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A B S T R A C T   

The complex evolutionary patterns in the mitochondrial genome (mitogenome) of the most species-rich shark 
order, the Carcharhiniformes (ground sharks) has led to challenges in the phylogenomic reconstruction of the 
families and genera belonging to the order, particularly the family Triakidae (houndsharks). The current state of 
Triakidae phylogeny remains controversial, with arguments for both monophyly and paraphyly within the 
family. We hypothesize that this variability is triggered by the selection of different a priori partitioning schemes 
to account for site and gene heterogeneity within the mitogenome. Here we used an extensive statistical 
framework to select the a priori partitioning scheme for inference of the mitochondrial phylogenomic relation
ships within Carcharhiniformes, tested site heterogeneous CAT + GTR + G4 models and incorporated the multi- 
species coalescent model (MSCM) into our analyses to account for the influence of gene tree discordance on 
species tree inference. We included five newly assembled houndshark mitogenomes to increase resolution of 
Triakidae. During the assembly procedure, we uncovered a 714 bp-duplication in the mitogenome of Galeorhinus 
galeus. Phylogenetic reconstruction confirmed monophyly within Triakidae and the existence of two distinct 
clades of the expanded Mustelus genus. The latter alludes to potential evolutionary reversal of reproductive mode 
from placental to aplacental, suggesting that reproductive mode has played a role in the trajectory of adaptive 
divergence. These new sequences have the potential to contribute to population genomic investigations, species 
phylogeography delineation, environmental DNA metabarcoding databases and, ultimately, improved conser
vation strategies for these ecologically and economically important species.   

1. Introduction 

Mitochondrial phylogenomics (mitophylogenomics), the use of 
entire or partial mitochondrial genomes (mitogenomes) within a 
phylogenetic framework, has proven to be more powerful in taxonomic, 
phylogenetic, population, and evolutionary studies than individual gene 
sequence comparison [1,2,3,4]. The typical fish mitogenome is a double- 
stranded, closed-circular molecule ranging in size from 15 kb to 20 kb 
that encodes 37 genes [13 protein-coding genes (PCGs), two ribosomal 
RNA genes (16S and 12S), and 22 transfer RNA genes] and two non- 
coding regions known as the light-strand origin of replication (OL) and 
the control region (CR), respectively [5,6]. However, nonstandard du
plications of various regions within the fish mitogenome have previ
ously been reported [5,7,8]. The use of the mitogenome as a marker of 

choice for phylogenetic and evolutionary analysis stems not only from 
its fast evolutionary rates, but also from its small genome size, maternal 
inheritance, low sequence recombination, haploidy, and high copy 
number [9,10,11]. Because mitochondrial regions are linked, it stands to 
reasoning that they evolve in tandem with, and contain evidence of, 
species’ population histories, and thus share a phylogeny. However, it is 
evident from previous literature that using different genomic regions 
(including the whole molecule and single genes) often produces incon
gruent results [12,13]. This has led to doubts about the classification, 
phylogeny, and divergence times of many taxonomic groups, including 
elasmobranchs [14,15,8]. Additionally, despite the great potential of 
mitogenomic data, there are currently no standards for their rigorous 
and objective use in phylogenetic analyses. 

Mitogenomes exhibit heterogeneity in base composition and 
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evolutionary rates at different scales across the molecule [16,17], which 
indicates that data partitioning would be advantageous for phylogenetic 
investigations of mitogenomes compared to data exclusion 
[18,19,20,21]. An increasing number of studies support the notion that 
data partitioning and model selection can significantly affect phyloge
netic inference [22,23,24,19,25]. Beyond the effects it has on the esti
mation of genetic distances and branch lengths, are the effects on 
estimates of bootstrap support and posterior probabilities [26]. Model- 
fit is improved by partitioning alignments into relatively homoge
neous sets of sites before selecting and optimizing a substitution model 
for each set independently [27,28,29]. However, this process may be 
unsatisfactory due to the subjective nature of the divisions that are 
typically predefined based on the properties of the sequences in the 
alignment, such as particular gene fragments, codon locations, rRNA 
structural components (e.g., stems and/or loops), or a combination of 
these features [27,24,30]. As a result, there is a progressive shift from 
data partitioning based solely on biological or mechanistic processes 
towards statistically testing a pre-defined subset against every other pre- 
defined subset. The latter is done under a maximum likelihood frame
work and then proceeds to selecting the grouping that most improves an 
information theoretic criterion score (e.g., Akaike Information Criterion, 
AIC, or Bayesian Information Criterion, BIC), after which the process is 
repeated until no more are plausible [19,28,29]. 

Although data partitioning and model selection is conducted under a 
statistical framework, it still requires an a priori partitioning scheme to 
be fed into the software [31,32,28,29], which can significantly influence 
the phylogenetic reconstruction results [14,33,21]. To that end, it is 
essential that several datasets with varying a priori partitioning strate
gies be applied to a single dataset and compared in order to establish the 
appropriate partitioning technique for mitophylogenomics in
vestigations to avoid dividing the data into too many blocks i.e., ‘over
partitioning’. Overpartitioning leads to overparametrization of model 
parameters and yields well supported, but erroneous nodes in the tree, 
and is a real risk when working with mitogenome datasets [34,33,35]. 

A common alternative approach to applying different best-fitting 
‘site-homogeneous’ substitution models (e.g., GTR + G4) to different 
partitions of a supermatrix is to apply the Bayesian site-heterogeneous 
mixture model, known as the CAT model [36]. Site-heterogeneity re
fers to heterogeneous equilibrium frequencies across site compared to 
the homogeneous equilibrium frequency estimation in classical substi
tution models i.e., site-homogeneous models. The CAT model utilizes a 
Dirichlet process prior to accommodate multiple categories of substi
tution profiles with diverse nucleotide or amino acid frequencies, along 
with a single set of exchange rates for the entire supermatrix. These 
exchange rates can either be fixed to flat values (referred to as CAT-F81 
or CAT-Poisson; commonly abbreviated as “CAT”) or independently 
estimated from data using general time reversible Markov processes 
(known as CAT-GTR), which provide more expressive capabilities 
[36,37]. While the inclusion of gamma-rate heterogeneity is typically 
not explicitly mentioned, all CAT models incorporate a component that 
accounts for variation in rates across sites, which is set to 4 by default (i. 
e., G4). Undoubtedly, the CAT models have been extensively employed 
for phylogenomic reconstruction and have successfully addressed 
certain longstanding phylogenetic inquiries (e.g., [38,39]). Neverthe
less, their utility is impeded by the substantial computational load and 
convergence challenges when dealing with large datasets [40,38,41,37]. 
Furthermore, both partitioning with site-homogeneous models and CAT 
models presuppose that the substitution process is uniform across line
ages and that all taxa and genes possess comparable compositions. 
Therefore, it is necessary to conduct a systematic comparison of the 
performance of partitioning with site-homogeneous models and CAT 
models in phylogenetic estimation to avoid misusing the models. 

There has been a significant increase in studies examining the 
evolutionary history of chondrichthyans (Class Chondrichthyes, carti
laginous fish; sharks, rays, and chimeras) using mitophylogenomics, and 
these studies are providing unique insights from a biogeographic and 

phylogenetic perspective [42,12,13,15,8]. However, these in
vestigations also reveal several inconsistencies at several levels, from 
superorders and families down to the genera within families, as well as 
their interrelationships. There is phylogenetic discordance in particular 
regarding the status of the topmost species-rich order of sharks 
comprised of eight families, the Carcharhiniformes (ground sharks; 
[43]). Mitophylogenomic inferences of Carcharhiniformes have 
confirmed family-level paraphyly (Carcharhinidae, Scyliorhinidae, and 
Triakidae) and genera-level polytomy (Carcharhinus) [12,13]. Galeo
cerdo cuvier consistently clusters as a sister to a clade including Sphyr
nidae and Carcharhinidae and has subsequently been reassigned to its 
own family, Galeocerdonidae to make Carcharhinidae monophyletic 
(see [44]). Markedly, Kousteni et al. [15] and Wang et al. [8] recovered 
conflicting topologies for Carcharhiniformes with the same mitoge
nomic dataset (Fig. 1). Kousteni et al. [15] recovered the family Tri
akidae (houndsharks; [45]) as a monophyletic group while Wang et al. 
[8] recovered Triakidae as a paraphyletic group, both with high branch 
support values. Wang et al. [8] found that the triakid Hemitriakis 
japonica clustered to a main clade including Hemigaleidae + Sphyrnidae 
+ Carcharhinidae instead of the sister-group relationship with the genus 
Mustelus in Triakidae as recovered by Kousteni et al. [15]. Upon review, 
it was evident that Kousteni et al. [15] and Wang et al. [8] applied 
different partitioning strategies involving data partitioning by gene 
boundaries and codon positions and/or data exclusion (Table 1). This 
necessitates a comprehensive analysis of the dataset to discover the 
causes of these inconsistencies and the effects of partitioning techniques 
on tree topology. (See Fig. 2.) 

Our objectives in this study were fivefold, including methodological 
and research goals. First, we set out to develop a time- and cost-effective 
whole mitogenome sequencing strategy on the Ion GeneStudioTM S5 
Prime System. Second, we assembled and characterized complete 
mitogenomes for five species in the Triakidae family using a combined 
assembly approach. Third, using previously published Carcharhiniform 
mitogenomes, we compared genome structure, base composition, sub
stitution, and evolutionary rates among representative families. Fourth, 
we tested the effect of different partitioning strategies on the inference 
of phylogenetic relationships within Carcharhiniformes and determined 
the best data partitioning strategy for analyzing mitogenome data of 
Carcharhiniformes in a maximum likelihood framework. Within the 
scope of this objective, we aimed to test the following hypotheses (sensu 
[46]): 

Hypothesis H1. Different partitioning strategies result in different 
topologies due to a lack of or varying levels of phylogenetic signal in the 
respective partition datasets. 

