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Foreword 
 
The purpose of this study was to investigate the taxonomic and phylogenetic positions of 

sleeper sharks within Somniosus. This project has been supervised by professor Kim Præbel 

and associate professor Arve Lynghammar. The newly sequenced mitogenomes in this study 

will be added to NCBI GenBank and this study will be synthesized into a manuscript suitable 

for peer review. 

 

This article is written in a modified APA format. 
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1 Abstract 
 
Mitochondrial DNA (mtDNA) has been extensively used to explore phylogenetics since the its 

use became available. This science is considered useful in discerning relationships and 

evolutionary histories that are not possible with morphological studies alone. The sleeper 

sharks (genus: Somniosus) are a group of poorly understood, long-lived, iconic species whose 

taxonomic status within the genus have been argued about for many years. The aim of this 

study was to sequence and characterize mitogenomes of all Somniosus species to gain a better 

phylogenetic understanding of the genus and to discriminate the delimitations between species. 

Using next-generation sequencing, complete to nearly-complete mitogenomes were assembled 

of all species within Somniosus. Clear divergence was shown between the subgenera S. 

Somniosus and S. Rhinoscymnus, estimated at 7.8 million years ago, with no discernable 

differentiation between Somniosus pacificus and Somniosus antarcticus, nor between 

Somniosus rostratus and Somniosus longus. The results suggest a panmictic population of 

Somniosus pacificus and Somniosus antarcticus, as well as between Somniosus rostratus and 

Somniosus longus. Combined, the results of this study show that a thorough revision is needed 

of the Somniosus genus to improve taxonomic resolution and allow more informed 

conservation related decisions to be made. 
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2 Introduction 
 

Understanding the evolutionary history and relationships among groups of organisms 

is important in the field of conservation to secure biodiversity and to ensure cost-effective 

management. These understandings are also important to biologists to create a more detailed 

picture and understanding of the connectivity of life on Earth. The development of using 

phylogenetics in conservation biology has shifted from a species or ecosystem approach to a 

biodiversity approach of conserving the “tree of life” (Mace et al., 2003). Phylogenetic trees, 

therefor, contain important information that can be used to develop conservation strategies.  

The sleeper sharks of the genus Somniosus are a group of poorly understood deep-water sharks, 

primarily known to the public by the Greenland shark: the longest living vertebrate in the world 

[392 ± 120 years] (Nielsen et al., 2016). 

 

2.1 Mitogenomic phylogenetics 
 
Before the advent of molecular tools, phylogenetics relied on the work of taxonomists using 

phenotypic variation to classify organisms (Lee & Palci, 2015). With the addition of molecular 

phylogenetics to the evolutionary toolkit, organisms can now be classified from distinct and 

discrete molecular sequences (Brown, 2002). Molecular techniques can be used to differentiate 

between phenotypically similar species and even uncover cryptic species hidden to the eye 

(e.g., Jadin et al., 2012). 

The mitogenome is a popular target for phylogenetic analyses due to its small size, 

availability, maternal inheritance, high mutation rate, and lack of recombination (Duchêne et 

al., 2011; Gupta et al., 2015; Tannman, 1999). Historically, phylogenetic studies utilizing the 

mitochondrion have focused on specific portions of the genome: e.g., cytochrome oxidase I 

(COX-1), cytochrome b (Cyt b), and the non-coding control region (CR) (e.g., Choi et al., 

2014; Duchêne et al., 2011; Farias et al., 2001; Kitamura et al., 1996). Owing to lower costs in 

genetic sequencing, the full mitogenome has become more popular for inferring phylogenies 

and may provide to be more informative than short sequences (Havird & Santos, 2014).   

The typical vertebrate mitochondrial genome (mitogenome) is a circular molecule 

including 13 protein-coding genes (PCs), two ribosomal RNA genes (rRNAs), and 22 transfer 

RNA genes (tRNAs) (Pereira, 2000). While short-length mtDNA phylogenetic analyses are 

common, tree topologies may differ depending on the region used due to variations in mutation 

rates between genetic regions (Haney et al., 2010). Deep coalescence occurs when a gene 
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diverges before a species (Zhu et al., 2016) and can create what is known in phylogenetics as 

“phylogenetic noise”: a case where deep coalescence is followed by long branches (Townsend 

et al., 2012). In other words, a rapidly mutating genetic region has more “pull” on phylogenetic 

analyses than more slowly mutating locations. This noise can be minimized by using larger 

proportions of DNA, including the full mitogenome (Duchêne et al., 2011; Meiklejohn et al., 

2014; Rohland et al., 2007). 

Advances in next-generation sequencing (NGS) technologies, such as shotgun 

sequencing on a high throughput platform, have made it possible to recover sequences from 

highly fragmented DNA (Marshall et al., 2017). High throughput sequencing technologies have 

advanced to the point where the error rate is below 1% (Dohm et el., 2008), and can provide 

an accurate, timely, and cost-effective method for sequencing challenging genomes. 

 

2.2 The Somniosus genus 
 

Somniosus contains five species (Table 1) and is sometimes divided into two subgenera: 

Somniosus Somniosus and Somniosus Rhinoscymnus (Yano et al., 2004), however the 

subgenera are not commonly used (e.g., de Loyola Fernández et al., 2017). The five species 

are defined primarily by morphological characters; mainly size, dentition, and vertebral 

morphology (e.g., Hsu et al., 2020; Parin & Kotlyar, 2007). The distinction between the 

subgenera is based primarily on size.  Somniosus Somniosus species grow to a much larger size 

[7.56 m, S. microcephalus] (MacNeil, et al., 2012) than Somniosus Rhinoscymnus species [1.43 

m, S. rostratus] (Carpenter, n.d.). Somniosus Somniosus contains the Greenland shark, S. (S.) 

microcephalus, the Pacific sleeper shark, S. (S.) pacificus, and the southern sleeper shark, S. 

(S.) antarcticus. Somniosus Rhinoscymnus contains the little sleeper shark, S. (R.) rostratus, 

and the frog shark, S. (R.) longus (Yano et al., 2004).  

Known from holotypes, two additional members of Somniosus may exist. An 

undescribed species known as the longnose sleeper shark was reported in Portugal (Hamlett, 

2011), but the holotype was destroyed in a fire and no additional material has been collected 

(Yano et al., 2004). An additional species named Somniosus cheni was described in 2020 (Hsu 

et al., 2020) and is beginning to be accepted in the literature (e.g., Pollerspöck & Straube, 

2021). 
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Table 1 

Taxonomy of genus Somniosus 

 

Order: Squaliformes  

Family: Somniosidae  

Genus: Somniosus  

Subgenus: S. Somniosus S. Rhinoscymnus 

species: S. (S.) microcephalus (Bloch & Scheider, 1801) 
Greenland shark 

S. (R.) rostratus (Risso, 1827) 
Little sleeper shark 

 S. (S.) pacificus (Bigelow & Schroeder, 1944) 
Pacific sleeper shark 

S. (R.) longus (Tanaka, 1912) 
Frog shark 

 S. (S.) antarcticus (Whitley, 1939) 
Southern sleeper shark 

 

 

 

The main confusion within Somniosus revolves around spatial distribution and 

identification. Yano et al., 2004 provides a detailed report on the confusion around the species 

delimitations within Somniosus. In short, S. microcephalus and S. pacificus have generally been 

considered separate species within the subgenus S. Somniosus.  Somniosus antarcticus, 

however, has been periodically synonymized with both S. microcephalus (e.g., Bass et al., 

1976) and S. pacificus (see Last & Stevens, 1994). Within the subgenus S. Rhinoscymnus, S. 

longus has been periodically synonymized as S. rostratus (e.g., Francis et al., 1988). Some 

early publications identified S. rostratus and S. longus as belonging to their own genus separate 

from Somniosus: Rhinoscymnus, Brevisomniosus, Heteroscymnus, or Scymnus (e.g., Higashi 

et al., 1955), with the occasional publication reinstating this understanding (Welton & Goedert, 

2016). The current understanding is that all five species are distinct within Somniosus 

(Weigmann, 2016). 

Studies using mtDNA have shown small divergence between S. microcephalus and S. 

pacificus (Cyt b, ≈ 1.8 % sequence divergence, Murray et al., 2008) and haplotype sharing 

between the two (Hussey et al., 2015). Murray et al., 2008 also showed haplotype sharing 

between S. pacificus and S. antarcticus utilizing the same gene, Cyt b, with no structural genetic 

differences between populations. To date, there is no published research regarding the 

molecular phylogenetics of the subgenus S. Rhinoscymnus. The current Somniosus 
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phylogenetic tree has many uncertainties, and further genetic investigation will help alleviate 

these issues. 

2.3 Range and distribution 
 

Somniosus species have a circumglobal distribution and all species are thought to share 

similar habitats in their respective regions – continental and insular shelves, slopes, and 

seamounts (Hamlett, 2011). With few exceptions, they have not been targeted in the fishing 

industry and most specimens are obtained as bycatch from long-line or trawling operations 

(Chazeau et al., 2019; Ebert 2015; List & Stevens 2019; Yano et al., 2004). The large 

Somniosus species seemingly exhibit a form of Rapoport’s Rule (Stevens, 1996), in which their 

bathymetric range at polar regions is throughout the water column including the photic zone, 

but as latitude decreases, they are almost exclusively found at mesopelagic and bathypelagic 

depths (Benfield et al., 2008). All Somniosus species have an affinity for deep, cold water, with 

recurring instances of individuals found long outside their typical range (Ebert et al., 2013). 

 

2.3.1 Somniosus microcephalus 

The IUCN reports S. microcephalus as having a range restricted to the northern Atlantic 

and Arctic oceans (Kulka et al., 2020). It is found in the seas surrounding Greenland, Iceland, 

and Svalbard, along the coasts of Norway, the Barents Sea, and further south in the North Sea 

around Ireland (Ebert et al., 2013; MacNeil et al., 2012). However, this species has been 

documented in the Gulf of Mexico on multiple occasions, even being recorded in the southern 

Columbian Caribbean (Acero et al., 2018; Benfield et al., 2008; Benz et al., 2007). Somniosus 

microcephalus has a known bathymetric range of 0 m – 2,992 m (Benz et al., 2007; MacNeil 

et al., 2012; Mecklenburg et al., 2018; Stokesbury et al., 2005).  

 

2.3.2 Somniosus pacificus 

Somniosus pacificus is currently reported to have a distribution in the north Pacific 

(Froese & Pauly, 2017). This range extends east from the coast of Baja California to the Sea of 

Japan (Compagno, 1984; Kang et al., 2015). There is evidence of this species’ range reaching 

into the Arctic, due to a dead 229 cm long individual found washed up on shore at Point Hope, 

Alaska in 1998 (Benz et al., 2004). Walter et al., 2017 reports an S. pacificus individual 

(identified by genetic signature) caught on the Mid-Atlantic Ridge near the Azores archipelago, 

providing evidence of the capability of S. pacificus to inhabit the Atlantic. This species has 
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been observed at the surface to depths of 2,205 m, making its known bathymetric range 0 – 

2,205 m (Yeh & Drazen, 2009).  

