, the matrix was partitioned by gene to include gene-specific models of substitution.
ML and Bayesian analyses were carried out for each individual PCG and the concatenated
dataset of all 13 PCGs under the evolutionary models presented in Table S2. The Maxi-
mum Likelihood (ML) and Bayesian Inference (BI) trees were visualized and edited in
FigTree v1.4.3 [58].

3. Results and Discussion
3.1. Genome Organization

The size of the assembled mitogenomes ranged from 16,682 bp in Odontaspis ferox to
19,472 bp in Gymnura altavela and was within the expected size range of the complete
mtDNA sequences retrieved from GenBank (Table S1). To data the smallest mitogenome
has been reported for the Chilean devil ray Mobula tarapacana (Philippi, 1892) [59] (15,686
bp; Accession number: MH669414) and the largest for the Pacific spookfish Rhinochimaera
pacifica (Mitsukuri, 1895) (24,889 bp; Accession number: HM147141) [60]. The differences
in the mtDNA genome size among elasmobranchs correspond mainly to the high content
of tandem repeats in the control region [24].

The gene order and content of all the nine assembled mitogenomes was the typical
expected for vertebrates [61]. Specifically, the mitogenome of each species contained 13
protein coding genes (PCGs), 2 ribosomal RNA (rRNA) genes, 22 transfer RNA (tRNA)
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genes, the control region (D-loop) and several small noncoding regions. The analytical de-
scription of each of the nine assembled mitogenomes is presented in Table S3. Addition-
ally, the gene map and a short description of each assembled mitogenome is presented in
Figures S1-59.

3.2. Protein-Coding Genes and Codon Usage

The mitogenome of each species encoded a typical full set of 13 proteins. The majority
of the PCGs were transcribed from the heavy (H) strand, except for the ND6 gene and
eight out of the 22 tRNA genes (tRNAGIn, tRNAAIla, tRNAAsn, tRNACys, tRNATYyr,
RNASer, tRNAGIu and tRNAPro), which were transcribed from the light (L) strand. The
start codons were the typical ATG codon of all PCGs, regardless of the species with some
exceptions: the COI gene was initiated by a GTG codon, ATP6 gene was initiated by a
GTG codon only in Torpedo marmorata, and the ND6 gene was initiated by a CTA or TTA
codon. Among the mitochondrial PCGs, the ND5 was the longest, while the ATP8 was the
shortest, in all species. Most of the PCGs were terminated by a complete (TAA/TAG),
while the incomplete termination codon (TA/T) was found in 5 out of the 13 PCGs. Such
incomplete termination codons (TA/T) are a common phenomenon in metazoan mitoge-
nomes and can be extended to a complete TAA termination codon through polyadenyla-
tion of the 3’-end of the mRNA, which occurs after transcription [62]. These features of the
initial and stop codons are commonly observed in elasmobranchs [39,63] and are similar
to the majority of the vertebrate mitochondrial PCGs [64].

The base composition and the RSCU values of the mitochondrial PCGs are presented
per species in Tables S4 and S5. Each PCG and the complete mitogenome of all species
were rich in the A+T content, resulting in a strong bias towards A+T rich codons in the
codon usage, which appears to be a shared feature in vertebrates [61]. The most frequently
used codons across species were: TTALeu (average = 4.21%), TTTPhe (average = 3.17%),
CTALeu (average =3.14%), TATTyr (average =2.90%), CTTLeu (average =2.79%), CCTPro
(average =2.65%), ACAThr (average = 2.59%) and ATAMet (average =2.54%). The codons
with the highest RSCU values that were found in the PCGs from the nine assembled mi-
togenomes were TTALeu (RSCU average = 1.76), GCCAla (average = 1.56), TCTSer (aver-
age = 1.55), TCASer (average = 1.52) and AAALys (average = 1.52) (Table S5).

3.3. YRNA and tRNA Genes

The mitogenome of each species contained 22 tRNA genes interspersed along the
genome, the small subunit of rRNA (12S rRNA) and the large subunit of rRNA (165
rRNA). They were transcribed in the same direction on the H-strand and separated by
tRNAVal. The size in base pairs (bp) of all tRNA and rRNA genes is presented in Table
S2. All tRNA genes could fold into a distinctive cloverleaf secondary structure except
tRNASer(AGY), which contained a simple loop without making the dihydrouridine arm,
similarly to many metazoan mitogenomes [64,65] (Figure S10).