Hypothesis H2. The lack of phylogenetic concordance is caused by 
gene tree/species tree issues, which means that the evolutionary history 
of genes differs from that of the species. 

Hypothesis H3. Discordance in phylogenetic reconstruction arises 
from violations of the assumptions underlying the applied models. 

Here, we tested Hypothesis H1 by closely examining branch support 
in phylogenetic inferences based on different partitioning schemes of the 
same nucleotide dataset and compared the topology to the amino acid 
dataset and other published studies for a set of a priori defined clades in 
the focal order Carcharhiniformes. If it was found that the same clades 
are well supported and concordant in topologies derived from other 
datasets (Table 1), we could reject this hypothesis and conclude that the 
discordant results are not due to a lack of phylogenetic signal. Whereas 
to test Hypothesis H2, we compared the topology of individual phy
logenies obtained with different datasets. If it was discovered that the 
differences in topology were primarily due to analyses of different 
datasets, this likely implied that we were dealing with gene tree versus 
species tree issues and that analyses using the multispecies coalescent 
model (MSCM) were required. Hypothesis H3 was tested by surveying 
the datasets for evolutionary signatures which could be violating the 
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assumptions of the applied evolutionary models utilized for phyloge
netic reconstruction. If certain taxa in the tree contain a dispropor
tionate amount of the nucleotide/amino acid variation, the assumption 
of stationarity is violated leading to the inference of false, yet highly 
supported, topologies [47,48]. Similarly, if there is heterogeneity in 
nucleotide or amino acid frequencies across sites, the assumptions of 
homogeneity and reversibility are violated and phylogenetic re
constructions are biased [49]. If patterns of compositional heterogeneity 
were detected, site heterogenous models needed to be employed for 
phylogenetic analyses. 

After confirming the informativeness of the dataset for phylogenetic 
reconstruction, it was important to identify patterns in the empirical 
datasets that might violate the assumptions of phylogenetic recon
struction techniques. We could not reliably state that gene tree issues 
were the cause of incongruencies if our methodological approach was 

flawed because the MSCM assumes that incomplete lineage sorting is the 
only source of discordance between gene trees and the species tree. 
Comparably, compositional heterogeneity in the dataset must be 
detected before using site heterogenous models to make phylogenetic 
inferences. Finally, we performed a phylogenomic analysis to determine 
the higher-level phylogenetic relationships within Carcharhiniformes, 
with a focus on Triakidae, and compared the recovered inferences to 
previous hypotheses. We analyse the phylogenomic outcomes for fea
tures of convergent evolution of adaptations related to reproductive 
mode in Triakidae. We hypothesize that our phylogenetic analysis will 
recover the study triakids embedded within the Triakidae clade, within 
which respective mustelids will assign to two alternate reproductive 
mode subclades. 

Fig. 1. Two alternative phylogenetic hypotheses for the grouping of members of the family Triakidae based on mitogenome datasets. Branch support values are 
displayed next to the nodes relating to Triakidae. 

Table 1 
Mitophylogenomic investigations with representatives from the focal order Carcharhiniformes.  

Study Partition strategy* Model selection Inference 
method 

Main findings 

Díaz-Jaimes 
et al. [13] 

traditional - gene jModelTest 
version? AIC or 
BIC? 

RAxML-HPC 
v.8, MrBayes 
v.3.0b4 

The phylogeny supported the association ((Lamniformes, 
Carcharhiniformes) Orectolobiformes) with Heterodontiformes in a basal 
position. There was paraphyly in the family Carcharhinidae. Scoliodon 
macrorhynchos is placed as a sister group to Triakidae, Sphrynidae and the 
other Carcharhinidae. 

da Cunha 
et al. [12] 

none jModelTest v.2, 
AIC 

PhyML v.3.0 
MrBayes v.3.0b4 

The phylogeny supported the association ((Lamniformes, 
Carcharhiniformes) Orectolobiformes) with Heterodontiformes in a basal 
position. There was paraphyly in the order Carcharhinidae. 

Amaral et al. 
[42] 

traditional - gene-codon: (i) all codon 
positions, (ii) first and second codon 
positions, and (iii) the third codon 
position 

jModelTest v.0.1.1, 
AIC 

PhyML v.3 and 
Mega v.6, 
MrBayes2 

Highly convergent topologies independent of the use of different codon 
positions, except for the position of the species Scoliodon macrorhynchos 
within the Carcharhiniformes. Heterodontiformes was found as a sequential 
sister taxon between the Orectolobiformes and the Carcharhiniformes in the 
analysis using codon positions 1 and 2. In all other topologies it is basal to 
(Lamniformes, Carcharhiniformes) Orectolobiformes). There is polytomy in 
the genus Carcharhinus. 

Kousteni 
et al. [15] 

traditional - gene JModelTest 
v.2.1.7, BIC 

PhyML v.3, 
MrBayes v.3.2.6 

Galeomorphii (all modern sharks except the dogfish and its relatives, i.e., 
superorder containing the Heterodontiformes, Orectolobiformes, 
Lamniformes, and Carcharhiniformes) was represented by four 
monophyletic orders in the BI tree - the basal Heterodontiformes, the 
Orectolobiformes, and the Carcharhiniformes–Lamniformes group. 
However, the ML tree topology placed Orectolobiformes at the most basal 
position of the group. According to BI analysis Carcharhiniformes was 
represented by seven families, with Scyliorhinidae at the basal position of 
the order. Carcharhinidae was paraphyletic. The Carcharhinus genus 
showed polytomy in ML analysis. 

Wang et al. 
[8] 

a priori - first codon + second codon 
(excl. ND6) + two rRNA genes 

ModelFinder, BIC IQ-Tree v.1.6.2, 
MrBayes v.3.2.6 

Scyliorhinidae, Triakidae and Carcharhinidae were recovered as non- 
monophyletic families. Hemitriakis japonica clustered to a main clade 
including Hemigaleidae; Sphyrnidae and Carcharhinidae instead of the 
genus Mustelus in Triakidae. Three species in Scyliorhinidae clustered with 
other families. Carcharhinidae was placed as a sister clade to Sphyrnidae, 
apart from Galeocerdo cuvier which clustered as a main clade, including 
Sphyrnidae and other Carcharhinidae species. The results show many 
inconsistencies in the phylogenetic position of some species with the 
traditional views.  

* We consider a data partitioning scheme solely based on biological prior knowledge as a traditional approach compared to statistically determining an optimal 
partitioning scheme from a priori partitioning scheme. 
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2. Methods 

2.1. Sample collection, DNA extraction and quality control 

Fin clip tissue samples of Galeorhinus galeus, Mustelus palumbes, and 
Triakis megalopterus were collected along the coast of South Africa and 
stored in 100% ethanol. Mustelus asterias was sampled in Wales and 
Mustelus mosis was sampled off the coast of the Sultanate of Oman. DNA 
extraction was conducted with a standard cetyltrimethylammonium 
bromide (CTAB) protocol [50]. For G. galeus, DNA was extracted using 
an SDS-based lysis buffer (PL2) from the NucleoSpin Plant II mini kit for 
DNA from plants (MACHEREY-NAGEL, Dueren, Germany) as per the 

manufacturer’s protocol (Instruction-NucleoSpin-Plant-II.pdf (mn-net. 
com). Quality control included the assessment of double stranded 
DNA (dsDNA) fraction using the Qubit 4.0 fluorometer with the 
QubitTM 1× dsDNA HS assay kit (ThermoFisher Scientific) according to 
the manufacturer’s protocol (MAN0017455) at the Central Analytical 
Facilities (CAF) at Stellenbosch University. Quantification of intact 
genomic DNA was indicated by the genome quality score (GQS) deter
mined with electrophoresis on the LabChip® GXII Touch (PerkinElmer, 
Waltham, MA, USA), using the DNA Extended Range Chip and Genomic 
DNA Reagent Kit (PerkinElmer) according to the manufacturer’s pro
tocol, CLS140166. 

Fig. 2. Schematic summary and representation of the assembly of five houndshark mitogenomes and Carcharhiniform phylogenetic analysis.  
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2.2. Sequencing, quality assessment and assembly 

One sample per species that passed quality control analysis was 
submitted to CAF for library preparation using the Ion Plus Fragment 
Library Kit (ThermoFisher Scientific) according to the manufacturer’s 
protocol, Ion Xpress™ Plus gDNA Fragment Library Preparation User 
Guide (MAN0009847 K.0). Briefly, DNA was fragmented using the 
Covaris S2 focused ultrasonicator (Covaris, Inc.; Woburn, MA, USA) 
with a 10% duty cycle, 5% intensity and 200 cycles/burst in two cycles; 
each consisting of 60 s. Sheared DNA was purified using 1.8× volume 
AMPure XP reagent (Beckman Coulter, Brea, CA, USA). The fragmented 
DNA was end-repaired at room temperature for 20 mins and purified 
using 1.8× volume AMPure XP reagent (Beckman Coulter). End- 
repaired DNA was blunt-end ligated to IonCode Barcode Adapters at 
22 ◦C for 15 mins and purified, using 1.4× volume AMPure XP reagent 
(Beckman Coulter). The adapter-ligated library was amplified across 
eight polymerase chain reaction (PCR) cycles. The amplified library was 
size-selected on the Pippin Prep (Sage Science, Beverly, MA, USA) using 
2% dye-free gel cassettes with marker L, to retain DNA fragments of 
~475 bp. The size selected library was purified, using 1.8× volume 
AMPure XP reagent (Beckman Coulter) and assessed for fragment size 
distribution on the LabChip GX Touch 24 Nucleic Acid Analyzer (Per
kinElmer, Waltham, MA, USA), using the X-Mark DNA LabChip and HT 
DNA NGS 3 K Reagent Kit according to the manufacturer’s protocol 
(NGS 3 K Assay Quick Guide). The libraries were quantified using the Ion 
Library TaqMan™ Quantitation Kit according to the manufacturer’s 
protocol (Ion Library TaqMan Quantitation Kit User Guide). Quantita
tive PCR amplification was performed using the StepOnePlus™ Real- 
Time PCR System (ThermoFisher Scientific). 