 

2.3.3 Somniosus antarcticus 

The current understanding of S. antarcticus as a distinct species places its range in the 

South Atlantic, Indo-Pacific, and Southern Oceans (Last & Stevens, 2009; Ebert et al., 2013). 

Somniosus antarcticus has been reported from latitudes as high as 35°42’S in Namibian waters 

to the Antarctic, the sea mounts of Tasmania, Australia, and possibly Chilean and Patagonian 

waters (Yano et al., 2004). Somniosus antarcticus inhabits continental and insular shelves, with 

a current records indicating a bathymetric range of 245 – 1,836 m (Chazeau et al., 2019; Ebert, 

2015).  

 

2.3.4 Somniosus rostratus  

Somniosus rostratus is known primarily from the Mediterranean Sea and adjoining 

Atlantic Ocean (Ebert et al., 2013). Two individuals caught off the northwest coast of Cuba 

expand its range across the Atlantic (as cited in Acero et al., 2018). Irmak & Özden, 2021 

reports an S. rostratus individual caught at a depth of at least 2,500 m, and Capape et al., 2020 

reports an individual caught in a trawl at 120 m, making the known bathymetric range of this 

species 120 m – 2,500 m. 

 

2.3.5 Somniosus longus  

Somniosus longus specimens have been collected around Japan, with one specimen 

most likely misidentified as S. rostratus collected off the coast of New Zealand (Francis et al., 

1988; Yano et al., 2004). This species has also been reported (but doubtfully) in Chilean waters 

(Bustamante et al., 2014; Parin et al., 1997). The bathymetric range of Somniosus longus is 

only known from a handful of specimens caught on outer continental shelves and slopes at 

depths ranging from 250 – 1,160 m (Ebert et al., 2013; Yano et al., 2004).  

 

Targeted assessments of Somniosus species are challenging. Acquisition of Somniosus 

specimens is opportunistic and usually comes by the way of fishery bycatch (Ebert et al., 2013). 

When caught, identification of individuals is difficult, with high levels of intraspecific 

morphological variability (MacNeil et al., 2012), and interspecific distinguishing 

characteristics often markedly overlapping (Benz et al., 2007). Ranges are ill-defined (see 
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Acero et al., 2018), and haplotype sharing has been documented between species (Hussey et 

al., 2015; Murray et al., 2008). 

Range overlap, hybridization, and the propensity of individuals to be found far outside 

their typical range is problematic in a genus where species identification is difficult. Reliable 

taxonomic data is extremely important to conservation sciences and biology in general. 

Taxonomic misrepresentation can lead to gaps and errors in the understanding of ecological 

relationships (Vecchione et al., 2000). Unchecked, these taxonomic misrepresentations can 

cascade, causing future problems in biodiversity assessments and ecological management 

decisions (Bortolus, 2008). Large-scale fishing operations have the power to upset marine 

ecosystems, so reliable data concerning fishery management practices is essential. Because of 

its uniqueness and its tendency to be caught as collateral damage from deep-water fishing, the 

Greenland shark has acquired iconic status in conservation dialogue and is often seen in the 

media (e.g., Snider, 2022). While lacking the iconic status of the Greenland shark, the other 

Somniosus species operate in similar habitats and may perform similar roles in their respective 

ecosystems (Ebert et al., 2013). Clearing up the taxonomic uncertainty of Somniosus will allow 

for more informed conservation related decisions to be made with all Somniosus species.  

 

2.4 Goals and hypotheses 
 

The goals of this study were to (1) sequence and characterize mitogenomes of all 

Somniosus species, (2) infer phylogeny within Somniosus and evaluate the status of species 

within the genus, and (3) compare the use of circularized mitogenomes to short sequences in 

phylogenetic assessments. It is hypothesized that (1) the mitogenomes of newly sequenced 

Somniosus species will be annotated similarly to the already known S. microcephalus and S. 

pacificus mitogenomes, (2) due to known hybridization and overlapping ranges within the 

genus (e.g., Hussey et al., 2015; Walter et al., 2017), the current status of five distinct species 

will not be supported, and (3) the use of full mitogenomes will have higher taxonomic support 

than the use of multiple genes in phylogenetic analyses.  
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3 Materials and Methods 
 

3.1 Sample collection 
 

All S. microcephalus, S. pacificus, and S. rostratus samples were in the possession of 

Research Group for Genetics (RGG) at the University of Tromsø (UiT) prior to the start of this 

study. No additional samples of these species were used. Somniosus antarcticus and S. longus 

samples were acquired on request from outside sources (Table A1). 

DNA extractions were carried out on 42 Somniosus samples in this study: 21 S. 

microcephalus, 10 S. pacificus, five S. antarcticus, four S. rostratus, and two S. longus (Table 

A2). Somniosus longus samples were used to create two extractions per sample because of their 

limited availability. Due to poor quality extractions, limitations in sequence data, or use in other 

projects, three S. microcephalus, three S. pacificus, three S. antarcticus, two S. rostratus, and 

one S. longus sample were used in the final phylogenetic analysis (Table 2). GS60 was provided 

by Dr. Kim Præbel in the form of a circularized mitogenome. 

 

3.2 DNA extraction and sequencing 
 

Extraction of DNA from all ethanol-fixed soft tissue samples was carried out using a 

DNeasy Blood & Tissue Kit (Qiagen, Germany) according to the manufacturer’s instructions.  

Extraction of the RNAlater-fixed samples was performed using a DNeasy Blood & Tissue kit 

(Qiagen, Germany) according to the manufacturer’s instructions, with an extra AW2 wash to 

ensure all salts were removed prior to elution. Formalin-fixed samples were extracted using 

QIAamp DNA FFPE Tissue Kit (Qiagen, Germany) according to the manufacturer’s 

instructions. To extract DNA from the S. longus vertebrae, a method of ancient DNA extraction 

was performed using the method outlined in Dabney et al., 2013 with modifications. Briefly, 

sandpaper was used to remove the outer surface of the vertebrae before a pre-digestion step 

(see Damgaard et al., 2015). Two 50 mg samples of vertebrae powder were extracted using a 

bastard file and placed into individual tubes.  The samples were then incubated overnight in 

extraction buffer consisting of proteinase K and EDTA (0.5 M, pH 8.0) at 37 ℃. Lysates of 

each sample were bound with 10 mL of PB buffer and centrifuged through a MinElute column 

(Qiagen, Germany). Lastly, the samples were washed twice with 720 µL PE buffer and eluted 

with 20 µL of EB buffer.    
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Following extractions, DNA quantity was assessed on an Invitrogen Qubit 4 

fluorometer using a dsDNA HS Assay Kit (Thermo Fisher Scientific, USA) per the 

manufacturer’s instructions, and quality was assessed using agarose gel electrophoresis (1 %, 

80 V, and 1 hour). Using this data, the best quality extractions were chosen to have libraries 

built for sequencing, with the intent of three samples per species.  

Libraries were built using an NEBNext Ultra II FS DNA Library Prep Kit for Illumima 

(New England Biolabs, USA) per the manufacturer’s instructions. The libraries were then 

assessed on an a 2100 Bioanalyzer System using an Agilent high sensitivity DNA kit with 2100 

Expert software (Agilent, USA) to measure sequence length. The obtained sequences averaged 

460 bp in length (minus the S. longus samples, GS516A = 225 bp, GS516B = 220 bp).  

Next, quantitative PCR (qPCR) of the libraries was followed using an NEBNext Library 

Quant Kit for Illumima (New England Biolabs, USA). The libraries were diluted to 2 nM and 

pooled in equimolar proportions. Due to the short sequence length of Somniosus longus 

libraries, all S. longus libraries were combined in a separate pool to be sequenced as a degraded 

sample.  

Sequencing was performed by Novogene (UK) Company Ltd. on an Illumina NovaSeq 

6000 (New England Biolabs, USA) on two lanes of an S4 chip with 150 paired-end chemsitry. 

 

3.3 Raw data processing 
 

Raw data processing and mitogenome assembly were performed by Dr. Shripathi Bhat. 

The demultiplexed raw sequence data in fstqc format received from Novogene were quality 

checked for base quality and the presence of adapters using FastQC v0.11.9 (Andrews, 2010). 

The FastQC outputs were collated in MultiQC v1.12 (Ewels et al., 2016) to facilitate results 

for all samples in one single output. Cutadapt (Martin, 2011) was used to trim adapters and 

poor-quality reads. Cutadapt trims adapters and bases when the base quality score is 20 or less 

from paired reads and discards reads when ≥ 5 % of the bases are not called (i.e., Ns). The 

trimmed fastq files were then re-analyzed in FastQC to confirm adapter removal and quality 

trimming. 
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Table 2 

Overview of samples sequenced for this project 

 

Note. GS516 had two libraries made due to short lengths of DNA extracts: one fragmented (A) 

and one unfragmented (B). GS219 and GS516B were not used due to poor quality Novogene 

output. Accurate location data was not available for all samples. 

 

 

3.4 Mitogenome assembly and preparation of assembled mitochondrial sequences 
 

Genomes were assembled using NOVOPlasty v4.3.1 (Dierckxsens et al., 2017). 

NOVOPlasty is a seed extend based assembler used to assemble short reads into circular 

organelle genomes. The assembly by NOVOPlasty is initiated by a seed which is iteratively 

extended from both ends. A seed is a sequence of a mitochondrial gene or whole mitogenome 

from a same species or closely related species. NOVOPlasty will look for similarities between 

the short reads and seed to retrieve one sequence read of the targeted genome. That read is then 

used to find overlapping reads, further extending the read into a circular genome or the largest 

ID Species Location Tissue type Fixation 
method 

Use in study 

GS60 S. microcephalus Clavering Island, 
Greenland 

Muscle/cartilage Ethanol Yes 

GS80 S. microcephalus Nuuk, Greenland Muscle Ethanol Yes 

GS159 S. microcephalus Andørya, Norway Muscle Ethanol Yes 

GS216 S. rostratus Mediterranean Sea, 
Italy 

Muscle Ethanol Yes 

GS218 S. rostratus Mediterranean Sea, 
Italy 

Muscle Ethanol Yes 

GS219 S. rostratus Mediterranean Sea, 
Italy 

Muscle Ethanol No 

GS500 S. pacificus Pacific Skin/muscle/cartilage RNAlater Yes 

GS502 S. pacificus Pacific Skin/muscle/cartilage RNAlater Yes 

GS505 S. pacificus Pacific Skin/muscle/cartilage RNAlater Yes 

GS510 S. antarcticus Chatham Islands Skin/muscle Ethanol Yes 

GS513 S. antarcticus Crozet Islands Skin/muscle Ethanol Yes 

GS514 S. antarcticus Crozet Islands Skin/muscle Ethanol Yes 

GS516A S. longus No data Vertebrae  Dry Yes 

GS516B S. longus No data Vertebrae Dry No 
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contigs. The seed was prepared from five sequences available on the National Center for 

Biotechnology Information (NCBI) GenBank (Sayers et al., 2021) (Table A3). NOVOPlasty 

was then run with the prepared seed and produced one of two results: circularized mitogenomes 

or mitochondrial contigs.  