3.4. Noncoding Regions

The noncoding regions included the origin of light strand replication (OL), one puta-
tive control region (D-loop) and intergenic spacers, namely some overlapping nucleotides
and gaps between PCGs or between PCGs and tRNAs (Table 52). In each assembled mi-
togenomes the OL region was located between the tRNAAsn and tRNACys genes and the
control region was located between the tRNAPro and tRNAPhe genes. The OL region
ranged in size from 32 bp in Raja undulata to 41 bp in Galeus melastomus. Moreover, the
control region exhibited significant size variation among the studied species, ranging in
size from 1068 bp in Prionace glauca to 3768 bp in Gymnura altavela, and was enriched in
tandem repeat sequences in all species, except Squalus blainville. This finding confirms the
fact that the control region exhibits extensive nucleotide and size polymorphism, as it has
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been shown in several elasmobranchs [66—68] and teleosts [69-71]. An analytical descrip-
tion of the tandem repeats is presented in Table S6.

3.5. Phylogenetic Inference

Both ML and BI phylogenetic analyses supported the division of the class Chondrich-
thyes into four superorders (Galeomorphii, Squalomorphii, Batoidea and Holocephali-
morpha) (Figures 1a,1b,2a,2b), but not the “Hypnosqualea” hypothesis, which, based on
morphological traits, suggests that Batoidea is part of the shark group [27-30]. The mon-
ophyly of modern sharks has been proposed previously by Maisey [72] who morpholog-
ically identified three groups of Chondrichthyes, the first showing an orbitostylic jaw sus-
pension (Hexanchiformes, Squaliformes, Pristiophoriformes and Squatiniformes), the sec-
ond group represented by the galeomorphs (Heterodontiformes, Orectolobiformes, Lam-
niformes and Carcharhiniformes) and the third group with all batoids. Such classification
was further supported by morphological [73,74] and recently, by molecular studies
[2,8,15,31-34,75-77], reinforcing the scenario that the “Hypnosqualea” morphological
traits could be regarded as homoplasy, due to the convergent adaptation to the benthic
life [31,75].