Barcoded libraries were diluted to a target concentration of 40 pM 
and then combined in equimolar amounts of 25 μl for template prepa
ration using the Ion 510™, Ion 520™, and Ion 530™ Chef Kit (Ther
moFisher Scientific). Enriched, template positive ion sphere particles 
were loaded onto an Ion 530™ Chip (ThermoFisher Scientific). Two 
sample libraries were loaded per chip. Massively parallel sequencing 
was performed on the Ion GeneStudio™ S5 Prime System using the Ion 
S5™ Sequencing Solutions and Sequencing Reagent Kits according to 
the protocol. 

After sequencing, flow space calibration and BaseCaller analyses 
were performed using default analysis parameters in the Torrent Suite 
v.5.16. Reads from each species’ library were pulled from the pool based 
on their unique molecular barcode. Quality was checked in FastQC (htt 
p://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adaptors 
and poor-quality bases (Phred score below 20) were trimmed and reads 
shorter than 25 base pairs (bp) removed. 

Finally, we employed three different assembly techniques, namely a 
reference-based approach, a hybrid technique whereby reads aligned to 
the reference were extracted and then mapped de novo and lastly, a 
straight de novo assembly. We chose to perform a more rigorous as
sembly procedure to account for reference allele bias that can result 
from a reference-based approach and to increase the chances of 
detecting duplications [51]. For the first approach, we mapped quality- 
filtered reads to the published Mustelus mustelus mitochondrial genome 
(NC_039629.1; [52]) to obtain a consensus sequence using the Geneious 
read mapper with medium sensitivity settings and five iterations in 
Geneious Prime (v.2019.1.3) [53]. M. mustelus was selected since the 
species falls unequivocally in the Triakidae clade and we could verify 
that it is a high-quality assembly. Reads that mapped to the reference 
genome were extracted and fed into a de novo pipeline in SPAdes v.3.15 
[54]. De novo assembly was performed in SPAdes with the input set for 
unpaired Ion Torrent reads with 8 threads, kmers 21,33,55,77,99,127, 
the careful option to reduce the number of mismatches and short indels 
and all other parameters left as default. The same parameters were set 
for the straight de novo approach. All three assemblies were aligned to 
each other using the Geneious alignment tool with default parameters. 
The alignment was checked for discrepancies and edited manually to 

obtain the final genome sequence. 

2.3. Genome annotation 

Protein coding genes (PCGs), ribosomal (r)RNA and transfer (t)RNA 
genes were annotated using MitoAnnotator in MitoFish v.3.85 [55,56]. 
The reading frame of each coding region was checked by translating the 
sequences into amino acids in the Sequence Manipulation Suite 2 [57]. 
The annotated sequences were checked in Geneious to ensure 
completeness and to manually count overlapping regions and intergenic 
spaces between PCGs, rRNAs, tRNAs, and non-coding regions. MitoAn
notator was used to construct circular annotated mitogenome visuals. 
The annotated mitochondrial genomes were deposited on the GenBank 
[58] repository under the accession numbers ON075075, ON075076, 
ON075077, ON652873, and ON652874. 

DAMBE v.7.2.141 [59] was used to calculate the A + T content and 
relative synonymous codon usage (RSCU) of the PCGs in each mitoge
nome. To measure the base composition skewness of nucleotide se
quences, the following formula was used: AT-skew = [A-T]/[A + T] and 
GC-skew = [G-C]/[G + C] [60]. ARWEN v.1.2.3 (Björn Canbäck Bio
informatics) [61] and the tRNAscan-SE webserver v.2.0 (http://lowelab. 
ucsc.edu/cgi-bin/tRNAscan-SE2.cgi) [62] were used to predict the sec
ondary structure of tRNAs using the generalized vertebrate mitochon
drial tRNA settings. The control regions were inspected using the 
“Tandem Repeat Finder” webserver (https://tandem.bu.edu/trf/trf. 
html) [63] maintaining default settings. 

2.4. Sequence alignment and concatenation 

For representation of the Triakidae family, we included the four 
houndshark mitogenomes available on GenBank together with the five 
newly assembled mitogenomes. We also selected representative mito
genomes from each family in the order Carcharhiniformes and four 
representative species each from the orders Lamniformes and Orecto
lobiformes to complete the Galeomorphi cluster (Table 2). Selections 
were made in view of our intent to resolve the phylogenetic placement of 
the Triakidae family, and address whether the mitochondrial genome 
can offer new insight into intra-familial relationships. We produced 
codon-aware multiple sequence alignments for each of the 13 PCGs 
using MACSE v.2.01 [64]. We inspected and manually trimmed each set 
of alignments using MEGA v.11.0.11 [65], and any remaining ambigu
ously aligned sites were then further trimmed using BMGE v.1.12.1, 
with a sliding window size of 3, and maximum entropy of 0.5 [66]. 

In order to incorporate the structural information of ribosomal 
rRNAs during the alignment, we aligned the 16S rRNA and 12S rRNA 
using MAFFT v.7.299 [67,68] with the Q-INS-i algorithm of Katoh and 
Toh [69], and removed ambiguously aligned sites using BMGE. Before 
phylogenetic analysis, we produced three concatenated mitogenomic 
datasets from (i) the aligned individual PCGs datasets (Dataset 1: 
13PCGs_NT dataset), (ii) the 13 PCGs plus the two rRNA genes (Dataset 
2: 13PCGs_rRNAs_NT dataset) with the R package concatipede v1.0.1 
[70], and (iii) derived the third mitogenomic dataset by translating the 
13PCGs_NT dataset in MEGA (Dataset 3: 13PCGs_AA dataset). 

2.5. Substitution saturation and data partitioning schemes 

To examine the degree of nucleotide substitution saturation, we 
performed two-tailed tests of substitution saturation [71] for each gene 
as well as each codon position of the 13 PCGs considering the proportion 
of invariant sites as recommended by Xia and Lemey [72] in DAMBE 
v.7.2.141 [59]. We visually inspected substitution saturation by plotting 
the number of transitions (s) and transversions (v) versus divergence 
based on genetic distances derived from the Kimura two-parameter (K2P 
or K80) substitution model [73] (Supplementary material S1: part 1). 
The K80 substitution model accommodates transition/transversion rate 
bias and the ‘K80 distance’ is thus expected to increase linearly with 
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divergence time. We also conducted the substitution saturation analysis 
for the 13PCGs_NT and 13PCGs_rRNAs_NT datasets. According to the 
observed index of substitution saturation (ISS), all genes and codon po
sitions, except for ND3_pos3, showed little saturation [p < 0.05: ISS < ISS. 

cSym (assuming a symmetrical topology) and ISS < ISS.cAsym (assuming an 
asymmetrical topology); see Supplementary material S2: Table S1]. 

Given the discordance in family-level phylogenetic inferences within 
the Carcharhiniformes based on mitochondrial phylogenomics [15,8], 
we systematically surveyed a priori partitioning schemes with varying 
degrees of complexity to determine the effects on phylogeny estimation. 
Based on the substitution saturation analyses and frequently used a priori 
partitioning schemes in mitochondrial phylogenomics, we designated 

Table 2 
General information and nucleotide composition for the 64 mitochondrial genomes of the Carcharhiniform order (including the five newly assembled Triakidae 
mitogenomes) and eight outgroups used in this study.   