To maintain standard start and stop regions for alignment purposes, a Somniosus 

microcephalus mitogenome, NC_049864.1, was downloaded from NCBI GenBank and used 

as a reference mitogenome. The complete and nearly complete mitogenomes were adjusted for 

read orientation and aligned using the MUSCLE algorithm (Kumar et al., 2018) implemented 

in MEGA11 to the reference mitogenome using default parameters. Long stretches of repeats, 

which were most likely artifacts of the assembly process, were found in GS216, GS218, and 

GS516. These repeats could not be verified, so they were removed in order to create 

comparable alignments. The assembled sequences were annotated using MitoAnnotator 

(Iwasaki et al., 2013).  

After alignment, the reference mitogenome was removed, the complete mitogenome of 

Squaliolus aliae, KU873080.1, was added as the outgroup, and sequences were re-aligned. To 

provide a comparison to using the complete to nearly-complete mitogenomes, COX-1, Cyt b, 

and CR regions were extracted from all individuals’ mitogenomes and aligned individually for 

further analyses. COX-1 and Cyt b were chosen due to their previous use in shark phylogenetics 

(Vélez-Zuazo & Agnarsson, 2011; Straube et al., 2015; Murray et al., 2008). CR was chosen 

because it has a high mutation rate and is highly variable compared to other regions of the 

mitogenome (Zhou et al., 2014). A concatenated alignment with of the COX-1, Cyt b, and CR 

sequences was prepared in MEGA for use in haplotype analysis and measuring evolutionary 

divergence. For consistency, the analyses involving alignments of the complete to nearly-

complete mitogenomes will be referred to as “mitogenome” analyses, and those involving 

COX-1, Cyt b, and CR sequences will be referred to as “short-sequence” analyses henceforth. 

Short-sequence and mitogenome alignments of the subgenera were also created in MEGA11 

for site annotation.  

 

3.5 Estimates of Evolutionary Divergence between Sequences 
 

The proportion (p) of nucleotide sites at which two sequences being compared are 

different (p-distances) were calculated using MEGA (Tamura et al., 2021) between all samples. 

The rate variation among sites was modeled with a gamma distribution (shape parameter = 4). 

Codon positions included were 1st+2nd+3rd+Noncoding. All ambiguous positions were 
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removed for each sequence pair (pairwise deletion option). Values were averaged for 

interspecific and intraspecific comparisons in Microsoft Excel (Guerrero, 2018) using the 

AVERAGE and STDEVP functions.   

The annotated sequence files were uploaded to MEGA (Tamura et al., 2021) and 

polymorphisms were visually verified. For use in comparison between the whole genus and 

subgenera, conserved, variable, and parsimony-informative sites were annotated in MEGA for 

both short-sequence and complete to nearly-complete mitogenome alignments. 

 

3.6 Phylogenetic analyses 
 

3.6.1 Bayesian Inference tree modeling 
 

To model phylogenetic relationships, Bayesian Inference (BI) analyses were used in 

this study. Four data sets were created for tree modeling: one alignment of the complete to 

nearly-complete mitogenomes, one alignment of COX-1, one alignment of Cyt b, and one 

alignment of CR. The best partition scheme and nucleotide substitution model for each 

alignment was determined using jModelTest2.1.10 (Darriba et al., 2012). Akaike Information 

Criteria (AIC), Bayesian Inference Criteria (BIC), and Decision Tree (DT) scores were 

calculated, using the model with highest support from these criteria (Table A13).  

Two different BI analyses were run on BEAST v2.6.7 (Bouckaert et al., 2014) for 

comparison: mitogenome analysis using the complete and nearly-complete mitogenomes and 

short-sequence analysis using COX-1, Cyt b, and CR. (BEAST is a program used for Bayesian 

phylogenetic analyses of molecular sequences. BEAST has a selection of multiple site and clock 

models and uses Markov chain Monte Carlo to average over tree space (Bouckaert et al., 

2014).) For BEAST workflow, see the appendix (Figure A3). BI analyses were conducted under 

the following conditions: nucleotide substitution models determined by jModelTest, relaxed 

uncorrelated lognormal clocks (Drummond et al., 2006) with initial rates of 7.0 X 10-6 

substitutions/site/year (Dudgeon et al., 2012) to allow for independent evolutionary rates 

among lineages, random starting trees, and birth – death speciation models with lineage 

splitting and fossil date calibration. Birth – death was chosen as the speciation model because 

fossil dates were included and incomplete sampling of the genus is possible, as it assumes 

extinction may occur at any time as well as speciation. The Markov chain Monte Carlo was 

run for 100 million generations with a 20 % pre-burn-in, producing 100,001 trees. Tracer v1.7.2 

(Rambaut et al., 2018) was used to verify the data, and all parameters had effective sample size 
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(ESS) values over 200. (ESS values over 200 indicate high-quality posterior distribution.) 

Maximum clade credibility trees were generated and annotated in TreeAnnotator v2.6.7 with a 

10 % burn-in. FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/FigTree/) was used to create 

visual models of the phylogenetic trees.  

 

3.6.2 Age Calibration 
 

The age of the Dalatiidae – Etmopteridae & Somniosidae split, ≈ 131.91 million years 

ago (Ma) (Flammensbeck et al., 2018), was used to calibrate the node age between the ingroup 

and outgroup. Two fossils were also taken into consideration when calibrating age within the 

ingroup Somniosus: *Rhinoscymnus viridiadamas and Somniosus gonzalezi. Both fossils are 

members of Somniosus and date to the Oligocene Epoch (Welton & Goedert, 2016). 

Rhinoscymnus viridiadamas has an estimated age of 28 Ma and clearly shows to be a member 

of the S. Rhinoscymnus subgenus, while S. gonzalezi has an age of estimated age of 30 Ma and 

clearly shows to be a member of the S. Somniosus subgenus (Welton & Goedert, 2016). From 

this information, an exponentially distributed prior of 30 Ma was chosen for the ingroup, with 

a soft upper bound of 33.9 Ma, the beginning of the Oligocene (Cohen et al., 2013).  

The formation of the Isthmus of Panama is commonly used as a calibration date for 

divergence between Atlantic and Pacific taxa (e.g., Barber & Bellwood, 2005). In this case it 

could have been used to calibrate the time of divergence between S. microcephalus and S. 

pacificus/S. antarcticus. This option, however, was not chosen due to hybridization events that 

currently occur (Murray et al., 2008; Hussey et al., 2015), Somniosus individuals found far 

outside their supposed ranges (Walter et al., 2017; Benz et al., 2007; Benfield et al., 2008; 

Acero et al., 2018), and that the opening of the Bering Strait could have provided a route for 

gene flow after the formation of the Isthmus of Panama (Sher, 1999). Age calibration 

parameters can be viewed in Table A14. 

 

Note. The authors describe the subgenera S. Somniosus and S. Rhinoscymnus as distinct genera: 

Somniosus and Rhinoscymnus. 

 

 

 

 



18 
 

3.7 Haplotype analysis 
 

Two haplotype networks (mitogenome and concatenated short-sequence) were 

constructed with PopART v1.7 (Leigh et al., 2015), using minimum spanning networks and 

default settings with the outgroup removed. 
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4 Results 
 

4.1 Illumina output 
 

Illumina sequencing resulted in at least 100 million reads for all samples aside from 

GS216 (4,977,436 reads). Average organelle coverage ranged from 5,980 (GS216) to 25,256 

(GS505) (Table 3). 

 

Table 3  

High-throughput shotgun sequencing genome coverage from NOVOPlasty4.3.1 
Sample 
ID 

Species Total 
number of 

reads 

Total reads aligned as 
mitochondrial genome (%) 

Average organelle 
coverage 

GS80 S. microcephalus 126,484,506 2.51% 28,707 
GS159 S. microcephalus 192,047,318 0.34% 5,960 
GS216 S. rostratus 4,977,436 13.34% 5,980 
GS218 S. rostratus 521,541,560 0.44% 19,419 
GS500 S. pacificus 115,084,304 1.96% 20,402 
GS502 S. pacificus 118,637,112 1.98% 21,192 
GS505 S. pacificus 566,683,078 0.49% 25,256 
GS510 S. antarcticus 154,761,530 1.29% 18,017 
GS513 S. antarcticus 522,419,522 0.38% 18,031 
GS514 S. antarcticus 224,208,864 0.98% 19,883 
GS516 S. longus 207,420,224 0.83% 15,067 

 

Note. This table contains only samples used in the final analysis. GS60 was provided as a 

circularized mitogenome, and thus not included in the sequencing of this study. 

 

4.2 Characterization of Somniosus mitogenomes 
 

Shotgun sequencing yielded circularized mitogenomes eight for of the eleven samples 

and equally comparable contigs for the remaining two (Table 4). This thesis reports the first 

ever circular mitogenomes of S. antarcticus and draft mitogenomes of S. rostratus and S. 

longus. The genomes consisted of 16,730, 16,725 – 16,728, and 16,725 bps for S. antarcticus, 

S. rostratus, and S. longus respectively. All annotated mitogenomes can be viewed in the 

appendix (Tables A4 – A12). 

All obtained mitogenomes consisted of the characteristic vertebrate 13 protein-coding 

(PC) genes, two rRNA genes, 22 tRNA genes, and a control region between tRNAPro and 

tRNAPhe, in the typical configuration. One protein-coding gene (ND6) and eight of the 22 



20 
 

tRNAs were coded on the light (L) strand. The two rRNA genes, the remaining 12 protein 

coding genes, and remaining 14 tRNAs were coded on the heavy (H) strand. GC content of all 

mitogenomes was ≈ 39 % (Table 4).  

 

4.2.1 Sequence feature of protein coding genes 
 

Two start codons (ATG and GTG) were detected in PC genes and were of identical use 

throughout the genus. ATG was the most common, accounting for 12 out of the 13 PC genes. 

GTG only appeared as the start codon in COX-1. Two stop codons (TAG and TAA) and two 

incomplete stop codons (TA- and T--) were detected in PC genes, with variation in usage 

between sequences. TAA was the most common stop codon, used in ≥ seven of the twelve PC 

genes within all sequences. TAG was used as the stop codon of ND1 in S. microcephalus, S. 

rostratus, and S. longus, while TAA was used in S. pacificus and S. antarcticus. TAA was used 

as the stop codon in ND3 in all individuals except GS500 and GS510, where TAG was used. 

Incomplete stop codon TA- was used in ND2 and ATP6 of all species, and incomplete stop 

codon T-- was used in COX-2 and ND4 of all species. Two deviations from typical Somniosus 

 

 

Table 4 

Summarized genome composition of annotated sequences.  

 

 

Note. Protein-coding genes are abbreviated as PC. *The circularized mitogenome of GS60 

was provided by Dr. Kim Præbel. 