The phylogenetic placement of the studied species was supported with high boot-
strap and posterior probability values based on both ML and BI phylogenetic analyses
(Figures 1a,b, 2a,b), and notably corresponds to their reproductive mode. Galeus melasto-
mus was placed within Pentanchidae (Carcharhiniformes) with oviparity as mode of re-
production [4]. Prionace glauca was placed within Carcharhinidae (Carcharhiniformes)
with placental viviparity as mode of reproduction [4]. Odontaspis ferox was placed within
the order Lanmniformes with oophagy (type of aplacental viviparity supported by yolk
and maternal contribution) as the sole mode of reproduction [78]. Squalus blainville was
placed within Squalidae (Squaliformes) with yolk sac viviparity (a type of aplacental viv-
iparity where embryos feed solely on yolk) as the mode of reproduction of all Squalo-
morphii [4]. Bathytoshia centroura (Dasyatidae), Dasyatis tortonesei (Dasyatidae) and Gym-
nura altavela (Gymnuridae) were placed within Myliobatiformes with istotrophy (a type
of aplacental viviparity supported by yolk and uterine milk) as the sole mode of repro-
duction [79]. Finally, Torpedo marmorata was placed within Torpedinidae (Torpedini-
formes) reproducing with istotrophy [80] and as a sister taxon to Narcinidae (Torpedini-
formes) reproducing with yolk sac viviparity with other maternal contribution [81]. The
effect of the reproductive mode on the phylogenetic placement of elasmobranchs has also
been supported by Hull et al. [82] who showed that Mustelus mustelus was phylogenet-
ically closer to the placental species Mustelus griseus, both of which are viviparous placen-
tal, in contrast to Mustelus manazo, which is aplacental [83,84]. Furthermore, given that
oviparity is the sole reproductive mode for all Chimaeriformes and Heterondontiformes
species, and for some families of Orectolobiformes (Parascylliidae, Hemiscylliidae and
Stegostomatidae), Carcharhiniformes (Scyliorhinidae and Proscyllidae) and Rajiformes
(Rajidae) [4], earlier suggestions that egg-laying oviparous sharks are ancestral [81,85,86]
are confirmed.
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Figure 1. (a) Bayesian mitogenomic phylogeny of Selachii based on the concatenated dataset of 13 protein-coding genes.
(b) Bayesian mitogenomic phylogeny of Batoidea and Holocephali, based on the concatenated dataset of 13 protein-coding
genes. Posterior probabilities are presented next to the nodes. The complete phylogeny is illustrated in the miniphoto.
Mitogenomes assembled for the first time in this study are indicated by an asterisk (*).
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Carcharhinus leucas (KF646785)
Carcharhinus amboinensis (KM921745)
Carcharhinus acronotus (KF728380)
Carcharhinus brevipinna (KM244770)
Carcharhinus longimanus (KM434158)
Carcharhinus obscurus (KC470543)
Carcharhinus plumbeus (KJ740750)
Carcharhinus macloti (KJ865755)
Carcharhinus dussumieri (KP091436)
Triaenodon obesus (KJ748376)
Carcharhinus sorrah (KF612341)
Prionace glauca (MT274573) *
Carcharhinus falciformis (MK092088)
Carcharhinus amblyrhynchos (KF956523)
Carcharhinus melanopterus (KJ720818)
Glyphis icus (KT698040)
Glyphis si: is (KT698052)
Glyphis fowlerae (KT698062)
Glyphis glyphis (KF006312)
Glyplns garricki (KF646786)
is tephrodes (KT698047)
’ iopsi inckii (KT698048)
Sphyrna lewini (JX827259) Carcharhiniformes
Sphyrna tiburo (KM453976)
Sphyrna zygaena (KM489157)
Sphyrna mokarran (KY464952)
Eusphyra blochii (KU892590)
Scoliodon macrorhynchos (JQ693102)
Rhizoprionodon acutus (MN602076)
Scoliodon laticaudus (KP336547)
Loxodon macrorhinus (KT347599)
Galeocerdn cuvier (KF111728)
microstoma (KT003687)
Hemipristis elongata (KU508621)
griseus (KF889325)
(MH559351)
(AB015962)
Hemitriakis japonica (KJ617039)
Halaelurus buergeri (KU892589)
Galeus (MT274570) *
Proscyllium habereri (KU721838)
Scyliorhinus canicula (Y16067)
Poroderma pantherinum (MH321446)
Scyliorhinus torazame (AP019520)
Cephaloscyllium umbratile (KT003686)
Isurus oxyrmchus (KF361861)
Isurus paucus (KJ616742)
Carcharodon carcharias (KC914387)
Lamna nasus (KX610464)
Lamna ditropis (KF962053)
Cetorhinus maximus (KF597303)
Carcharias taurus (KF569943) L if
0d is ferox (MT274572) * amniiormes
M h lagios (KC702506)
Pseudocarcbanas kamoharai (KM575726)
Alopias vulpinus (MF374733)
Alopias pelagicus (KF412639)
Alopms supercllmsus (KC757415)
ina i (EU528659)
brevirostris (KY111436)
Sqnalus montalbani (KT459334)
q formosus (KU951280)
blainville (MT274575) * -
Cirrhij australis (KJ128289) Squaliformes
Squal ias (Y18134)
i micr halus (KY513709)
Etmopterus pusillus (KU892588)
aliae (KU873080)
Sqnatma formosa (KM084865)
Squatina nebulosa (KM264313) ini
Squatmz Japomca (KJ619663) Squatmlformes
Sq (KY464954) .. .
istioph icus (AB721306) 1 Pristiophoriformes
45 oo Igexanihus gnseus (KF894491;KU159431) I Hexanchiformes
Heter zebra (KC845548) .
Heterodontus francisci (AJ310141) I HeterOdontlformes
Chiloscyllium punctatum (JQ082337)
B4 Chiloscyllium plagnosum (FJ853422)
Chtlascylhum griseum (JQ434458)
i ,IImm (MK052932) .
— 100 T Gi cirratum (KU904394) Orectolobiformes
93 Nebrms ferrugineus (KT852575)
1 ] i ————— Rhincodon typus (KF679782)
a (KU057952)
v Or iaponicus (KF111729)

Elasmobranchii

100
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Zearaja nasuta (MF278960)

Zearaja (MF278966)
Zearaja chil is (KF648508)
Dipturus trachyderma (KR152643)
Dipturus argentinensis (KF962934)
Dipturus innominatus (MF278961)
Dipturus oxyrinchus (MF278968)
Dipturus kwangtungensis (KF318309)
Hongeo koreana (KC914433)