Family Species Size (bp) Accession Number Whole genome composition 

A C G T AT.% AT skew GC skew 

Order 

Carcharhinidae Carcharhinus acronotus 16,719 NC 024055 5258 4210 2202 5049 61.6 0.020 − 0.313 
Carcharhinidae Carcharhinus albimarginatus 16,706 NC 047239 5271 4281 2182 4972 61.3 0.029 − 0.325 
Carcharhinidae Carcharhinus amblyrhynchoides 16,705 NC 023948 5249 4185 2198 5073 61.8 0.017 − 0.311 
Carcharhinidae Carcharhinus amblyrhynchos 16,705 NC 047238 5260 4218 2198 5029 61.6 0.022 − 0.315 
Carcharhinidae Carcharhinus amboinensis 16,704 NC 026696 5274 4167 2181 5082 62.0 0.019 − 0.313 
Carcharhinidae Carcharhinus brachyurus 16,704 NC 057525 5232 4190 2208 5073 61.7 0.015 − 0.310 
Carcharhinidae Carcharhinus brevipinna 16,706 NC 027081 5237 4224 2212 5033 61.5 0.020 − 0.313 
Carcharhinidae Carcharhinus falciformis 16,677 NC 042256 5244 4222 2201 5010 61.5 0.023 − 0.315 
Carcharhinidae Carcharhinus leucas 16,704 NC 023522 5256 4063 2190 5195 62.6 0.006 − 0.300 
Carcharhinidae Carcharhinus limbatus 16,705 NC 057057 5243 4198 2206 5058 61.7 0.018 − 0.311 
Carcharhinidae Carcharhinus longimanus 16,706 NC 025520 5260 4240 2192 5014 61.5 0.024 − 0.318 
Carcharhinidae Carcharhinus macloti 16,701 NC 024862 5279 4372 2175 4875 60.8 0.040 − 0.336 
Carcharhinidae Carcharhinus melanopterus 16,706 NC 024284 5227 4232 2226 5023 61.3 0.020 − 0.311 
Carcharhinidae Carcharhinus obscurus 16,706 NC 020611 5238 4232 2210 5026 61.4 0.021 − 0.314 
Carcharhinidae Carcharhinus perezii 16,709 MW528216 5274 4265 2175 4995 61.5 0.027 − 0.325 
Carcharhinidae Carcharhinus plumbeus 16,706 NC 024596 5221 4266 2226 4993 61.1 0.022 − 0.314 
Carcharhinidae Carcharhinus sorrah 16,707 NC 023521 5254 4306 2201 4946 61.1 0.030 − 0.323 
Carcharhinidae Carcharhinus tjutjot 16,705 NC 026871 5272 4406 2178 4849 60.6 0.042 − 0.338 
Carcharhinidae Glyphis fowlerae 16,704 NC 028342 5265 4412 2174 4853 60.6 0.041 − 0.340 
Carcharhinidae Glyphis garricki 16,702 NC 023361 5265 4386 2160 4891 60.8 0.037 − 0.340 
Carcharhinidae Glyphis glyphis 16,701 NC 021768 5267 4338 2168 4928 61.0 0.033 − 0.334 
Carcharhinidae Lamiopsis temminckii 16,708 NC 028341 5247 4316 2179 4966 61.1 0.028 − 0.329 
Carcharhinidae Lamiopsis tephrodes 16,705 NC 028340 5254 4297 2178 4976 61.2 0.027 − 0.327 
Carcharhinidae Loxodon macrorhinus 16,702 NC 029843 5296 4309 2194 4903 61.1 0.039 − 0.325 
Carcharhinidae Prionace glauca 16,705 NC 022819 5276 4076 2184 5169 62.5 0.010 − 0.302 
Carcharhinidae Rhizoprionodon acutus 16,693 NC 046016 5280 3991 2184 5238 63.0 0.004 − 0.293 
Carcharhinidae Scoliodon laticaudus 16,695 NC 042504 5266 3959 2199 5271 63.1 0.000 − 0.286 
Carcharhinidae Scoliodon macrorhynchos 16,693 NC 018052 5288 3994 2176 5235 63.0 0.005 − 0.295 
Carcharhinidae Triaenodon obesus 16,700 NC 026287 5240 4305 2203 4952 61.0 0.028 − 0.323 
Galeocerdonidae Galeocerdo cuvier 16,703 NC 022193 5310 3984 2174 5235 63.1 0.007 − 0.294 
Hemigaleidae Hemigaleus microstoma 16,701 NC 029400 5179 4411 2257 4854 60.1 0.032 − 0.323 
Hemigaleidae Hemipristis elongata 16,691 NC 032065 5296 4024 2154 5217 63.0 0.008 − 0.303 
Pentanchidae Galeus melastomus 16,706 NC 049881 5170 3783 2364 5388 63.2 − 0.021 − 0.231 
Pentanchidae Halaelurus buergeri 19,100 NC 031811 5868 4784 2642 5806 61.1 0.005 − 0.288 
Pentanchidae Parmaturus melanobranchus 16,687 NC 056784 5067 3915 2348 5357 62.5 − 0.028 − 0.250 
Proscylliidae Proscyllium habereri 16,708 NC 030216 5159 3968 2370 5211 62.1 − 0.005 − 0.252 
Pseudotriakidae Pseudotriakis microdon 16,700 NC 022735 5227 3799 2276 5398 63.6 − 0.016 − 0.251 
Scyliorhinidae Cephaloscyllium fasciatum 16,703 MZ424309 5111 3938 2419 5235 61.9 − 0.012 − 0.239 
Scyliorhinidae Cephaloscyllium umbratile 16,698 NC 029399 5174 4000 2331 5193 62.1 − 0.002 − 0.264 
Scyliorhinidae Poroderma pantherinum 16,686 NC 043830 5176 4175 2312 5023 61.1 0.015 − 0.287 
Scyliorhinidae Scyliorhinus canicula 16,697 NC 001950 5143 3986 2358 5210 62.0 − 0.006 − 0.257 
Scyliorhinidae Scyliorhinus torazame 17,861 AP019520 5511 4205 2629 5516 61.7 0.000 − 0.231 
Sphyrnidae Eusphyra blochii 16,727 NC 031812 5279 4296 2180 4972 61.3 0.030 − 0.327 
Sphyrnidae Sphyrna lewini 16,726 NC 022679 5254 4406 2204 4862 60.5 0.039 − 0.333 
Sphyrnidae Sphyrna mokarran 16,719 NC 035491 5280 4273 2179 4987 61.4 0.029 − 0.325 
Sphyrnidae Sphyrna tiburo 16,723 NC 028508 5227 4338 2244 4914 60.6 0.031 − 0.318 
Sphyrnidae Sphyrna zygaena 16,731 NC 025778 5277 4187 2209 5058 61.8 0.021 − 0.309 
Triakidae Galeorhinus galeus 17,487 ON652874 5444 4278 2366 5399 62.0 0.004 ¡0.288 
Triakidae Hemitriakis japanica 17,301 KJ617039 5379 4612 2316 4994 60.0 0.037 − 0.331 
Triakidae Mustelus asterias 16,708 ON652873 5138 4107 2321 5142 61.5 0.000 ¡0.278 
Triakidae Mustelus griseus 16,754 NC 023527 5149 4178 2352 5075 61.0 0.007 − 0.280 
Triakidae Mustelus manazo 16,707 NC 000890 5139 4077 2319 5172 61.7 − 0.003 − 0.275 
Triakidae Mustelus mosis 16,755 ON075077 5125 4208 2370 5052 60.7 0.007 ¡0.279 
Triakidae Mustelus mustelus 16,755 NC 039629 5123 4193 2376 5063 60.8 0.006 − 0.277 
Triakidae Mustelus palumbes 16,708 ON075076 5141 4114 2319 5135 61.5 0.001 ¡0.279 
Triakidae Triakis megalopterus 16,746 ON075075 5182 4167 2322 5075 61.3 0.010 ¡0.284 

Lamniformes 

Alopiidae Alopias pelagicus 16,692 NC 022822 5354 4230 2218 4890 61.4 0.045 − 0.312 
Lamnidae Lamna ditropis 16,699 NC 024269 4944 4518 2466 4771 58.2 0.018 − 0.294 
Lamnidae Carcharodon carcharias 16,744 NC 022415 5119 4498 2326 4801 59.2 0.032 − 0.318 
Odontaspididae Carcharias taurus 16,773 NC 023520 5326 4415 2212 4820 60.5 0.050 − 0.332 

Orectolobiformes 

Hemiscylliidae Chiloscyllium griseum 16,755 NC 017882 5612 3962 2091 5090 63.9 0.049 − 0.309 
Orectolobidae Orectolobus japonicus 16,706 NC 022148 5440 4017 2216 5033 62.7 0.039 − 0.289 
Rhincodontidae Rhincodon typus 16,928 KC633221 5665 4111 2166 4986 62.9 0.064 − 0.310 
Stegostomatidae Stegostoma fasciatum 16,658 NC 029480 5677 4311 2089 4581 61.6 0.107 − 0.347  
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eight different partitioning schemes (Table 3). For each partition 
scheme, we used ModelFinder [32] to select the best-fitting partitioning 
scheme and models of evolution using the corrected Akaike Information 
Criterion (AICc) and the edge-linked proportional partition model [74] 
as implemented in IQ-Tree v.2.2.0.3 [75]. This was also conducted using 
the Bayesian Information Criterion (BIC) to see how the choice of 
optimality criterion affected the results. We applied the new model se
lection procedure (− m MF + MERGE), which additionally implements 
the FreeRate heterogeneity model inferring the site rates directly from 
the data instead of being drawn from a gamma distribution (− cmax 20; 
[76]). To reduce the computational burden, the top 30% partition 
merging schemes were inspected using the relaxed clustering algorithm 
(− rcluster 30), as described in Lanfear et al. [25]. We also applied a 
secondary model selection for the best-fitting partitioning identified by 
ModelFinder under the FreeRate heterogeneity model to select the next 
best model for Bayesian inference by rerunning ModelFinder with op
tions: -m TESTONLY -mset mrbayes. 

2.6. Phylogenetic reconstruction 

We reconstructed phylogenies based on the Maximum Likelihood 
(ML) criterion in IQ-Tree and Bayesian inference (BI) in MrBayes v.3.2.6 
[77,78]. For ML analysis, we used the substitution models indicated by 
ModelFinder (Table 4). To determine if there was systematic bias in 
phylogenetic inference, we conducted eight independent runs with the 
best-fit partitioning scheme identified in ModelFinder per a priori par
titioning scheme. For all runs, we used the Nearest Neighbor Inter
change (NNI) approach to search for tree topology and for computing 
branch supports with 1000 replicates of the Shimodaira-Hasegawa 
approximate likelihood-ratio test (SH-aLRT; [79]) and 1000 boot
strapped replicates of the ultrafast bootstrapping (UFBoot2) approach 
[80]. We considered clades with UFBoot2 ≥ 95 and SH-aLRT ≥80 as 
being well supported [75]. We then compared the trees from the eight 
runs to determine significant differences with the approximately unbi
ased (AU) tree topology test [81] also implemented in IQ-Tree. For BI, 
we ran a pair of independent searches for 5 million generations, with 
trees saved every 1000 generations and the first 2500 sampled trees of 
each search discarded as burn-in. Convergence diagnostics involved the 
screen of the model parameter summary statistics Estimated Sample Size 
(ESS) and Potential Scale Reduction Factor (PSRF), where convergence 
occurred at ESS >200, and PSRF ~1.0. Finally, a consensus tree showing 
all compatible groupings was constructed. We performed the BI analysis 
on the Cyberinfrastructure for Phylogenetic Research (CIPRES) Science 
Gateway portal v.3.3 (www.phylo.org) at the San Diego Supercomputer 
Center [82]. 