Sample 
ID 

Species Mitogenome 
length (bp) 

Gene composition 
(PC, rRNA, tRNA) 

GC 
content 

(%) 

Circularized? 
(Y/N) 

GS60* S. microcephalus 16730 13, 2, 22 39.25 Y 
GS80 S. microcephalus 16730 13, 2, 22 39.34 Y 
GS159 S. microcephalus 16730 13, 2, 22 39.32 Y 
GS500 S. pacificus 16731 13, 2, 22 39.34 Y 
GS502 S. pacificus 16728 13, 2, 22 39.32 Y 
GS505 S. pacificus 16730 13, 2, 22 39.32 Y 
GS510 S. antarcticus 16730 13, 2, 22 39.32 Y 
GS513 S. antarcticus 16730 13, 2, 22 39.24 Y 
GS514 S. antarcticus 16730 13, 2, 22 39.26 Y 
GS216 S. rostratus 16727 13, 2, 22 39.19 N 
GS218 S. rostratus 16725 13, 2, 22 39.21 N 
GS516 S. longus 16725 13, 2, 22 39.21 N 
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sequence length were detected in S. pacificus samples; GS500 had a single insertion in ND6 

(523 bp vs. 522 bp), and GS502 had two deletions in ND5 (1,831 bp vs 1,833 bp). 

 

4.2.2 Sequence feature of tRNAs, rRNAs, and non-coding regions 
 

All tRNAs were equal in length (67 – 75 bp) for all samples in this study. Single 

nucleotide deletions were detected in both rRNAs of the S. Rhinoscymnus subgenus. 12s rRNA 

was 951 bp in length in the S. Somniosus subgenus, but 950 bp in length in the S. Rhinoscymnus 

subgenus, and 16s rRNA was 1,675 bp in length in S. Somniosus, but 1,674 bp in length in S. 

Rhinoscymnus. With the exception of GS500 and GS502, variation in mitogenome length not 

accounted for by rRNA sequence length was due to variation in CR length.  

 

4.2.3 Intergenetic space 
 
 Spacer DNA and overlapping genes were detected in 16 identical locations in all 

genomes. Thirteen regions of spacer DNA were identified (e.g., a gap of three nucleotides 

between ND3 and tRNAArg), and overlapping genes were detected between ATP8 and ATP6 

(10 nucleotides), between ND4L and ND4 (seven nucleotides), and between ND5 and ND6 

(four nucleotides).   

 

4.3 Short-sequence coverage 
 

The mitogenome alignment with all individuals was 16,733 bp long, whereas the short-

sequence alignment consisted of 2,703 bp (16.15 %). The short-sequence alignment covered 

15.94 % of conserved sites, 20.90 % of variable sites, and 20.33 % of parsimony-informative 

sites within the mitogenome alignment. Similar coverage was seen between the subgenera S. 

Somniosus and S. Rhinoscymnus. Site variation between alignments and analyses can be 

viewed in the appendix (Table A15). 

 

4.4 Estimates of genetic divergence using p-distances 
 

The average p-distance was low throughout the genus in the mitogenome analysis, with 

the largest values between S. Somniosus and S. Rhinoscymus species. The smallest p-distance 

was 0.000958 between S. rostratus and S. longus, while the largest was between S. longus and 
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S. pacificus, at 0.035563. Within S. Somniosus, all interspecific p-distances were under 0.01. 

The same patterns were observed in the short-sequence analysis with > 60 % higher values. 

Intraspecific p-distances were under 0.005 for all species in both analyses. Notedly, the 

intraspecific p-distance in S. pacificus (0.003189, mitogenome; 0.004686, short-sequence) was 

higher than the interspecific p-distance between S. pacificus and S. antarcticus (0.002544, 

mitogenome; 0.003330, short-sequence). All p-distances can be viewed in the appendix (Tables 

A16 – A20). 

 

4.5 Phylogenetic relationships  
 

Tree topologies obtained by Bayesian Inference with both the mitogenome and short-

sequence analyses revealed monophyletic subgenera Somniosus and S. Rhinoscymnus with 

distinct division between the two (Figures 1 & 2). Three distinct clades within Somniosus were 

revealed in both analyses: one comprised solely of S. microcephalus, one comprised of both S. 

pacificus and S. antarcticus, and one comprised of S. rostratus and S. longus. Within the S. 

pacificus/S. antarcticus clade there was no apparent delineation in grouping between the two 

species. Similarly, the S. rostratus/S.longus clade showed very little divergence between the 

two species. Posterior probability scores on the mitogenome tree were high, with all internal 

nodes between branches having a value of one, but slightly lower on the short-sequence tree 

on nodes between terminals (Figures 1 & 2). The mitogenome analysis suggested a S. 

microcephalus – S. pacificus & S. antarcticus split date of 7.8 Ma (Figure 1), while the short-

sequence analysis suggested the same split of having occurred at 10.153 Ma (Figure 2). 

Additionally, the groupings of terminals within the S. pacificus/S. antarcticus and S. 

Rhinoscymnus clades varied slightly between the two analyses (Figures 1 & 2).  
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Note. Node labels represent millions of years before present and posterior probabilities (PP). Red boxes are shown around clades with differing 

terminal arrangement from the short-sequence tree. 
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Figure 1 

Bayesian Inference tree from the mitogenome analysis  
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Figure 2 

Bayesian Inference tree from the short-sequence analysis 
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Note. Node labels represent millions of years before present and posterior probabilities (PP). Red boxes are shown around clades with differing 

terminal arrangement from the mitogenome tree. 
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4.6 Haplotype analyses 
 

Haplotype analyses revealed four clusters: one S. microcephalus cluster, two S. 

pacificus/S. antarcticus clusters, and one S. rostratus/S. longus cluster (Figures 3 & 4) in both 

the mitogenome and short-sequence analyses. The resolution of the short-sequence analysis 

was less defined than the mitogenome analysis and produced a network with much less 

distinction between the clusters than the mitogenome analysis.  

 
 
Figure 3 

Haplotype network of the mitogenome analysis  

 

Note. Numbers on branches represent the number of mutational changes between sequences. 

Clusters are shown in red boxes. 
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Figure 4 

Haplotype network of the short-sequence analysis  

 

 
 

Note. Numbers on branches represent the number of mutational changes between sequences. 

Clusters are shown in red boxes. A single point is shown for S. rostratus due to near-identical 

sequences within the three genetic regions. 
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5 Discussion 
 

5.1 Genome annotation 
 
 The first circularized mitogenomes of S. antarcticus and draft S. rostratus and S. longus 

mitogenomes were presented in this study. All circularized mitogenomes fell within two bp in 

length of the reference S. microcephalus mitogenome (16,730 bp). The low GC content and 

incomplete stops codons found in all sequences are not uncommon in sharks (e.g., Doane et 

al., 2018; Yang et al., 2016; Chen et al., 2014), and were similar to what has been previously 

reported in S. microcephalus (Santaquiteria et al., 2017). The incomplete TA- and T-- stop 

codons were presumedly modified to TAA by post-transcriptional polyadenylation (Anderson 

et al., 1981). 

 

5.2 Phylogenetic Analyses 
 
 The phylogenetic analyses conducted in this study were the first performed on all 

current Somniosus species. The positions of species within subgenera were consistent with 

Yano et al., 2004 placing S. microcephalus, S. pacificus, and S. antarcticus in Somniosus 

Somniosus and S. rostratus and S. longus in Somniosus Rhinoscymnus. Both mitogenome and 

short-sequence analyses produced tree topologies including a clade of S. pacificus and S. 

antarcticus, without any delimitation between the two species, asserting the findings of Murray 

et al., 2008 that showed haplotype sharing between the two, and suggesting a panmictic 

population. Somniosus rostratus and S. longus also formed a clade with very little divergence, 

suggesting the two species to be of a singular population. 

The formation of the Isthmus of Panama is commonly used to date divergences between 

Atlantic and Pacific taxa (e.g., Barber & Bellwood, 2005), despite near constant debate over 

its true date of formation (see Coates et al., 2013). This study reports the split between S. 

microcephalus and S. pacificus/S. antarcticus (7.8 Ma, mitogenome analysis; 10.2 Ma, short-

sequence analysis) millions of years prior to recent estimations of the formation of the Isthmus 

of Pamana (2.8 Ma, O’Dea et al., 2016), suggesting either an unrelated divergence or an 

inaccurate consensus of when the isthmus formed.  
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5.3 Mitogenome vs. short-sequence phylogenies 
 

The short-sequence tree showed both lower posterior probabilities and deeper 

divergence than the mitogenome tree, correlating with increased p-distances in the short-

sequence analysis (> 60 % increase from the mitogenome analysis, Table A20). The increased 

signal from the short-sequence analyses may be misleading and accounted for as noise. 

Building on Duchêne et al., 2011, in that adding more sequence data can improve dating and 

tree topology, the mitogenome tree topology likely most accurately reflects the true phylogeny 

of Somniosus. In addition, short genetic regions may vary in their usefulness for determining 

phylogeny depending on lineage and may possess phylogenetic signal that is not representative 

of other regions (Havird & Santos, 2014). Caution should be taken when basing hypotheses 

regarding the evolution of lineages solely on phylogenies derived from short sequences. Basing 

a phylogeny on a single gene or short sequence simply ignores the remainder of the genome 

and portrays relationships between genetic regions, not genomes.  

 

5.4 Delimitation of  Somniosus species and conservation 
 

In 1963 Ernst Mayr described species as “groups of actually or potentially interbreeding 

natural populations which are reproductively isolated from other such groups”, and the 

Biological Species Concept (BSC) was born (Mayr, 2013). Using the BSC within Somniosus, 

the picture is not entirely clear. Mate recognition is key to this concept, and it is known from 

previous studies that S. Somniosus species recognize each other and reproduce (Hussey et al., 

2015; Murray et al., 2008).  

Under the Phylogenetic Species Concept (PSC) (Eldredge & Cracraft, 1980; Cracraft, 

1983), a species is defined as “the smallest diagnosable cluster of individual organisms within 

which there is a parental pattern of ancestry and descent’’, or as Nelson & Platnick, 1981 

phrased it, “simply the smallest detected samples of self-perpetuating organisms that have 

unique sets of characters.” Applying the PSC in molecular phylogenetics, fixed sets of alleles 

are often used to distinguish between species (Nixon & Wheeler, 1990), and in theory, if 

discriminatory molecular markers are present, the subdivision of a species is plausible (Qin et 

al., 2017).  

By applying the PSC to this study, the easiest distinction to be made in this study was 

between the two subgenera. Deletions were seen in the rRNA genes of S. Rhinoscymnus 

(Tables A4 – A12) and > 0.035 p-distances between the subgenera (Tables A18 – A19). 
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Another distinction to be made was between S. microcephalus and S. pacificus/S. antarcticus; 

different stop codons were used on ND1, and S. microcephalus showed a ≈ 0.009 p-distance 

from S. pacificus and S. antarcticus. Although relatively low, this was the highest p-distance 

between members of the same subgenera in this study.  

Hebert et al., 2004 proposed a standard interspecific threshold of 10 times the 

intraspecific variation to delimit a species for use in DNA barcoding. Threshold values used to 

delimit the species, however, are arbitrary and vary between taxa (e.g., Qin, 2017).  This present 

study showed how results based off short sequences can be misleading, and while the method 

in Hebert et al., 2004 only applied to the COX-1 gene, applying it to the mitogenomes in this 

study would result in only the delimitation between the subgenera. The p-distance 

measurements here showed no distinction between S. pacificus and S. antarcticus or S. rotratus 

and S. longus. Somniosus pacificus sequences even had higher intraspecific p-distances (both 

mitogenome and short-sequence analyses) than interspecific p-distances compared to S. 

antarcticus sequences (Tables A18 & A19). Furthermore, the p-distance of S. rostratus from 

S. longus was extremely low at 0.000958, and only 19 variable sites were found between the 

three alignments. This study brings to serious question the validity of S. antarcticus and S. 

longus as distinct from S. pacificus and S. rostratus. 