-~ Beringraja rhina (KC914434)

- Beringraja pulchra (KF623030)
Okamejei acutispina (KF648507)
Okamejei hollandi (KP756687)
Okame]el kenojei (AY525783)
jei meerdervoortii (KF953911)
’ Ra]x asterias (MF278971)

- Raja clavata (MF278973)

- Raja polystigma (MF278972) ..
Raja miraletus (MF278974) Ra] lformes
Raja undulata (MT274574) *
Amblyraja georgiana (MF278975)
Amblyraja radiata (AF106038)
Leucoraja erinacea (JQ034406)
Leucoraja circularis (MF278970)
Leucoraja naevus (MF278969)
Bathyraja richardsoni (MF278979)
Bathyraja griseocauda (MF278965)
Bathyraja albomaculata (MF278964)
Bathyraja maccaini (MF278977)
Bathyraja bergi (KF991391)

Bathyraja meridionalis (MF278978)
Bathyraja multispinis (MF278963)
Bathyraja shuntovi (MF278980)
- Notoraja tobitukai (KX150853)
Pavoraja nitida (KJ741403)
A(lantora]x castelnaui (KM507724)
batis borneensis (KX014715)
Hemitrygon akajei (KC526959)
Hemitrygon bennettii (KC196067)
is zugei (JX524174)
Himantura microphthalma (KF840390)
Bathytoshia centroura (MT274568) *
Pteroplatytrygon violacea (KJ641617)
Dasyatis tortonesei (MT274569) *
Taeniura meyeni (JX827260)
Neotrygon kuhlii (KC992792)
Taeniura lymma (KM881715)
Himantura uarnak (KR019776)
Maculabatis gerrardi (KP091437)
Pateobatzs hortlez (KP727646) = A
i (KU873081) Myliobatiformes
Urugymnus dalyensis (KM244769)
Urogymnus granulatus (KF751650)
Potamotrygon magdalenae (KX151183)
Potamotrygon motoro (KF709642)
Mobula japonica(JX392983)
Mobula mobular (KT203434)
Mobula tarap (MH669414)
Mobula thurstoni (MG206065)
Mobula eregoodootenkee (KM361353)
Gymnura altavela (MT274571) *
Gymnura ilura (KJ617038)
iobati: dawesn (AY597334)
A b Hum (KF482070)
Pristis pectil (KP400584)
Pristis clavata (KF381507)
Pristis pristis (MH005928)
Anoxypristis cuspidata (KP233202)
Rhynchob. australiae (KU746824)
Rhina anc (KU721837)
Gl. gus gr (MN783017)
Rhinob. hynni Ius (KF534708)
Rhinob schlegelu (KJ140136)
Zapteryx exasperata (KM370325)
Narcine brasiliensis (KT119410)
Narcine bancroftii (KT119411) ini
Narcine entemedor (KM386678) Torpedmlformes
Torpedo marmorata (MT274576) *
Chimaera fulva (NC014288)
100 Chimaera monstrosa (NC003136)
100 Hydrolzgus lemures. (NC(%Z%QI’?‘)ZM)
100 Harriotta raleighana (NC014292) Chimaeriformes
[ Callorhinchus capensis (NC014284)
100 Callorhinchus milii (NC014285)
b L Callorhinchus callorynchus (NC014281)

Batoidea

Rhinopristiformes

Holocephali

Figure 2. (a) Maximum Likelihood mitogenomic phylogeny of Selachii based on the concatenated dataset of 13 protein-
coding genes. (b) Maximum Likelihood mitogenomic phylogeny of Batoidea and Holocephali, based on the concatenated
dataset of 13 protein-coding genes. Bootstrap values are presented next to the nodes. The complete phylogeny is illustrated
in the miniphoto. Mitogenomes assembled for the first time in this study are indicated by an asterisk (*).