In addition to UFBoot2 and SH-aLRT (IQ-Tree) and posterior prob
abilities (MrBayes), we investigated topological conflict around each 
branch of the species tree using gene (gCF) and site concordance factor 
(sCF), also implemented in IQ-Tree. The gCF and sCF for each branch of 
the species tree represent the percentage of decisive gene trees and 
alignment sites that contain that branch [83]. Assuming incomplete 
lineage sorting (ILS) is the only source of discordance between gene and 

species trees, the multi-species coalescent model predicts that the like
lihood of a gene tree quartet matching the species tree topology is 
greater than the likelihood of matching the two alternatives. Further
more, the two alternatives will have comparable frequencies [84,85]. 
We calculated the relative frequency of branch quartets surrounding 
focal clades based on this expectation. sCF values have a minimum value 
of ~30% because they are calculated by comparing the three possible 
resolutions of a quartet around a node, so when the data are completely 
equivocal about these resolutions, we expect an sCF value of 33%. 
However, gCF values can reach 0% if no gene tree contains a branch 
present in the species tree because they are calculated from full gene 
trees, such that there are many more than three possible resolutions 
around a node [83]. This can happen when a combination of biology and 
stochastic error leads to gene-tree discordance. 

We then used a χ2-test to see if the frequency of gene trees (gCF) and 
sites (sCF) supporting the two alternative topologies differed signifi
cantly as implemented in Lanfear’s R script ([83]; http://www.robe 
rtlanfear.com/blog/files/concordance_factors.html) in R v.4.1.2 [86]. 
Non-significant p-values (p > 0.05) indicate that the hypothesis of equal 
frequencies was not rejected, implying that discordance between gene 
trees and/or sites is most likely due to ILS. We also constructed plots 
comparing gCF and sCF values with UFBoot2 values using Lanfear’s R 
script. 

Trees were visualized in Figtree v.1.4.4 (http://tree.bio.ed.ac. 
uk/software/figtree/) and, finally, a consensus tree was constructed in 
Evolview v.3 webserver [87,88]. 

2.7. Gene/species tree analyses 

Phylogenetic inference based on the traditional concord approach, 
which groups genes into a supermatrix, produces high support for 
incorrect branches when incomplete lineage sorting is present because it 
assumes that all genes/sites share the same evolutionary history 
[89,90]. Therefore, we employed the summary method, Accurate Spe
cies TRee ALgorithm (ASTRAL v.5.6.3) [91], and the site-based method, 
SVDQuartets [89,92], to estimate the effects of gene-tree conflict on 
species-tree inference under the multispecies coalescent model. These 
quartet-based methods seek to find the tree that maximizes the number 
of induced quartet trees in gene trees that are shared by the species tree 
[91]. We began by estimating individual gene trees for the 13 PCGs and 
2 rRNAs based on the ML criterion in IQ-Tree with a greedy model se
lection strategy (− m MFP). We used the NNI approach to search for tree 
topology and for computing branch support with 1000 bootstrapped 
replicates of the UFBoot2 approach [80]. Gene trees for the amino acid 
alignment were created in the same manner. We then created a com
bined file with all the gene trees and ran this through ASTRAL using the 
default options. We also tested for polytomies with the method of 
Sayyari and Mirarab [85], which is based on a Chi-Square test among 
quartet frequencies for nodes, implemented with the -t 10 command. 

The SVDQuartets analysis was conducted on Dataset 2 
(13PCGs_rRNAs_NT) in PAUP* v.4.0a 169 (http://phylosolutions.com/p 
aup-test/) [93], implementing the multispecies coalescent tree model 
with random quartet sampling of 100,000 replicates and 1000 bootstrap 
replicates. We conducted this step using the merged gene partitions 
identified by ModelFinder above (Table 4, PS5). We compared the 
coalescence-based trees with those from concatenated phylogenies, for 
both our datasets and the two most recent Carcharhiniform phyloge
nomic studies [15,8]. 

2.8. Testing site heterogenous models 

To test for compositional heterogeneity among lineages in the 
nucleotide and amino acid datasets, we used AliGROOVE v.1.08 [94] 
with default settings. For nucleotide alignments, we ran the software 
with the -N option to treat indels as ambiguous characters and tested it 
without invoking -N so that indels were treated as a 5th character trait. 

Table 3 
A list of a priori partitioning schemes tested in this study. PCG, Protein-coding 
gene; pos, position.  

PS01 - None (1 partition) 
PS01AA - None (1 partition) 
PS02 - Codon: pos1 + pos2 + pos3 + 2 rRNAs (5 partitions) 
PS03 - Codon: pos1_pos2 + pos3 + 2 rRNAs (4 partitions) 
PS04 - Codon: pos1 + pos3 + 2 rRNAs (4 partitions) 
PS05 - Gene: 13 PCGs +2 rRNAs (15 partitions) 
PS05AA - Gene: 13 PCGs (13 partitions) 
PS06 - GeneXCodon: 13 PCGs pos1 + 13 pos2 + 13 pos2 + 2 rRNAs (41 partitions) 
PS07 - GeneXCodon: 13 PCGs pos1_pos2 + 13 PCGs pos3 + 2 rRNAs (28 partitions) 
PS08 - GeneXCodon: 13 PCGs pos1 + 13 PCGs pos3 + 2 rRNAs (28 partitions)  
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Table 4 
Best-fit partition schemes and substitution models determined using ModelFinder for Maximum likelihood (ML) and Bayesian Inference (BI) phylogenies.  

Partition 
Scheme 

Prior Partition (AICc) Best-fit 
substitution 
model 

Partition (BIC) Best fit 
substitution 
model    

ML BI  ML BI 

PS1 
None (1 
partition) All 

GTR +
F + I +
I + R6 

GTR 
+ F 
+ I 
+ G4 All 

GTR +
F + I +
I + R5 

GTR 
+ F 
+ I 
+ G4 

PS2 

Codon: pos1 +
pos2 + pos3 +
2 rRNAs (5 
partitions) 

13PCGs_pos1 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4 

13PCGs_pos1 
GTR +
F + I +
I + R5 

GTR 
+ F 
+ I 
+ G4 

13PCGs_pos2 
GTR +
F + R3 

GTR 
+ F 
+ I 
+ G4 13PCGs_pos2 

TVM +
F + I +
I + R3 

GTR 
+ F 
+ I 
+ G4 

13PCGs_pos3 
GTR +
F + R6 

GTR 
+ F 
+ I 
+ G4 13PCGs_pos3 

GTR +
F + I +
I + R5 

GTR 
+ F 
+ I 
+ G4 

12S 
GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4 12S_16S 

GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4 

16S 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4    

PS3 

Codon: 
pos1_pos2 +
pos3 + 2 
rRNAs (4 
partitions) 

13PCGs_pos1_pos2 
TIM2 
+ F +
R5 

GTR 
+ F 
+ I 
+ G4 

13PCGs_pos1_pos2 
TIM2 +
F + I +
I + R4 

GTR 
+ F 
+ I 
+ G4 

13PCGs_pos3 
GTR +
F + R6 

GTR 
+ F 
+ I 
+ G4 13PCGs_pos3 

GTR +
F + I +
I + R4 

GTR 
+ F 
+ I 
+ G4 

12S 
GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4 12S_16S 

GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4 

16S 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4    

PS4 

Codon: pos1 +
pos3 + 2 
rRNAs (4 
partitions) 

13PCGs_pos1 GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4 

13PCGs_pos1 
GTR +
F + I +
I + R5 

GTR 
+ F 
+ I 
+ G4 

13PCGs_pos3 
GTR +
F + R6 

GTR 
+ F 
+ I 
+ G4 13PCGs_pos3 

GTR +
F + I +
I + R5 

GTR 
+ F 
+ I 
+ G4 

(continued on next page) 
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Table 4 (continued ) 

Partition 
Scheme 

Prior Partition (AICc) Best-fit 
substitution 
model 

Partition (BIC) Best fit 
substitution 
model    

ML BI  ML BI 

12S 
GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4 12S 

GTR +
F + I +
I + R4 

GTR 
+ F 
+ I 
+ G4 

16S 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4 16S 

TIM2 +
F + I +
I + R3 

GTR 
+ F 
+ I 
+ G4 

PS5 
Gene: 13 PCGs 
+2 rRNAs (15 
partitions) 

ATP6 
TIM2 
+ F +
R4 

GTR 
+ F 
+ I 
+ G4 

ATP6_ATP8_COX2_COX3_ND3 TIM2 +
F + R5 

GTR 
+ F 
+ I 
+ G4 

ATP8 

TPM2 
+ F + I 
+ G4 

HKY 
+ F 
+ I 
+ G4 COX1 

TIM2 +
F + I +
I + R5 

GTR 
+ F 
+ I 
+ G4 

COX1 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4 CYTB_ND1_ND2_ND4_ND4L_ND5 

TIM2 +
F + I +
I + R5 

GTR 
+ F 
+ I 
+ G4 

COX2 

TIM2 
+ F +
R4 

GTR 
+ F 
+ I 
+ G4 ND6 

TIM +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4 

COX3_ND3 

TIM2 
+ F +
R5 

GTR 
+ F 
+ I 
+ G4 12S_16S 

GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4 

CYTB_ND1_ND4_ND4L_ND5 

TIM2 
+ F +
R6 

GTR 
+ F 
+ I 
+ G4    

ND2 

TIM2 
+ F +
R5 

GTR 
+ F 
+ I 
+ G4    

ND6 

GTR +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4    

12S 
GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4    

16S 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4    

PS6 

GeneXCodon: 
13PCGs pos1 
+ 13 pos2 + 13 
pos2 + 2 

ATP6_pos1_ND1_pos1_ND3_pos1_ND4L_pos1 
TIM2 
+ F +
R4 

GTR 
+ F 
+ I 
+ G4 

ATP6_pos1_CYTB_pos1_ND1_pos1_ND2_pos1_ND3_pos1_ND4_pos1_ND4L_pos1_ND5_pos1 
GTR +
F + I +
I + R4 