Although useful, the PSC can be widely interpreted, and potentially lead to taxonomic 

inflation (Isaac et al., 2004). An example of this can be seen a subspecies of mountain zebra, 

Equus zebra: the Cape mountain zebra, Equus zebra zebra. Habitat fragmentation over the 

course of 300 years eliminated gene flow between three populations, which resulted in fixed 

alleles to be present in all three populations (Moodley & Harley, 2005). If applied in a narrow 

sense, the PSC would provide justification to assign species status to these fragmented 

populations. Another case in point is of the famous critically endangered northern white rhino. 

Northern and southern white rhinos are currently classified as subspecies of Ceratotherium 

simum, however, there was argument in the past to classify them separate as individual species 

(Groves et al., 2010), creating headaches for conservationists advocating for the introduction 

of southern white rhinos into the north to bolster the northern population. Harley et al., 2016 

showed a 0.009 p-distance between the two subspecies using complete mitogenomes and 

concluded that the previous designations as subspecies should be kept. It is of note that the p-

distance between the two subspecies of white rhino is equivalent to the p-distance between S. 

microcephalus and S. pacificus, greater than the p-distance between S. microcephalus and S. 

antarcticus (Table A18), and much higher than that between S. rostratus and S longus. 

Applying the standards of Harley et al., 2016 indicates that the Somniosus subgenera may be 
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comprised of subspecies or populations, as opposed to the current taxonomic rankings within 

the genus. 

Subspecies have been used taxonomically to describe genetically distinct, 

geographically separated populations within the same species that freely interbreed where 

ranges overlap (Wilson & Brown, 1953). Being genetically distinct is the defining 

characteristic that has been used to differentiate subspecies from populations. Being genetically 

distinct also places subspecies at a higher level of importance in conservation than populations 

with biodiversity considered. The use of molecular data in the systematics of Somniosus brings 

long-standing uncertainties to light. The mitogenome analyses provided by this study suggests 

that S. antarcticus and S. longus may reflect neither subspecies nor species, but populations. 

Describing and recognizing distinct species from a few morphological characters may be useful 

in taxonomy, but it hides the evolutionary history of the group and can have downstream effects 

on conservation and management. 
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6 Conclusions 
 

The identification of species, subspecies, and populations is crucial to fisheries 

management and conservation. It is estimated that a quarter of the world’s sharks are threatened 

with extinction (Dulvy et al., 2014). Sleeper sharks are poorly understood and certainly affected 

by anthropogenic pressures. No Somniosus species are currently targeted by the fishing 

industry, but their primary direct threat is incidental bycatch (Ebert 2015; Chazeau et al., 2019; 

List & Stevens 2019; Yano et al., 2004). Aside from the Northwest Atlantic Fisheries 

Organization’s prohibition on directed fishing for S. microcephalus (NAFO, 2018), there are 

no international bodies that govern sleeper shark harvesting (Finucci et al., 2020; Finucci, 2018; 

Finucci et al., 2018; Rigby et al., 2021). Additionally, climate change is likely to influence the 

distribution and carrying capacity of the polar Somniosus species due to its effect on sea ice 

quantity, dynamics, and distribution (Edwards et al., 2019), as well as the potential to open up 

new fishing grounds due to decreased seasonal ice cover (Serreze & Meier, 2019). Clearing up 

the taxonomic uncertainty of Somniosus and recognizing the genetic diversity within the genus 

will allow more informed conservation and management related decisions to be made. 

This study has attempted to clarify the delimitations of species within Somniosus and 

expound upon uncertainties within the genus. Complete or nearly complete mitogenomes of S. 

antarcticus, S. rostratus, and S. longus are now available for the first time. All newly sequenced 

species’ mitogenomes were > 96 % similar to the S. microcephalus and S. pacificus 

mitogenomes, supporting the first hypothesis of this thesis. 

There is clear evidence of a division between the subgenera S. Somniosus and S. 

Rhinoscymnus. There is also clear evidence of the splitting of S. microcephalus from S. 

pacificus and S. antarcticus that can support the current status of S. microcephalus as a distinct 

species, albeit having a low p-distance (0.09) from sister species. This study, however, found 

no evidence of genetic divergence between S. antarcticus and S. pacificus, nor was any 

evidence found to support the genetic discrimination S. longus and S. rostratus, which supports 

the second hypothesis of this thesis. 

The discrepancies between full mitogenome and short-sequence analyses supported the 

third hypothesis of this thesis. Highlighted in this study are the possible shortcomings and 

misrepresentations of using short, highly variable sequences of DNA in phylogenetic analyses. 

The short-sequence analyses present in this study showed higher divergences between taxa, 

while accounting for a small fraction of mitogenome sequence lengths. Variable sites and p-

distances were over-represented in all short-sequence analyses.  



32 
 

Although mitogenome analyses cannot per se be used to delimit species, the findings 

presented do not support the current status of five distinct species within Somniosus. 

Concurrence between mitochondrial, nuclear, and morphological assessments should be seen 

before reaching any conclusions about phylogenetic relationships. Further research involving 

nuclear DNA will be needed to investigate the complex relationships within the Somniosus 

genus. Complete mitogenomic analyses of sleeper sharks, as opposed to short-sequence 

analyses, may provide beneficial information for decoding nuanced genetic differences and 

allow for more robust, data driven efforts to conserve these elusive circumglobally distributed 

predators. 
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7 Future Perspectives 
 
 While NGS sequencing methods are accurate and cost effective, the only way to 

confirm results is by verifying with Sanger sequencing selected regions within the assembled 

mitogenomes. To confirm the phylogenetic relationships viewed in this study, sequence data 

should first be verified. While this study also used only Bayesian inference as a tool for 

estimating the phylogenetic relationships within Somniosus, other methods are available. 

Another method such as Maximum Likelihood could be used as a comparison to verify the BI 

generated results. This study was based solely on mtDNA sequences. To reinforce a 

mitochondria-based phylogeny, highly conserved nuclear DNA region (e.g., recombination-

activating gene 1) could be added, with the added benefit of being able to identify hybrids 

among species. Similarly, added strength to the phylogenetic inference could be obtained by 

mapping the short-reads of the nuclear DNA regions to a Somniosus reference genome, which 

would allow calling single nucleotide polymorphic (SNP) markers for use in the analysis. The 

mitochondrial sequences obtained in this study present an important resource for future use in 

the conservation genetics of sleeper shark species. 
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Figure A1 

Overview of materials and methods 

 

Note. 

1. Sample GS510 was acquired from Dr. Samuel 

Iglésias (MNHN). Samples GS511, GS512, GS513, 

and GS514 were acquired from Ms. Charlotte 

Chazeau, (MNHN). Samples GS515 and GS516 

were acquired from Andrew Williston (MCZ 

Harvard). 

3. Sequencing was performed by Novogene (UK) 

4. Raw data processing was performed by Dr. 

Shripathi Bhat (UiT RGG) 

2., 5-9. All other procedures were performed with 

support from RGG staff. 
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 Table A1 

Overview of specimens acquired outside of UiT 

ID Institutional ID Species Acquired from 

GS510 BPS 0799 S. antarcticus Dr. Samuel Iglésias, Museum National 
D'historie Naturelle, France 

GS511 ALC-634-0015 S. antarcticus Ms. Charlotte Chazeau, Museum National 
D'historie Naturelle, France 

GS512 ALC-634-0002 S. antarcticus Ms. Charlotte Chazeau, Museum National 
D'historie Naturelle, France 

GS513 ALC-675-0011 S. antarcticus Ms. Charlotte Chazeau, Museum National 
D'historie Naturelle, France 

GS514 ALC-639-0001 S. antarcticus Ms. Charlotte Chazeau, Museum National 
D'historie Naturelle, France 

GS515 MCZ:Ich:39650 S. longus Andrew Williston, Museum of Comparative 
Zoology Harvard, USA 

GS516 MCZ:153660 S. longus Andrew Williston, Museum of Comparative 
Zoology Harvard, USA 
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Table A2 

Overview of all specimens used in this study 

ID Species Sequenced (+/-) Used in study (+/-) 
GS60 S. microcephalus - + 
GS64 S. microcephalus + - 
GS67 S. microcephalus + - 
GS80 S. microcephalus + + 
GS115 S. microcephalus + - 
GS121 S. microcephalus + - 
GS122 S. microcephalus + - 
GS159 S. microcephalus + + 
GS201 S. microcephalus - - 
GS202 S. microcephalus - - 
GS203 S. microcephalus - - 
GS204 S. microcephalus - - 
GS205 S. microcephalus - - 
GS206 S. microcephalus - - 
GS207 S. microcephalus - - 
GS216 S. rostratus + + 
GS217 S. rostratus - - 
GS218 S. rostratus + + 
GS219 S. rostratus + - 
GS282 S. microcephalus - - 
GS283 S. microcephalus - - 
GS284 S. microcephalus - - 
GS285 S. microcephalus - - 
GS286 S. microcephalus - - 
GS288 S. microcephalus - - 
GS303 S. microcephalus - - 
GS500 S. pacificus + + 
GS501 S. pacificus - - 
GS502 S. pacificus + + 
GS503 S. pacificus - - 
GS504 S. pacificus - - 
GS505 S. pacificus + + 
GS506 S. pacificus - - 
GS507 S. pacificus - - 
GS508 S. pacificus - - 
GS509 S. pacificus - - 
GS510 S. antarcticus + + 
GS511 S. antarcticus - - 
GS512 S. antarcticus - - 
GS513 S. antarcticus + + 
GS514 S. antarcticus + + 
GS515 S. longus - - 
GS516 S. longus + + 

 
 

 



47 
 

Figure A2 

Laboratory Workflow 

 

 

 

  

 

 

 

 

 

Table A3 

NCBI GenBank Sequences used 

GenBank 
accession 
number 

Species Gene Region Use Reference 

EF090963.1 Somniosus 
antarcticus 

Cyt b 1 – 703  NOVOPlasty 
Seed 

Murray et al., 
2008 

KP059873.1 Somniosus 
microcephalus 

Cyt b 1 – 702  NOVOPlasty 
Seed 

Hussey et al., 
2015 

HQ260437.1 Somniosus 
pacificus 

Cyt b 1 – 745  NOVOPlasty 
Seed 

Ford et al., 2011 

KY296981.1 Squalus 
acanthias 

Cyt b 1 – 796  NOVOPlasty 
Seed 

Ono et al., 2019 

KY909801.1 Somniosus 
rostratus 

ND2 1 – 990  NOVOPlasty 
Seed 

Vella et al., 2017 

NC_049864.1 Somniosus 
microcephalus 

Full 
mitogenome 

1 – 
16,730 

Reference 
mitogenome 

Margaryan, 2020 

KU873080.1 Squaliolus aliae Full 
mitogenome 

1 – 
16,717 

Outgroup Chen et al., 2016 

 