Within Selachii, the phylogenetic analysis recovered the eight well-known shark or-
ders divided into two distinct clades, the Squalomorphii and the Galeomorphii, being
consistent with previous morphological [30-37] and molecular divisions [2,8,15,24,31-
33,75,77]. The Squalomorphii was represented by four orders. According to the Bayesian
mitogenomic phylogeny (Figure 1a), the monophyletic Hexanchiformes was placed at the
most basal position and sequentially followed by Squatiniformes placed as sister taxon to
Pristiophoriformes, and the monophyletic Squaliformes that was placed as a sister taxon
to the Squatiniformes-Pristiophoriformes group. The proposed topology is supported
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with high posterior probability values and is consistent with previous molecular studies
[15,24,31-34,87]. Molecular [77] and morphological studies [88] have placed Squaliformes
as a sister taxon to Pristiophoriformes, while Heinicke et al. [8] suggested a sister relation-
ship between Squaliformes and Squatiniformes. Pristiophoriformes are strongly sup-
ported as squaloidlike sharks based on morphological studies [27-29] by lacking the eight
batoid synapomorphies [89]. Our findings also support the placement of Squatiniformes
within squalimorphs, in contrast to Compagno [90] who proposed four superorders (Gale-
omorphii, Squalomorphii, Squatinimorphii and Batoidea). The placement of Squat-
iniformes and Pristiophoriformes within squalimorphs has been supported since the first
extensive molecular phylogeny of Douady et al. [31], based on a fragment of the mito-
chondrial 125, 165 and transfer RNA valine genes (2400 nucleotides) from over 20 elasmo-
branchs, until more recent studies that analyzed the complete mitogenome of more than
70 elasmobranchs [15,77].

Within Hexanchiformes, Hexanchinidae was placed as a sister taxon to Chlamydo-
selachidae. Within Squatiniformes, the basal Squatina squatina was grouped with Squatina
japonica and sequentially by Squatina nebulosa which was placed as sister species to
Squatina formosa. Squatinidae was placed as a sister taxon to Pristiophoridae represented
by Pristiophorus japonicus. Our findings support the paraphyletism of Squatiniformes and
Pristiophoriformes similarly to previous studies based on both molecular [8,15,24,33] and
morphological traits [72], and define the position of Squatina nebulosa in contrast to Maisey
[72].

Within Squaliformes, Etmopteridae was placed as a sister taxon to Dalatiidae, and
both families were at the most basal position of the order. Somniosidae was placed as a
sister taxon to Squalidae. Squalidae showed monophyly as in Vélez-Zuazo and Agnarsson
[33] where Squalimorphii were represented by more species and families. According to
Vélez-Zuazo and Agnarsson [33] Somniosidae, Dalatiidae and Etmopteridae showed pa-
raphyly, a notion that was partially confirmed in the present study, probably due to the
different representation of the families. Vélez-Zuazo and Agnarsson [33] observed poor
support for most of the relationships among the families of Squaliformes, while in the
present study they were strongly supported. Notably, a distinct phylogenetic placement
of Squalus species was supported by high posterior probability values, with Squalus acan-
thias recovered as the basal taxon within Squalidae. Squaliformes comprise the second
most diverse order of sharks with taxonomic uncertainties within the genus Squalus [37].
Thus, by providing the complete mitogenome of Squalus Blainville, the present study could
support future phylogenetic studies with the scope to resolve these uncertainties.

The Galeomorphii was represented by four monophyletic orders (Figure 1a). The ba-
sal Heterodontiformes followed by Orectolobiformes and, sequentially, by the Car-
charhiniformes-Lamniformes group, a topology previously supported by morphological
[28,29] and molecular studies [2,8,15,24,77]. Nevertheless, based on ML tree topology,
Orectolobiformes was placed at the most basal position of a group including all of the
sharks” orders (Figure 2a). Based on BI analysis, the phylogenetic placement of Hetero-
dontiformes as sister taxon to all other galeomorphs has already been reported
[8,15,29,77,88] and opposes the close relationship between Heterodontiformes and squal-
imorphs suggested by Mallatt and Winchell [87] and Human et al. [32]. Moreover, the
basal placement of Heterodontiformes represented by the monophyletic genus Heterodon-
tus, opposes previous studies suggesting the galeomorph Heterodontus and the squali-
morph Chlamydoselachus as basal neoselachians or nonneoselachian sharks [91,92]. Addi-
tionally, the Lamniformes-Carcharhinifromes grouping opposes the Lamniformes-Orec-
tolobiformes grouping that was suggested based on sequences of the mtDNA and/or nu-
clear genes [31-33,76,77,87]. Winchell et al. [75] used nuclear major and minor rRNA sub-
units to relate the Lamniformes—Orectolobiformes group to the Isurida group that was in-
itially proposed based on morphological similarities [93], a view not corroborated by
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Compagno [88]. Most of these similarities were considered by Winchell et al. [75] as ho-
moplasy and were treated as convergent adaptations for pelagic carnivory, a view that
cannot be confirmed in recent molecular phylogenetic studies [2,15,24,77].