GTR 
+ F 
+ I 
+ G4 

(continued on next page) 
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Table 4 (continued ) 

Partition 
Scheme 

Prior Partition (AICc) Best-fit 
substitution 
model 

Partition (BIC) Best fit 
substitution 
model    

ML BI  ML BI 

rRNAs (41 
partitions) 

ATP6_pos2_ND1_pos2_ND4L_pos2 

TVM 
+ F +
R3 

GTR 
+ F 
+ I 
+ G4 ATP6_pos2_CYTB_pos2_ND1_pos2_ND2_pos2_ND3_pos2_ND4_pos2_ND4L_pos2_ND5_pos2 

TVM +
F + I +
I + R3 

GTR 
+ F 
+ I 
+ G4 

ATP6_pos3_ATP8_pos3 

TIM2 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4 ATP6_pos3_ATP8_pos3_COX2_pos3_COX3_pos3_ND3_pos3 

TIM2 +
F + R5 

GTR 
+ F 
+ I 
+ G4 

ATP8_pos1_ATP8_pos2 

TIM2 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4 ATP8_pos1_ATP8_pos2_12S_16S 

GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4 

COX1_pos1 

TIM2e 
+ I +
G4 

SYM 
+ I 
+ G4 COX1_pos1_COX2_pos1_COX3_pos1 

SYM +
I + I +
R3 

SYM 
+ I 
+ G4 

COX1_pos2_COX2_pos2 

TVM 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4 COX1_pos2_COX2_pos2_COX3_pos2 

K3Pu +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4 

COX1_pos3 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4 COX1_pos3 

TIM2 +
F + I +
I + R5 

GTR 
+ F 
+ I 
+ G4 

COX2_pos1_COX3_pos1 
SYM +
R3 

SYM 
+ I 
+ G4 CYTB_pos3_ND1_pos3_ND2_pos3_ND4_pos3_ND4L_pos3_ND5_pos3 

TIM2 +
F + I +
I + R4: 

GTR 
+ F 
+ I 
+ G4 

COX2_pos3_COX3_pos3_ND3_pos3 

TIM2 
+ F +
R5 

HKY 
+ F 
+ I 
+ G4 ND6_pos1_ND6_pos2 

K3Pu +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4 

COX3_pos2 

K3Pu 
+ F + I 
+ G4 

HKY 
+ F 
+ I 
+ G4 ND6_pos3 

TIM3 +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4 

CYTB_pos1_ND4_pos1_ND5_pos1 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4    

CYTB_pos2_ND4_pos2 
GTR +
F + R3 

GTR 
+ F 
+ I 
+ G4    

CYTB_pos3 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4    

ND1_pos3_ND2_pos3 

TIM2 
+ F +
R4 

GTR 
+ F 
+ I 
+ G4    

(continued on next page) 
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Table 4 (continued ) 

Partition 
Scheme 

Prior Partition (AICc) Best-fit 
substitution 
model 

Partition (BIC) Best fit 
substitution 
model    

ML BI  ML BI 

ND2_pos1 

GTR +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4    

ND2_pos2_ND3_pos2 
GTR +
F + R3 

GTR 
+ F 
+ I 
+ G4    

ND4_pos3_ND4L_pos3 

TIM2 
+ F +
R5 

GTR 
+ F 
+ I 
+ G4    

ND5_pos2 

GTR +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4    

ND5_pos3 

TIM2 
+ F +
R5 

GTR 
+ F 
+ I 
+ G4    

ND6_pos1 

TIM2 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4    

ND6_pos2 

TVM 
+ F + I 
+ G4 

HKY 
+ F 
+ I 
+ G4    

ND6_pos3 

TIM3 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4    

12S 
GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4    

16S 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4    

PS7 

GeneXCodon: 
13 PCGs 
pos1_pos2 +
13 pos3 + 2 
rRNAs (28 
partitions) 

ATP6_pos1_pos2_ND1_pos1_pos2_ND3_pos1_pos2 
GTR +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4 

ATP6_pos1_pos2_CYTB_pos1_pos2_ND1_pos1_pos2_ND2_pos1_pos2_ND3_pos1_pos2_ND4_pos1_pos2_ND4L_pos1_pos2_ND5_pos1_pos2 
TIM2 +
F + R4 

GTR 
+ F 
+ I 
+ G4 

ATP6_pos3_ATP8_pos3 

TIM2 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4 ATP6_pos3_ATP8_pos3_COX2_pos3_COX3_pos3_ND3_pos3 

TIM2 +
F + R5 

GTR 
+ F 
+ I 
+ G4 

ATP8_pos1_pos2 

TIM2 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4 ATP8_pos1_pos2_12S_16S 

GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4 

(continued on next page) 
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Table 4 (continued ) 

Partition 
Scheme 

Prior Partition (AICc) Best-fit 
substitution 
model 

Partition (BIC) Best fit 
substitution 
model    

ML BI  ML BI 

COX1_pos1_pos2 

TIM2 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4 COX1_pos1_pos2_COX2_pos1_pos2_COX3_pos1_pos2 

TIM2 +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4 

COX1_pos3 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4 COX1_pos3 

TIM2 +
F + I +
I + R5 

GTR 
+ F 
+ I 
+ G4 

COX2_pos1_pos2_COX3_pos1_pos2 
GTR +
F + R3 

GTR 
+ F 
+ I 
+ G4 CYTB_pos3_ND1_pos3_ND2_pos3_ND4_pos3_ND4L_pos3_ND5_pos3, 

TIM2 +
F + I +
I + R4 

GTR 
+ F 
+ I 
+ G4 

COX2_pos3_COX3_pos3_ND3_pos3 

TIM2 
+ F +
R5 

HKY 
+ F 
+ I 
+ G4 ND6_pos1_pos2 

K3Pu +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4 

CYTB_pos1_pos2_ND4L_pos1_pos2_ND5_pos1_pos2 

TIM2 
+ F +
R4 

GTR 
+ F 
+ I 
+ G4 ND6_pos3 

TIM3 +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4 

CYTB_pos3 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4    

ND1_pos3_ND2_pos3 

TIM2 
+ F +
R4 

GTR 
+ F 
+ I 
+ G4    

ND2_pos1_pos2_ND4_pos1_pos2 

TIM2 
+ F +
R4 

GTR 
+ F 
+ I 
+ G4    

ND4_pos3_ND4L_pos3 

TIM2 
+ F +
R5 

GTR 
+ F 
+ I 
+ G4    

ND5_pos3 

TIM2 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4    

ND6_pos1_pos2 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4    

ND6_pos3 

TIM3 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4    

12S 
GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4    

(continued on next page) 
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Table 4 (continued ) 

Partition 
Scheme 

Prior Partition (AICc) Best-fit 
substitution 
model 

Partition (BIC) Best fit 
substitution 
model    

ML BI  ML BI 

16S 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4    

PS8 

GeneXCodon: 
13 PCGs pos1 
+ 13 pos3 + 2 
rRNAs (28 
partitions) 

ATP6_pos1_ND1_pos1 
TIM2 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4 

ATP6_pos1_CYTB_pos1_ND1_pos1_ND2_pos1_ND3_pos1_ND4_pos1_ND4L_pos1_ND5_pos1 
GTR +
F + I +
I + R4 

GTR 
+ F 
+ I 
+ G4 

ATP6_pos3_ATP8_pos3 

TIM2 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4 ATP6_pos3_ATP8_pos3_COX2_pos3_COX3_pos3_ND3_pos3 

TIM2 +
F + R5 

GTR 
+ F 
+ I 
+ G4 

ATP8_pos1 
TN + F 
+ G4 

GTR 
+ F 
+ G4 ATP8_pos1_12S_16S 

GTR +
F + R5 

GTR 
+ F 
+ I 
+ G4 

COX1_pos1 

TIM2e 
+ I +
G4 

SYM 
+ I 
+ G4 COX1_pos1_COX2_pos1_COX3_pos1 

SYM +
I + I +
R3 

SYM 
+ I 
+ G4 

COX1_pos3 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4 COX1_pos3 

TIM2 +
F + I +
I + R5 

GTR 
+ F 
+ I 
+ G4 

COX2_pos1_COX3_pos1_ND3_pos1 
SYM +
I + G4 

SYM 
+ I 
+ G4 CYTB_pos3_ND1_pos3_ND2_pos3_ND4_pos3_ND4L_pos3_ND5_pos3 

TIM2 +
F + I +
I + R4 

GTR 
+ F 
+ I 
+ G4 

COX2_pos3_COX3_pos3_ND3_pos3 

TIM2 
+ F +
R5 

HKY 
+ F 
+ I 
+ G4 ND6_pos1 

TPM2u 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4 

CYTB_pos1_ND4_pos1_ND4L_pos1_ND5_pos1 
GTR +
F + R4 

GTR 
+ F 
+ I 
+ G4 ND6_pos3 

TIM3 +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4 

CYTB_pos3_ND1_pos3_ND2_pos3 

TIM2 
+ F +
R4 

GTR 
+ F 
+ I 
+ G4    

ND2_pos1 

GTR +
F + I +
G4 

GTR 
+ F 
+ I 
+ G4    

ND4_pos3_ND4L_pos3_ND5_pos3 
GTR +
F + R6 

GTR 
+ F 
+ I 
+ G4    

ND6_pos1 

TIM2 
+ F + I 
+ G4 

GTR 
+ F 
+ I 
+ G4    

(continued on next page) 
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This method establishes non-random similarity between any two se
quences at each site in a matrix of pairwise comparisons relative to the 
variation in the entire set of sequences. BaCoCa v.1.1 [95] was used to 
test for biases in individual PCGs and rRNAs as well as the alignment as a 
whole which could be violating the assumptions of stationarity, 
reversibility, homogeneity and therefore misleading phylogenetic re
constructions. We implemented the r option of the program to generate 
heat maps in combination with hierarchical clustering. Base heteroge
neity across taxa is assessed using the Relative Composition Frequency 
Variability (RCFV) value [96] based on nucleotide or amino acid fre
quencies. Besides individual character states, this is also done for classes 
of character states such as purines or polar amino acids as well as for 
ambiguity characters. 