 

 

 

 

 

DNA extraction DNA quantification 
& electrophoresis 

qPCR Pooling 

Library prep 

Sequencing 
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Table A4 

Annotation of GS60, GS80, and GS159, Somniosus microcephalus mitogenomes 

GS60, GS80, GS159 Somniosus microcephalus 
Gene Strands Gene Intergenetic space 

Start (bp) Stop 
(bp) 

Size (bp) Start codon Stop codon 

tRNAPhe H 1 69 69 
   

12S rRNA H 70 1,020 951 
   

tRNAVal H 1,021 1,092 72 
   

16S H 1,093 2,767 1,675 
   

tRNALeu (UAA) H 2,768 2,842 75 
   

ND1 H 2,843 3,817 975 ATG TAG 2 
tRNAIle H 3,820 3,889 70 

  
1 

tRNAGln L 3,891 3,962 72 
   

tRNAMet H 3,963 4,031 69 
   

ND2 H 4,032 5,077 1,046 ATG TA- 
 

tRNATrp H 5,078 5,146 69 
  

1 
tRNAAla L 5,148 5,216 69 

   

tRNAAsn L 5,217 5,290 74 
   

OL - 5,291 5,327 37 
   

tRNACys L 5,328 5,394 67 
  

1 
tRNATyr L 5,396 5,465 70 

  
1 

COX-1 H 5,467 7,023 1,557 GTG TAA 
 

tRNASer (UGA) L 7,024 7,094 71 
  

3 
tRNAAsp H 7,098 7,167 70 

  
4 

COX-2 H 7,172 7,862 691 ATG T-- 
 

tRNALys H 7,863 7,936 74 
  

1 
ATP8 H 7,938 8,105 168 ATG TAA -10 
ATP6 H 8,096 8,778 683 ATG TA- 

 

COX-3 H 8,779 9,564 786 ATG TAA 2 
tRNAGly H 9,567 9,636 70 

   

ND3 H 9,637 9,987 351 ATG TAA 3 
tRNAArg H 9,991 10,060 70 

   

ND4L H 10,061 10,357 297 ATG TAA -7 
ND4 H 10,351 11,731 1,381 ATG T-- 

 

tRNAHis H 11,732 11,800 69 
   

tRNASer (GCU) H 11,801 11,867 67 
   

tRNALeu (UAG) H 11,868 11,939 72 
   

ND5 H 11,940 13,772 1,833 ATG TAA -4 
ND6 L 13,769 14,290 522 ATG TAG 

 

tRNAGlu L 14,291 14,360 70 
  

4 
Cyt b H 14,365 15,510 1,146 ATG TAA 1 
tRNAThr H 15,512 15,584 73 

  
2 

tRNAPro L 15,587 15,655 69 
   

CR - 15,656 16,730 1,075 
   

 

Note. H = heavy strand; L = light strand; Intergenetic space = positive values are spacer 

DNA, negative values are overlapping genes; OL = origin of light strand replication. 
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Table A5 

Annotation of GS216, Somniosus rostratus mitogenome 

GS216 Somniosus rostratus 
Gene Strands Gene Intergenetic space 

Start (bp) Stop 
(bp) 

Size (bp) Start codon Stop codon 

tRNAPhe H 1 69 69 
12S rRNA H 70 1,019 950 
tRNAVal H 1,020 1,091 72 
16S H 1,092 2,765 1,674 
tRNALeu (UAA) H 2,766 2,840 75 
ND1 H 2,841 3,815 975 ATG TAG 2 
tRNAIle H 3,818 3,887 70 1 
tRNAGln L 3,889 3,960 72 
tRNAMet H 3,961 4,029 69 
ND2 H 4,030 5,075 1,046 ATG TA-   
tRNATrp H 5,076 5,144 69 1 
tRNAAla L 5,146 5,214 69 
tRNAAsn L 5,215 5,288 74 
OL - 5,289 5,325 37 
tRNACys L 5,326 5,392 67 1 
tRNATyr L 5,394 5,463 70 1 
COX-1 H 5,465 7,021 1,557 GTG TAA 
tRNASer (UGA) L 7,022 7,092 71 3 
tRNAAsp H 7,096 7,165 70 4 
COX-2 H 7,170 7,860 691 ATG T-- 
tRNALys H 7,861 7,934 74 1 
ATP8 H 7,936 8,103 168 ATG TAA -10
ATP6 H 8,094 8,776 683 ATG TA-   
COX-3 H 8,777 9,562 786 ATG TAA 2 
tRNAGly H 9,565 9,634 70 
ND3 H 9,635 9,985 351 ATG TAA 3 
tRNAArg H 9,989 10,058 70 
ND4L H 10,059 10,355 297 ATG TAA -7
ND4 H 10,349 11,729 1,381 ATG T-- 
tRNAHis H 11,730 11,798 69 
tRNASer (GCU) H 11,799 11,865 67 
tRNALeu (UAG) H 11,866 11,937 72 
ND5 H 11,938 13,770 1,833 ATG TAA -4
ND6 L 13,767 14,288 522 ATG TAG 
tRNAGlu L 14,289 14,358 70 4
Cyt b H 14,363 15,508 1,146 ATG TAA 1
tRNAThr H 15,510 15,582 73 2
tRNAPro L 15,585 15,653 69 
CR - 15,654 16,727 1,074 

Note. H = heavy strand; L = light strand; Intergenetic space = positive values are spacer 

DNA, negative values are overlapping genes; OL = origin of light strand replication. 
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Table A6 

Annotation of GS218, Somniosus rostratus mitogenome 

GS218 Somniosus rostratus 
Gene 
 

Strands 
 

Gene Intergenetic space 
 Start (bp) Stop (bp) Size (bp) Start codon Stop codon 

tRNAPhe H 1 69 69       
12S rRNA H 70 1,019 950 

 
    

tRNAVal H 1,020 1,091 72       
16S H 1,092 2,765 1,674 

 
    

tRNALeu (UAA) H 2,766 2,840 75       
ND1 H 2,841 3,815 975 ATG TAG 2 
tRNAIle H 3,818 3,887 70     1 
tRNAGln L 3,889 3,960 72       
tRNAMet H 3,961 4,029 69       
ND2 H 4,030 5,075 1,046 ATG TA-   
tRNATrp H 5,076 5,144 69     1 
tRNAAla L 5,146 5,214 69       
tRNAAsn L 5,215 5,288 74       
OL - 5,289 5,325 37       
tRNACys L 5,326 5,392 67     1 
tRNATyr L 5,394 5,463 70     1 
COX-1 H 5,465 7,021 1,557 GTG TAA   
tRNASer (UGA) L 7,022 7,092 71     3 
tRNAAsp H 7,096 7,165 70     4 
COX-2 H 7,170 7,860 691 ATG T--   
tRNALys H 7,861 7,934 74     1 
ATP8 H 7,936 8,103 168 ATG TAA -10 
ATP6 H 8,094 8,776 683 ATG TA-   
COX-3 H 8,777 9,562 786 ATG TAA 2 
tRNAGly H 9,565 9,634 70       
ND3 H 9,635 9,985 351 ATG TAA 3 
tRNAArg H 9,989 10,058 70       
ND4L H 10,059 10,355 297 ATG TAA -7 
ND4 H 10,349 11,729 1,381 ATG T--   
tRNAHis H 11,730 11,798 69       
tRNASer (GCU) H 11,799 11,865 67       
tRNALeu (UAG) H 11,866 11,937 72       
ND5 H 11,938 13,770 1,833 ATG TAA -4 
ND6 L 13,767 14,288 522 ATG TAG   
tRNAGlu L 14,289 14,358 70     4 
Cyt b H 14,363 15,508 1,146 ATG TAA 1 
tRNAThr H 15,510 15,582 73     2 
tRNAPro L 15,585 15,653 69       
CR - 15,654 16,725 1,072       

 

Note. H = heavy strand; L = light strand; Intergenetic space = positive values are spacer  

DNA, negative values are overlapping genes; OL = origin of light strand replication. 
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Table A7 

Annotation of GS516, Somniosus longus mitogenome 

GS516 Somniosus longus 
Gene Strands Gene Intergenetic space 

Start (bp) Stop (bp) Size (bp) Start codon Stop codon 
tRNAPhe H 1 69 69 

   

12S rRNA H 70 1,019 950 
   

tRNAVal H 1,020 1,091 72 
   

16S H 1,092 2,765 1,674 
   

tRNALeu (UAA) H 2,766 2,840 75 
   

ND1 H 2,841 3,815 975 ATG TAG 2 
tRNAIle H 3,818 3,887 70 

  
1 

tRNAGln L 3,889 3,960 72 
   

tRNAMet H 3,961 4,029 69 
   

ND2 H 4,030 5,075 1,046 ATG TA- 
 

tRNATrp H 5,076 5,144 69 
  

1 
tRNAAla L 5,146 5,214 69 

   

tRNAAsn L 5,215 5,288 74 
   

OL - 5,289 5,325 37 
   

tRNACys L 5,326 5,392 67 
  

1 
tRNATyr L 5,394 5,463 70 

  
1 

COX-1 H 5,465 7,021 1,557 GTG TAA 
 

tRNASer (UGA) L 7,022 7,092 71 
  

3 
tRNAAsp H 7,096 7,165 70 

  
4 

COX-2 H 7,170 7,860 691 ATG T-- 
 

tRNALys H 7,861 7,934 74 
  

1 
ATP8 H 7,936 8,103 168 ATG TAA -10 
ATP6 H 8,094 8,776 683 ATG TA- 

 

COX-3 H 8,777 9,562 786 ATG TAA 2 
tRNAGly H 9,565 9,634 70 

   

ND3 H 9,635 9,985 351 ATG TAA 3 
tRNAArg H 9,989 10,058 70 

   

ND4L H 10,059 10,355 297 ATG TAA -7 
ND4 H 10,349 11,729 1,381 ATG T-- 

 

tRNAHis H 11,730 11,798 69 
   

tRNASer (GCU) H 11,799 11,865 67 
   

tRNALeu (UAG) H 11,866 11,937 72 
   

ND5 H 11,938 13,770 1,833 ATG TAA -4 
ND6 L 13,767 14,288 522 ATG TAG 

 

tRNAGlu L 14,289 14,358 70 
  

4 
Cyt b H 14,363 15,508 1,146 ATG TAA 1 
tRNAThr H 15,510 15,582 73 

  
2 

tRNAPro L 15,585 15,653 69 
   

CR - 15,654 16,725 1,072 
   

 

Note. H = heavy strand; L = light strand; Intergenetic space = positive values are spacer 

DNA, negative values are overlapping genes; OL = origin of light strand replication. 
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Table A8 