Within Orectolobiformes, Orectolobidae was placed in a basal position related to the
group formed by all other families similarly to previous studies [15,24,77]. Stegosto-
matidae was placed as a sister taxon to the Rhincodontidae-Ginglymostomatidae group
and Hemiscylliidae was placed as a sister taxon to the Stegostomatidae—Rhincodontidae-
Ginglymostomatidae group. An identical placement of the families within Orectolobi-
formes has been found in previous phylogenetic studies [15,33,77].

Lamniformes was represented by seven families, including the paraphyletic Alopi-
idae-Megachasmidae and Odontaspididae (Figure 1a). Mitsukurinidae was placed at the
most basal position of all lamniforms divided into two groups: the first group formed by
the basal Odontaspididae (Carcharias taurus), Cetorhinidae and Lamnidae and the second
group formed by the basal Alopias superciliosus placed as a sister taxon to a group subdi-
vided to the other representatives of the Alopiidae family and the Pseudocarcharidae-
Odontaspididae-Megachasmidae group. On the contrary, Alopiidae was recovered as
monophyletic and sister taxon of the Megachasmidae-Pseudocarcharidae group in Am-
aral et al. [77]. Our study supports the monophyly of Lamnidae as shown in previous
phylogenetic studies [15,24,33,77]. The genus Lamna was placed as a sister taxon to the
most nested taxa of Carcharodon and Isurus, a topology supported by both morphological
[94] and molecular data [15,24,33,77]. Moreover, previous morphological and molecular
studies [28,95] placed Mitsukuridae basal to all other Lamniformes similarly to our find-
ings. However, in Amaral et al. [77], Mitsukurinidae was placed either as a basal sister
taxon to the Alopiidae-Megachasmidae-Pseudocarcharidae group in the ML tree topol-
ogy or as basal taxon to all Lamniformes in the Bl tree topology. According to the Bayesian
mitogenomic phylogeny (Figure 1a), Carcharhinifromes was represented by seven fami-
lies, with Carcharhinidae showing paraphyly and Scyliorhinidae placed at the most basal
position of this order, similarly to previous molecular studies [15,24,33,77]. Scyliorhinidae
was followed by Proscylliidae, which was sequenced by Pentanchidae and later by Tria-
kidae and Hemigaleidae, with a grouping between Sphyrnidae and Carcharhinidae in the
most nested position. The embedment of Sphyrnidae within Carcharhiniformes was also
supported by Vélez-Zuazo and Agnarsson [33] based on nuclear and mitochondrial genes,
and by Da Cunha et al. [15] based on complete mitogenomic analysis. Our results enhance
previous morphological studies in which Scyliorhinidae represented the basal lineage fol-
lowed by Triakidae and the clade formed by the derived Sphyrnidae and Carcharhinidae
[88,92]. The phylogenetic placement of all families with Carcharhiniformes was supported
by high posterior probability values. The only exception was in the case of Sphyrnidae
(represented by Sphyrna and Eusphyrna species) that was grouped within Carcharhinidae
(represented by Carcharhinus, Glyphis, Lamniopsis, Prionace and Triaenodon species) with
0.64 probability. A second group of Carcharhinidae was represented by Loxodon macrorhi-
nus basal to the Rhizoprionodon-Scoliodon group, and it was recovered following Galeocerdo
cuvier with high posterior probability value (1.0). Similarly, to our results, Vélez-Zuazo
and Agnarsson [33] assigned Scoliodon as the sister genus of Rhizoprionodon but no Loxodon
species was included in their analysis, while Naylor et al. [96] assigned Scoliodon deeply
nested within the Carcharhinidae, as the sister genus of Loxodon in a group with Rhizopri-
onodon as the basal genus. Paraphyly within Carcharhinidae is commonly observed in
phylogenetic studies with differences attributed to the selected genes or the number of
species included in the analysis [33,77,96]. Actually, lack of monophyly has been observed
in almost all of the families within Carcharhiniformes, in a variety of studies using a dif-
ferent combination of molecular markers, most of them from the mtDNA [32,33,97]. In the
present study, most of Carcharhinus species were placed within Carcharhinidae with me-
dium probability values based on BI analysis but showed polytomy in ML analysis (Fig-
ures 1a and 2a). A similar pattern of polytomy within Carcharhinidae has previously been
observed [15] and related to the low levels of intrinsic genetic variability of sharks [98].
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The Batoidea were split to four monophyletic orders. Based on the Bl analysis, a basal
division was found between a first group recovered with medium support (0.71) and
formed by Rajiformes placed as a sister taxon to Torpediniformes, and a second group
recovered with strong support (1.00) and formed by Rhinopristiformes placed as a sister
taxon to Myliobatiformes (Figure 1b). Rajiformes were placed as a sister taxon to Tor-
pediniformes, similarly to the results Da Cunha [15] and Amaral et al. [77]. A low support
regarding the division of Torpediniformes from other batoids was also recovered in Am-
aral et al. [77] where only Narcine entemedor was included in the analysis, but also in
Gaitan-Espitia et al. [99] presenting the most complete phylogeny of Torpediniformes
based on 11 PCGs and including 6 species from the genera Torpedo, Typhlonarke and Nar-
cine. It is worth mentioning that based on the ML analysis, Torpediniformes was placed
with low support (46) as a basal taxon to the Rhinopristiformes-Myliobatiformes group,
and all these three orders were placed as a sister group to Rajiformes (Figure 2b). Accord-
ing to the Bayesian mitogenomic phylogeny (Figure 1b), Rajiformes was represented by
three families, the basal Anacanthobatidae, Arhynchobatidae and Rajidae. Within Raj-
iformes, all families formed monophyletic groups with species of the genus Bathyraja
(Arhynchobatidae) being involved in a large polytomy. Torpediniformes was represented
by two families, the Torpedinidae, represented by Torpedo marmorata, which was placed
as a sister and basal taxon to Narcinidae represented by three Narcine species. Rhinopristi-
formes was represented by four families with Zapteryx exasperata (Rhinobatidae) placed at
the most basal position of the order and followed by a group formed by two Rhinobatos
species. Following this, the monophyletic Pristidae was placed as a sister taxon to the Rhi-
nobatidae-Rhinidae-Rhynchobatidae group. Finally, Myliobatiformes was the most de-
rived phylogenetically order of the batoids, represented by five families with Aetobatus
flagellum (Myliobatidae) placed at the most basal position. The topology of all families
within Myliobatiformes was highly supported with only Myliobatidae showing paraph-
yly. Dasyatidae was recovered as sister family to Potamotrygonidae similarly with Am-
aral et al. [77]. Finally, Gymnuridae was recovered as a sister taxon to Pleisiobatidae, and
both families were more closely related to Myliobatidae than Dasyatidae.