The PHYLOBAYES_MPI v.1.9 package [36] was used to conduct 
Bayesian Inference analyses using the pb_mpi program for the three 
concatenated mitogenomic datasets defined in our study: (i) the aligned 
individual PCGs datasets (Dataset 1: 13PCGs_NT dataset), (ii) the 13 
PCGs plus the two rRNA genes (Dataset 2: 13PCGs_rRNAs_NT dataset), 
and (iii) the derived third mitogenomic dataset by translating the 
13PCGs_NT dataset (Dataset 3: 13PCGs_AA dataset). For each dataset 
(supermatrix), we tested the GTR + G4 site homogenous model, CAT +
Poisson + G4 model (exchange rates are fixed) and the CAT + GTR + G4 
model (exchange rates are independently estimated from the data under 
general time reversible Markov processes). The C60 + GTR + G4 
empirical profile mixture model, which provides 60 rate categories to 
describe rate variation among sites, was also tested for the amino acid 
dataset. Two independent Markov chain Monte Carlo (MCMC) chains 
were run per supermatrix until convergence was reached, whenever 
possible, due to computational time constraints. The accuracy of find
ings from Bayesian phylogenetic analyses is heavily dependent on two 
factors: ensuring that the chains have reached a state of stability, known 
as stationarity, and obtaining a substantial number of independent 
samples from the posterior distribution. We assessed convergence of 
independent runs using maximum difference (maxdiff) in all bipartitions 
and effective sample size (effsize) following the guidelines specified in 
the PHYLOBAYES_MPI manual. The bpcomp program was used to 
generate outputs of the largest maxdiff and mean difference (meandiff) 
discrepancies observed across all bipartitions, while the tracecomp pro
gram was used to estimate the effsize and discrepancy for the summary 
variables of the models. For both programs we used a conservative burn- 
in of 20% of the length of MCMC chain. Chain convergence was also 
checked using Tracer v.1.7.1 [97]. Subsequently, post-analyses were 
conducted with the readpb_mpi program to obtain site-specific log like
lihood statistics using a burn-in of 20% of the length of MCMC chain, 
and thinning accordingly to obtain a total of at least 100 MCMC points 
(see results later) given the computational intensiveness of estimating 
site log likelihoods under the CAT models. Finally, for model compari
son we collected the site-specific scores, widely applicable information 
criterion (wAIC) and the asymptotically equivalent leave one-out cross- 
validation (LOO-CV) [98], using the script read_loocv_waic.py, which is 
provided as part of the PHYLOBAYES_MPI package. 

3. Results 

3.1. Genome structure and composition 

Ion Torrent sequencing yielded five complete mitochondrial genome 
sequences. Genome assembly using de novo, reference-based and a 
hybrid approach resulted in contiguous consensus sequences for all ge
nomes except for G. galeus. The reference-based approach failed to 
detect a 714 bp-duplication located between tRNAPro and the control 
region. Annotation of the de novo assembly using MitoAnnotator 
revealed that this duplication is made up of two parts, a 644 bp non- 
coding (NC644) fragment at the 5′-end and a 70 bp tRNAThr (tRNAThr’) 
at the 3′-end of the H-strand. We aligned the duplicated fragments with 
the G. galeus reference genome assembly that did not contain the Ta
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duplication in Geneious and found that NC644 aligned with the cyto
chrome b (Cytb) gene and tRNAThr’ aligned with tRNAThr with some gaps. 
The duplication was confirmed using Sanger sequencing (Supplemen
tary material S3). 

The five newly assembled mitogenomes are between 16,708 and 
17,488 bp long with a gene content and composition consistent with 
other elasmobranch mitogenomes (Fig. 3, Supplementary material S2: 
Table S2). They all encode 13 protein-coding genes (PCGs), two rRNA 
genes, and 22 tRNA genes (tRNALeu and tRNASer are duplicated), with the 
exception of G. galeus which contains 23 tRNA genes (tRNAThr is also 
duplicated). Nine genes (1 PCG and 8 tRNAs) are found on the L-strand, 
while the other 28 are encoded on the H-strand. 

All sequenced Triakidae species have two non-coding regions, a 
1067–1142 bp control region (D-loop) between tRNAPro and tRNAPhe and 
30–36 bp L-strand replication origin (OL) between tRNAAsn and tRNACys. 
Additionally, there are overlapping nucleotides and gaps between some 
PCGs and between PCGs and tRNAs. The control region was enriched in 
tandem repeat sequences in G. galeus, M. asterias, M. manazo, M. pal
umbes and T. megalopterus (Table S3). G. galeus has an additional 714 bp- 
intergenic spacer between tRNAPro and the control region which has not 
been reported before in other fish species (Fig. 3, Supplementary in
formation S3). 

The nucleotide composition of the houndshark mitogenomes is 
similar to that of all other Carcharhiniformes (Table 2). The genomes are 
AT-rich with an overall A + T content of 60–62% and a positive AT-skew 
(0.0006–0.0371), indicative of a slight excess of adenine bases 
compared to thymine, except M. asterias and M. manazo which have a 
negative AT-skew, concordant with Galeus melastomus. Overall, all the 
genomes have a negative GC-skew, suggestive of C-biased nucleotide 
composition. ND6 has the largest negative AT-skew and largest positive 
GC-skew of all the Triakidae genomes (Supplementary material S1: part 
2). Like other Carcharhiniformes, ATP8 has the highest AT-content in all 
the genomes, except H. japonica where the AT-content of the D-loop is 
higher. G. galeus also has a significantly higher AT-content in the D-loop 
in comparison with other Triakidae species (Fig. 3, Supplementary 
material S1: part 2). 

3.2. Protein coding genes 

Among the 13 protein-coding genes, there are three cases of over
lapping reading frames in all Triakidae mitogenomes: ATP6 and ATP8 
share 10 nucleotides on the same strand, ND4 and ND4L overlap by 
seven nucleotides on the same strand, and ND5 and ND6 share four 
nucleotides on the opposite strand. All PCGs have the start codon ATG, 
except for COI which begins with GTG instead. TAA is the stop codon in 
COI, ATP8, ND4L and ND5; TAG is found in ND6 and ND2, ATP6 and 
COIII possess the truncated “TA” stop codon while “T” is found in COII, 
ND3, ND4, and Cytb. H. japonica, M. griseus and M. manazo possess a 
complete stop codon for ATP6 like Carcharhinus amboinensis (Table S2). 

There is significant bias towards A/T in codon usage, concordant 
with nucleotide composition estimates, in all the genomes. The RSCU 
analysis showed that codons were biased towards using more A/T nu
cleotides at the third codon (Supplementary material S2: Table S4). 
Among PCGs, leucine 1 (11.53–12.08%) and cysteine (0.63%) are the 
most and least frequently used amino acids, respectively, concordant 
with other Carcharhiniform species. 

3.3. Ribosomal RNA and transfer RNA genes 

The 12S rRNA and 16S rRNA genes are both encoded by the H-strand, 
with A + T contents of 56–58.2% and 62.4–63.1%, respectively. The 12S 
rRNA in the five mitogenomes ranges from 951 to 954 bp and is located 
between tRNAPhe and tRNAVal (Table S2). The 16S rRNA ranges from 
1667 to 1671 bp and is found between tRNAVal and tRNALeu1. 14 tRNAs 
are encoded by the H-strand and the remaining eight are encoded by the 
L-strand (Table S2). In G. galeus, there is a 2 bp overlap between tRNAIle 

and tRNAGln. The anticodon sequences of each of the tRNA genes is 
identical among the Triakidae mitogenomes and outgroups. All the 
tRNAs were capable of folding into a secondary cloverleaf structure in 
Arwen and tRNAscan-SE apart from tRNASer1 which lacked a dihy
drouridine (DHU) arm. In G. galeus, tRNAThr’ was predicted to be a 
tRNAThr-like structure by MitoAnnotator and ARWEN. To clarify the 
functionality of the duplicated tRNA, we further investigated its sec
ondary structure by employing three different prediction tools consid
ering both algorithmic and energy models for more accurate prediction 
[99] (Fig. 4). We began by using RNAfold v.2.4.17 webserver (http://rn 
a.tbi.univie.ac.at/) which uses a dynamic programming technique to 
predict secondary structure by calculating the minimum free energy 
(MFE) [100,101]. A short-coming of this approach is that it relies on 
experimental techniques to determine scoring parameters and often fails 
to detect unconventional tRNA structures which are products of tandem 
duplication repeats in the mitochondrial genome [102]. To address this, 
machine learning approaches were developed to train scoring parame
ters based on reference structures [99]. We chose tRNA-Scan v.2.0 [62] 
because it has been trained to using a broad set of vertebrate mito
chondrial tRNAs. The challenge with algorithmic models is that rich 
parameterization can cause overfitting to the training data, preventing 
robust predictions [103]. We therefore elected to also test a hybrid 
method, MXFold2 (http://ws.sato-lab.org/mxfold2/), which integrates 
folding scores calculated by a deep neural network trained with a large 
quantity of data but avoids overfitting rich-parameterized weight pa
rameters to the training data by resorting to the thermodynamic pa
rameters for assessing previously unobserved substructures [99]. 

As evident from the MFE scores and base pair knots in Fig. 4, RNA
fold and MXfold2 produce far less stable secondary structures for 
tRNAThr’ than for tRNAThr, however tRNAscan-SE produces a tRNAThr’ 

that can form a cloverleaf structure when an internal loop is incorpo
rated into the acceptor stem. Furthermore, the duplicated tRNAThr’ has 
maintained a 79% sequence similarity with tRNAThr and the anticodon is 
conserved. 