Annotation of GS500, Somniosus pacificus mitogenome 

GS500 Somniosus pacificus 
Gene Strands Gene Intergenetic space 

Start (bp) Stop (bp) Size (bp) Start codon Stop codon 
tRNAPhe H 1 69 69       
12S rRNA H 70 1,020 951      
tRNAVal H 1,021 1,092 72       
16S H 1,093 2,767 1,675      
tRNALeu (UAA) H 2,768 2,842 75       
ND1 H 2,843 3,817 975 ATG TAA 2 
tRNAIle H 3,820 3,889 70     1 
tRNAGln L 3,891 3,962 72       
tRNAMet H 3,963 4,031 69       
ND2 H 4,032 5,077 1,046 ATG TA-   
tRNATrp H 5,078 5,146 69     1 
tRNAAla L 5,148 5,216 69       
tRNAAsn L 5,217 5,290 74       
OL - 5,291 5,327 37       
tRNACys L 5,328 5,394 67     1 
tRNATyr L 5,396 5,465 70     1 
COX-1 H 5,467 7,023 1,557 GTG TAA   
tRNASer (UGA) L 7,024 7,094 71     3 
tRNAAsp H 7,098 7,167 70     4 
COX-2 H 7,172 7,862 691 ATG T--   
tRNALys H 7,863 7,936 74     1 
ATP8 H 7,938 8,105 168 ATG TAA -10 
ATP6 H 8,096 8,778 683 ATG TA-   
COX-3 H 8,779 9,564 786 ATG TAA 2 
tRNAGly H 9,567 9,636 70       
ND3 H 9,637 9,987 351 ATG TAG 3 
tRNAArg H 9,991 10,060 70       
ND4L H 10,061 10,357 297 ATG TAA -7 
ND4 H 10,351 11,731 1,381 ATG T--   
tRNAHis H 11,732 11,800 69       
tRNASer (GCU) H 11,801 11,867 67       
tRNALeu (UAG) H 11,868 11,939 72       
ND5 H 11,940 13,772 1,833 ATG TAA -4 
ND6 L 13,769 14,291 523 ATG TAG   
tRNAGlu L 14,292 14,361 70     4 
Cyt b H 14,366 15,511 1,146 ATG TAA 1 
tRNAThr H 15,513 15,585 73     2 
tRNAPro L 15,588 15,656 69       
CR - 15,657 16,731 1,075       

 

Note. H = heavy strand; L = light strand; Intergenetic space = positive values are spacer 

DNA, negative values are overlapping genes; OL = origin of light strand replication. 
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Table A9 

Annotation of GS502, Somniosus pacificus mitogenome 

GS502 Somniosus pacificus 
Gene Strands Gene Intergenetic space 

Start (bp) Stop (bp) Size (bp) Start codon Stop codon 
tRNAPhe H 1 69 69 

   

12S rRNA H 70 1,020 951 
   

tRNAVal H 1,021 1,092 72 
   

16S H 1,093 2,767 1,675 
   

tRNALeu (UAA) H 2,768 2,842 75 
   

ND1 H 2,843 3,817 975 ATG TAG 2 
tRNAIle H 3,820 3,889 70 

  
1 

tRNAGln L 3,891 3,962 72 
   

tRNAMet H 3,963 4,031 69 
   

ND2 H 4,032 5,077 1,046 ATG TA- 
 

tRNATrp H 5,078 5,146 69 
  

1 
tRNAAla L 5,148 5,216 69 

   

tRNAAsn L 5,217 5,290 74 
   

OL - 5,291 5,327 37 
   

tRNACys L 5,328 5,394 67 
  

1 
tRNATyr L 5,396 5,465 70 

  
1 

COX-1 H 5,467 7,023 1,557 GTG TAA 
 

tRNASer (UGA) L 7,024 7,094 71 
  

3 
tRNAAsp H 7,098 7,167 70 

  
4 

COX-2 H 7,172 7,862 691 ATG T-- 
 

tRNALys H 7,863 7,936 74 
  

1 
ATP8 H 7,938 8,105 168 ATG TAA -10 
ATP6 H 8,096 8,778 683 ATG TA- 

 

COX-3 H 8,779 9,564 786 ATG TAA 2 
tRNAGly H 9,567 9,636 70 

   

ND3 H 9,637 9,987 351 ATG TAA 3 
tRNAArg H 9,991 10,060 70 

   

ND4L H 10,061 10,357 297 ATG TAA -7 
ND4 H 10,351 11,731 1,381 ATG T-- 

 

tRNAHis H 11,732 11,800 69 
   

tRNASer (GCU) H 11,801 11,867 67 
   

tRNALeu (UAG) H 11,868 11,939 72 
   

ND5 H 11,940 13,770 1,831 ATG TAA -4 
ND6 L 13,767 14,288 522 ATG TAG 

 

tRNAGlu L 14,289 14,358 70 
  

4 
Cyt b H 14,363 15,508 1,146 ATG TAA 1 
tRNAThr H 15,510 15,582 73 

  
2 

tRNAPro L 15,585 15,653 69 
   

CR - 15,654 16,728 1,075 
   

 

Note. H = heavy strand; L = light strand; Intergenetic space = positive values are spacer 

DNA, negative values are overlapping genes; OL = origin of light strand replication. 

 



54 
 

Table A10 

Annotation of GS505, Somniosus pacificus mitogenome 

GS505 Somniosus pacificus 
Gene Strands Gene Intergenetic space 

Start (bp) Stop (bp) Size (bp) Start codon Stop codon 
tRNAPhe H 1 69 69 

   

12S rRNA H 70 1,020 951 TGT 
  

tRNAVal H 1,021 1,092 72 
   

16S H 1,093 2,767 1,675 ACA 
  

tRNALeu (UAA) H 2,768 2,842 75 
   

ND1 H 2,843 3,817 975 ATG TAA 2 
tRNAIle H 3,820 3,889 70 

  
1 

tRNAGln L 3,891 3,962 72 
   

tRNAMet H 3,963 4,031 69 
   

ND2 H 4,032 5,077 1,046 ATG TA- 
 

tRNATrp H 5,078 5,146 69 
  

1 
tRNAAla L 5,148 5,216 69 

   

tRNAAsn L 5,217 5,290 74 
   

OL - 5,291 5,327 37 
   

tRNACys L 5,328 5,394 67 
  

1 
tRNATyr L 5,396 5,465 70 

  
1 

COX-1 H 5,467 7,023 1,557 GTG TAA 
 

tRNASer (UGA) L 7,024 7,094 71 
  

3 
tRNAAsp H 7,098 7,167 70 

  
4 

COX-2 H 7,172 7,862 691 ATG T-- 
 

tRNALys H 7,863 7,936 74 
  

1 
ATP8 H 7,938 8,105 168 ATG TAA -10 
ATP6 H 8,096 8,778 683 ATG TA- 

 

COX-3 H 8,779 9,564 786 ATG TAA 2 
tRNAGly H 9,567 9,636 70 

   

ND3 H 9,637 9,987 351 ATG TAA 3 
tRNAArg H 9,991 10,060 70 

   

ND4L H 10,061 10,357 297 ATG TAA -7 
ND4 H 10,351 11,731 1,381 ATG T-- 

 

tRNAHis H 11,732 11,800 69 
   

tRNASer (GCU) H 11,801 11,867 67 
   

tRNALeu (UAG) H 11,868 11,939 72 
   

ND5 H 11,940 13,772 1,833 ATG TAA -4 
ND6 L 13,769 14,290 522 ATG TAG 

 

tRNAGlu L 14,291 14,360 70 
  

4 
Cyt b H 14,365 15,510 1,146 ATG TAA 1 
tRNAThr H 15,512 15,584 73 

  
2 

tRNAPro L 15,587 15,655 69 
   

CR - 15,656 16,730 1,075 
   

 

Note. H = heavy strand; L = light strand; Intergenetic space = positive values are spacer 

DNA, negative values are overlapping genes; OL = origin of light strand replication. 
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Table A11 

Annotation of GS510, Somniosus antarcticus mitogenome 

GS510 Somniosus antarcticus 
Gene Strands Gene Intergenetic space 

Start (bp) Stop (bp) Size (bp) Start codon Stop codon 
tRNAPhe H 1 69 69 

   

12S rRNA H 70 1,020 951 TGT 
  

tRNAVal H 1,021 1,092 72 
   

16S H 1,093 2,767 1,675 ACA 
  

tRNALeu (UAA) H 2,768 2,842 75 
   

ND1 H 2,843 3,817 975 ATG TAA 2 
tRNAIle H 3,820 3,889 70 

  
1 

tRNAGln L 3,891 3,962 72 
   

tRNAMet H 3,963 4,031 69 
   

ND2 H 4,032 5,077 1,046 ATG TA- 
 

tRNATrp H 5,078 5,146 69 
  

1 
tRNAAla L 5,148 5,216 69 

   

tRNAAsn L 5,217 5,290 74 
   

OL - 5,291 5,327 37 
   

tRNACys L 5,328 5,394 67 
  

1 
tRNATyr L 5,396 5,465 70 

  
1 

COX-1 H 5,467 7,023 1,557 GTG TAA 
 

tRNASer (UGA) L 7,024 7,094 71 
  

3 
tRNAAsp H 7,098 7,167 70 

  
4 

COX-2 H 7,172 7,862 691 ATG T-- 
 

tRNALys H 7,863 7,936 74 
  

1 
ATP8 H 7,938 8,105 168 ATG TAA -10 
ATP6 H 8,096 8,778 683 ATG TA- 

 

COX-3 H 8,779 9,564 786 ATG TAA 2 
tRNAGly H 9,567 9,636 70 

   

ND3 H 9,637 9,987 351 ATG TAG 3 
tRNAArg H 9,991 10,060 70 

   

ND4L H 10,061 10,357 297 ATG TAA -7 
ND4 H 10,351 11,731 1,381 ATG T-- 

 

tRNAHis H 11,732 11,800 69 
   

tRNASer (GCU) H 11,801 11,867 67 
   

tRNALeu (UAG) H 11,868 11,939 72 
   

ND5 H 11,940 13,772 1,833 ATG TAA -4 
ND6 L 13,769 14,290 522 ATG TAG 

 

tRNAGlu L 14,291 14,360 70 
  

4 
Cyt b H 14,365 15,510 1,146 ATG TAA 1 
tRNAThr H 15,512 15,584 73 

  
2 

tRNAPro L 15,587 15,655 69 
   

CR - 15,656 16,730 1,075 
   

 

Note. H = heavy strand; L = light strand; Intergenetic space = positive values are spacer 

DNA, negative values are overlapping genes; OL = origin of light strand replication. 
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Table A12 

Annotation of GS516 and GS514, Somniosus antarcticus mitogenomes 

GS513, GS514 Somniosus antarcticus 
Gene Strands Gene Intergenetic space 

Start (bp) Stop (bp) Size (bp) Start codon Stop codon 
tRNAPhe H 1 69 69 

   