4. Conclusions

Elasmobranchs consist one of the most diverse groups, represented by almost 1200
taxonomically valid species, and at the same time are among the most vulnerable taxa to
exploitation [23]. The present study describes analytically for the first time the complete
mitogenome of nine elasmobranchs, namely Bathytoshia centroura, Dasyatis tortonesei,
Galeus melastomus, Gymnura altavela, Odontaspis ferox, Prionace glauca, Raja undulata, Squalus
blainville and Torpedo marmorata. The phylogenetic placement of these species among mod-
ern selachians was highly supported based on both ML and BI phylogenetic analyses, also
showing an effect of their reproductive mode. The phylogenetic tree reconstructions con-
firmed the monophyly of Neoselachii and Batoidea similarly to the most recent elasmo-
branch phylogenies. The tree topologies supported the division of Neoselachii to Squalo-
morphii and Galeomorphii, as well as the monophyly of the eight shark orders. Differ-
ences found regarding the phylogenetic placement at family or species level among mod-
ern elasmobranch phylogenies were mainly related to the variation in taxonomic sam-
pling. This highlights the need to target taxonomic sampling in particular regions of the
topology by prioritizing especially threatened species that embody significant amounts of
unique evolutionary history [2]. As mitogenomic data from different taxa become availa-
ble, evolutionary questions concerning Chondrichthyes are likely to be answered. In this
respect, present findings contribute towards a more comprehensive understanding of the
relationships among elasmobranchs and establishing conservation priorities, given that
information about species’ evolutionary history and the status of their close relatives, can
impact conservation planning, especially for those species already identified as being un-
der some level of threat.
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