12S rRNA H 70 1,020 951 TGT 
  

tRNAVal H 1,021 1,092 72 
   

16S H 1,093 2,767 1,675 ACA 
  

tRNALeu (UAA) H 2,768 2,842 75 
   

ND1 H 2,843 3,817 975 ATG TAA 2 
tRNAIle H 3,820 3,889 70 

  
1 

tRNAGln L 3,891 3,962 72 
   

tRNAMet H 3,963 4,031 69 
   

ND2 H 4,032 5,077 1,046 ATG TA- 
 

tRNATrp H 5,078 5,146 69 
  

1 
tRNAAla L 5,148 5,216 69 

   

tRNAAsn L 5,217 5,290 74 
   

OL - 5,291 5,327 37 
   

tRNACys L 5,328 5,394 67 
  

1 
tRNATyr L 5,396 5,465 70 

  
1 

COX-1 H 5,467 7,023 1,557 GTG TAA 
 

tRNASer (UGA) L 7,024 7,094 71 
  

3 
tRNAAsp H 7,098 7,167 70 

  
4 

COX-2 H 7,172 7,862 691 ATG T-- 
 

tRNALys H 7,863 7,936 74 
  

1 
ATP8 H 7,938 8,105 168 ATG TAA -10 
ATP6 H 8,096 8,778 683 ATG TA- 

 

COX-3 H 8,779 9,564 786 ATG TAA 2 
tRNAGly H 9,567 9,636 70 

   

ND3 H 9,637 9,987 351 ATG TAA 3 
tRNAArg H 9,991 10,060 70 

   

ND4L H 10,061 10,357 297 ATG TAA -7 
ND4 H 10,351 11,731 1,381 ATG T-- 

 

tRNAHis H 11,732 11,800 69 
   

tRNASer (GCU) H 11,801 11,867 67 
   

tRNALeu (UAG) H 11,868 11,939 72 
   

ND5 H 11,940 13,772 1,833 ATG TAA -4 
ND6 L 13,769 14,290 522 ATG TAG 

 

tRNAGlu L 14,291 14,360 70 
  

4 
Cyt b H 14,365 15,510 1,146 ATG TAA 1 
tRNAThr H 15,512 15,584 73 

  
2 

tRNAPro L 15,587 15,655 69 
   

CR - 15,656 16,730 1,075 
   

 

Note. H = heavy strand; L = light strand; Intergenetic space = positive values are spacer 

DNA, negative values are overlapping genes; OL = origin of light strand replication. 
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Table A13 

 jModelTest2.1.10 model selection and partition scheme overview 

 

Alignment 
(G=4) 

AIC BIC DT Model 
selected 

Gamma  Kappa Ra Rb Rc Rd Re Rf 

Full 
mitogenome 

GTR+I+G GTR+G GTR+G GTR+G 0.21 N/A 2.265 11.278 1.691 0.145 15.826 1.000 

COX-1 GTR+G HKY+G HKY+G HKY+G 0.15 9.15 N/A N/A N/A N/A N/A N/A 

Cyt b GTR+G HKY+G HKY+G HKY+G 0.13 39.0 N/A N/A N/A N/A N/A N/A 

CR GTR+G HKY+G HKY+G HKY+G 0.47 2.90 N/A N/A N/A N/A N/A N/A 

 

Note. The model was selected based on the which model had the most support from the three criteria (AIC, BIC, and DT); AIC = Akaike 

Information Criteria; BIC = Bayesian Inference Criteria; DT = Decision Tree; Ra = rate AC; Rb = rate AG; Rc = rate AT; Rd = rate CG; Re = rate 

CT; Rf = rate GT.
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BEAUti v2.6.7 

BEAST v2.6.7 

Tracer v1.7.2 

TreeAnnotator 
v2.6.7 

FigTree v1.4.4 

Figure A3 

BEAST v2.6.7 Workflow 

 Note. BEAUti, BEAST, and TreeAnnotator are all a part 

of the BEAST package.  
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Table A14 

Overview of calibrations used for dating phylogenies 

Calibration point Type Age (Ma) Distribution Parameters Bounds (Ma) References 

S. Somniosus / 
S. Rhinoscymnus 
split 

Fossil ≈ 30; ≈ 28 Exponential Offset = 30 
Mean = 0.96 

Max age: 33.9 
(beginning of 
Oligocene) 
Min age: 30 

Cohen et al., 2013 
 
Welton & Goedert, 
2016 

Dalatiidae / 
Etmopteridae & 
Somniosidae split 

Fossil tip‐ and node‐
dating 

131.91 Normal Mean = 131.91 
SD = 7 

Max age: 152.6 
Min age: 110.74 

Flammensbeck et al., 
2018 

 

Note. Ma = millions of years before present; SD = standard deviation. 
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Table A15 

Site variation between alignments and analyses.  

Alignment  Somniosus (S.) Somniosus (S.) Rhinoscymnus 
Analysis  Full  Concat.  Concatenated 

coverage (%) 
Full  Concat.  Concatenated 

coverage (%) 
Full  Concat.  Concatenated 

coverage (%) 
Length 16,733 2,703 16.15% 16,731 2,703 16.16 16,727 2,703 16.16 
Conserved  16,000 2,550     15.94% 16,500 2,648 16.05 16,708 2,699 16.15 
Variable  732 153        20.90% 230 55 23.91 19 4 0.21 
Pars-info. 664 135        20.33% 164 37 22.56 0 0 0 

 

Note. Three alignments are shown: genus Somniosus, and subgenera (S.) Somniosus and (S.) Rhinoscymnus; Conserved, variable, and parsimony-

informative site rates are shown.; Full = mitogenomic analysis; Concat = short-sequence analysis; Concatenated coverage = percentage of the 

mitogenomic alignment that the short-sequence alignment covers; Conserved = number of conserved sites; Variable = number of variable sites; 

Pars-info. = number of parsimony-informative sites.
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Table A16 

Between-sample p-distances (Mitogenomic analysis) 

 GS60  GS80  GS159  GS500  GS502  GS505  GS510  GS513  GS514 GS216 GS218 GS516  
GS60 S. 
microcephalus             
GS80 S. 
microcephalus 

0.001317            
GS159 S. 
microcephalus 

0.000958 0.001317           
GS500 S. 
pacificus 

0.009305 0.009853 0.009487          
GS502 S. 
pacificus 

0.009061 0.009610 0.009365 0.004145         
GS505 S. 
pacificus 

0.009062 0.009365 0.009121 0.001977 0.003481        
GS510 S. 
antarcticus 

0.008695 0.009243 0.008999 0.003903 0.001557 0.003120       
GS513 S. 
antarcticus 

0.008393 0.008940 0.008696 0.003844 0.001318 0.003060 0.000658      
GS514 S. 
antarcticus 

0.008941 0.009366 0.009000 0.001137 0.003602 0.001437 0.003361 0.003301     
GS216 S. 
rostratus 

0.034511 0.034826 0.034568 0.035160 0.034381 0.034513 0.034449 0.034264 0.034646    
GS218 S. 
rostratus 

0.036276 0.036591 0.036332 0.036991 0.036207 0.036342 0.036278 0.036158 0.036476 0.000360   
GS516 S. 
longus 

0.036857 0.037172 0.036914 0.037573 0.036788 0.036924 0.036859 0.036740 0.037058 0.000899 0.001018  

 

Note. P-distance is the proportion (p) of nucleotide sites at which two sequences being compared are different.
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Table A17 

Between-sample p-distances (short-sequence analysis) 

 GS60 GS80 GS159 GS500 GS502 GS505 GS510 GS513 GS514 GS216 GS218 GS516 
GS60 S. 
microcephalus             
GS80 S. 
microcephalus 

0.001854            
GS159 S. 
microcephalus 

0.000741 0.001854           
GS500 S. 
pacificus 

0.013150 0.014670 0.013525          
GS502 S. 
pacificus 

0.013525 0.015045 0.013900 0.005210         
GS505 S. 
pacificus 

0.013913 0.015434 0.014288 0.003342 0.005585        
GS510 S. 
antarcticus 

0.013525 0.015045 0.013900 0.004462 0.001482 0.004836       
GS513 S. 
antarcticus 

0.013150 0.014669 0.013525 0.004838 0.001112 0.005212 0.001112      
GS514 S. 
antarcticus 

0.012389 0.013906 0.012764 0.001854 0.004089 0.002225 0.003343 0.003717     
GS216 S. 
rostratus 

0.042912 0.043708 0.043300 0.044543 0.041264 0.044545 0.041264 0.041688 0.043726    
GS218 S. 
rostratus 

0.045247 0.046044 0.045635 0.047292 0.044409 0.047293 0.044409 0.044836 0.046472 0.000000   
GS516 S. 
longus 

0.046885 0.047683 0.047273 0.048936 0.046043 0.048938 0.046043 0.046472 0.048114 0.001487 0.001482  

 

Note. P-distance is the proportion (p) of nucleotide sites at which two sequences being compared are different. 
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Table A18 

Interspecific p-distances (mitogenomic analysis) 
 S. microcephalus S. pacificus S. antarcticus S. rostratus S. longus 

Mean SD Mean  SD Mean SD Mean SD Mean SD 

S. microcephalus           

S. pacificus 0.009259 0.000245         

S. antarcticus 0.008828 0.000273 0.002544 0.001096       

S. rostratus 0.034113 0.000820 0.034186 0.000896 0.033976 0.000860     

S. longus 0.035461 0.000129 0.035563 0.000313 0.035364 0.000121 0.000958 0.000059                

 

Note. P-distance is the proportion (p) of nucleotide sites at which two sequences being 

compared are different; SD = standard deviation. 

 
 

Table A19 

Interspecific p-distances (short-sequence analysis) 

 

Note. P-distance is the proportion (p) of nucleotide sites at which two sequences being 

compared are different; SD = standard deviation. 

 
 
 
 
 
 
 
 
 
 
 

 
S. microcephalus S. pacificus S. antarcticus S. rostratus S. longus 

Mean SD Mean SD Mean SD Mean SD Mean SD 

S. microcephalus 
         

 

S. pacificus 0.013935 0.000698 
       

 

S. antarcticus 0.013442 0.000780 0.003330 0.001540 
     

 

S. rostratus 0.042244 0.001084 0.042614 0.001839 0.041564 0.001619 
   

 

S. longus 0.044765 0.000302 0.045382 0.001221 0.044395 0.000799 0.001482 0.000002 
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Table A20 

Inflation of in interspecific p-distance of short-sequence analysis 

 

 

Note. The percent increase in p-distance value of the short-sequence analysis over the 

mitogenome analysis is shown.  

 
 

Table A21 

Intraspecific p-distances  

 

 Full mitogenome Short-sequence  

Mean SD Mean SD 

S. microcephalus 0.001196 0.000169 0.001480 0.000523 

S. pacificus 0.003189 0.000901 0.004686 0.000971 

S. antarcticus 0.002431 0.001254 0.002713 0.001144 

S. rostratus 0.000359 0.000000 0.000000 0.000000 

S. longus N/A N/A N/A N/A 

 

Note. P-distance is the proportion (p) of nucleotide sites at which two sequences being 

compared are different; SD = standard deviation. 

 
 
 

 

 

 

 

 

 S. microcephalus S. pacificus S. antarcticus S. rostratus S. longus 

S. microcephalus      

S. pacificus 66.4454194 
   

 

S. antarcticus 65.6717769 76.4097889 
  

 

S. rostratus 80.7532175 80.2219305 81.743834 
 

 

S. longus 79.2154368 78.364982 79.6574114 64.596399  
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