3.4. Phylogenetic reconstruction 

The final concatenated and cleaned alignment of Triakidae and other 
representative Carcharhiniformes with two outgroup families, was 
constructed using the 13 PCGs and 2 rRNA genes and comprised 13,945 
sites. The likelihood statistics used to test our eight partitioning strate
gies are very similar for AICc and BIC and they rank the partitioning 
schemes in the same order. Partitioning schemes with lower AICc and 
BIC scores generally have fewer partitions and free rate parameters 
(Table S5). Partitioning strategy 4 (PS4; codon pos1 + pos3 + 2 rRNAs; 4 
partitions) is the best supported scheme for both ML and BI model se
lection with an AICc of 374,298.30 and a BIC of 375,208.20. The log 
likelihood scores for the tree also support PS4 and show a positive 
correlation with the information criterion scores. The best-fit parti
tioning schemes, along with the optimal substitution models, under ML 
and BI as selected by ModelFinder differ substantially for AICc and BIC 
(Table 4). AICc yields an increased number of partitions, however the 
models of substitution are very similar across partitions. AICc also finds 
more parameter-rich models, and these differ to those selected by BIC for 
different codon positions (P2-P4 & P6-P8) and genes (P5-P8), particu
larly for the rate (R) model. However, ModelFinder was demonstrated to 
be accurate regardless of the optimality criterion and, in our dataset, 
tree topologies constructed with BIC are the same as those constructed 
with AICc, with minor variations in bootstrap and posterior probability 
values. For this reason, the BIC trees are not displayed in the results. 

Phylogenetic reconstruction based on the different partitioning 
schemes yielded consistent clustering of larger, deeper clades but there 
are some contrasting relationships for more recently diverged lineages 
(Fig. 5, Supplementary material S1: part 4). The Lamniform order is 
confirmed as a sister clade to the Carcharhiniformes with a UFBoot2, SH- 
aLRT and posterior probability of 100% for all partitioning schemes. 
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Fig. 3. Gene maps of the five new mitogenomes constructed in MitoAnnotator. In the outermost ring, the inner genes are transcribed clockwise, while the outer genes 
are transcribed counterclockwise. The middle grey circle shows the GC-content. Houndshark sketches were retrieved from the Food and Agriculture Organization 
(FAO). A. Galeorhinus galeus. B. Mustelus asterias. C. Mustelus mosis. D. Mustelus palumbes. E. Triakis megalopterus. 
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Galeocerdo cuvier was consistently recovered as a sister-group to 
Sphyrnidae and Carcharhinidae, which supports the decision to reclas
sify it from Carcharhinidae to its own family, Galeocerdonidae. The 
Carcharhinus genus shows evidence of polytomy in some of the BI var
iations (PS2, PS4 and PS8), but not in ML topologies. Scyliorhinidae is 
paraphyletic for all partitioning schemes, with Parmaturus melano
branchus clustering separately to the rest of the family. 

PS1 (no partitioning) and PS5 (partitioning based on genes) result in 
the monophyletic grouping of Triakidae for the ML analysis, which is 

supported by the translated alignment phylogenies (AA1 and AA5). 
However, codon and geneXcodon partitioning schemes demonstrate 
paraphyly for Triakidae. PS5 supports Triakidae as a monophyletic clade 
with 100% UFBoot2, SH-aLRT and posterior probability values. M. mosis 
clusters with M. mustelus for the majority of ML topologies but clusters 
with M. griseus for PS2-PS4 and in all BI topologies. The paraphyletic PS4 
topology has the highest AICc and BIC scores, however the UFBoot2 
value is below 95% for the M. griseus/M. mosis split (77.7%), the Mustelus 
genus split (81.5%) and the isolated clustering of H. japonica (91.2%). BI 

Fig. 4. RNA structure of the tRNAThr at 15,490–15,561 bases with a minimum free energy (MFE) of - 17.60 kcal/mol (A) and the duplicated pseudo-tRNAThr 

(tRNAThr’) in Galeorhinus galeus at 16,277–16,346 bases with a MFE of – 9.40 kcal/mol (B) discovered by RNAfold v.2.4.17. Base-pair probabilities are shown in the 
colour bar scale. More typical cloverleaf structures found by tRNAscan-SE v.2.0 for tRNAThr (C) and tRNAThr’ (D). Structure of tRNAThr with a MFE of − 16.3 kcal/mol 
and tRNAThr’ with a MFE of − 8 kcal/mol (F) created using MXFold2. 
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trees result in a monophyletic Triakidae family with support values 
above 95% for all partition schemes, except PS4 and PS8 which both 
exclude codon position 2 (Supplementary material S1: part 4.2). The 
Mustelus genus clade also clusters into two groups, distinguished from 
each other by reproductive mode (placental and aplacental viviparity), 
with a UFBoot2, SH-aLRT, and posterior probability of 100% for all 
partitioning schemes. Monophyly of the Mustelus genus holds only if 
Triakis megalopterus is included, where it falls within the aplacental 
clade. 

The tests used to assess confidence of tree selection for each parti
tioning scheme yielded non-significant p-values (p > 0.05) and log- 
likelihood values are comparable among partitioning schemes 
(Table 5). PS6 and PS8 had significant posterior weights for the boot
strap proportion using the RELL method (bp-RELL) and the Expected 
Likelihood Weight (c-ELW), likely attributable to overpartitioning. 

Concordance factors, which estimate the topological variation in the 
branches of phylogenies, demonstrated interesting patterns when 
comparing the trees from different partitioning schemes (Supplemen
tary material S1, part 4.3). sCF values are fixed for nodes found across 

the different trees. gCF values are 100 for all nodes of the unpartitioned 
(PS1 and AA1) topologies and the majority of gCFs are above 75 for 
codon partitioning schemes (PS2-PS4), except for some nodes in the 
families Triakidae and Carcharhinidae. gCF values are also generally 
higher than sCF values for all topologies, apart from some nodes in 
Carcharhinidae. Concordance values decreased significantly for the 
geneXcodon topologies (PS6-PS8), but on average gCF values are still 
larger than sCF values. None of the paraphyletic schemes (PS2 – PS4 and 
PS6 – PS8) are well supported for the Mustelus genus node or the 
H. japonica split, with gCF values of 25% or less and sCF values below 
33.3%. Gene partition-based phylogenies (PS5 and AA5) displayed 
similar trends in CF values to codon partitions, however, sCF and gCF 
values supported monophyly for Triakidae. Notably, gCF is 100% for the 
node where Triakidae branches from Carcharhinidae + Sphrynidae +
Hemigaleidae. Branching of H. japonica and G. galeus from the rest of the 
Triakidae taxa is less certain, with gCF values of 30% and 40% and sCF 
values of 36.9% and 43.4%, respectively. In Carcharhinidae, gCF values 
are 0% for very short branches across partitioning schemes. 

The χ2-test used to determine whether gene and site tree frequencies 

Fig. 5. Maximum Likelihood phylogeny of species in the order Carcharhiniformes (with representative Lamniform and Orectolobiform outgroups) constructed using 
13 protein-coding genes and 2 rRNA genes with the PS5 gene partitioning scheme (13 PCGs +2 rRNAs; 15 partitions). Taxa in red text were sequenced in this study. 
Posterior probabilities and ultrafast bootstrapping UFBoot2 branch support values <95% are indicated at nodes with asterisks and orange dots respectively. SH-aLRT 
values below 80% are marked with blue dots. Reproductive modes are indicated in the key in the top left corner. Bayesian inference yielded the same topology, 
except Triaenodon obesus clusters with C. macloti and C. tjutjot and M. mosis clusters with M. griseus instead of M. mustelus. Shark graphics obtained from PhyloPic 
(Michael Keesey) (Creative Commons). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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supporting the two alternative tree topologies differed significantly, 
resulted in non-significant p-values (p > 0.05) for the most part 
(Table S6, Supplementary material S1, part 4.5). The majority of sig
nificant p-values across partitioning strategies are for branches in the 
genus Carcharhinus. However, overall, the hypothesis of equal fre
quencies cannot be rejected, implying that discordance among gene 
trees and/or sites is most likely due to incomplete lineage sorting rather 
than other phenomenon such as gene flow between lineages after sep
aration or unequal rates of evolution of genes among different lineages. 

3.5. Gene/species tree analyses 

With ILS determined to be the culprit for discordance between genes 
and/or sites, we could move on to testing for discordance between gene/ 
species trees using the multispecies coalescent model. Analysis of indi
vidual gene trees revealed substantial departure of many of the gene 
trees from the species tree (Supplementary material S1: part 4.6). The 
consensus NT and AA ASTRAL species trees, constructed from the gene 
trees, consistently support the deeper clades uncovered in the ML and BI 
phylogenies (Fig. 6). However, there are differences evident for some of 
the shallower clades in the family Carcharhinidae. The test for poly
tomy, gives insignificant p-values for all nodes indicating that, although 
some branches in Carcharhinus are very short, resolution is possible 
under the MSCM. Triakidae is found to be monophyletic and the clades 
within the family are concordant with those demonstrated in Fig. 5. A 
monophyletic Triakidae is also evident for the SVDquartets phylogeny 
(Supplementary material S1: part 4.7). This coalescent-based tree is 
consistent with the concatenated phylogenetic trees for deeper clades, 
but it is the only topology where the Carcharhinus genus is found to be 
monophyletic and Galeocerdo cuvier in the Carcharhinidae family, albeit 
not strongly supported. 

3.6. Testing for compositional heterogeneity 

The AliGROOVE tests showed very low heterogeneity among line
ages in sequence composition for the 13PCG_NT and 13PCG_2rRNA_NT 
nucleotide datasets and no compositional heterogeneity for the 
13PCG_AA amino acid matrix (Fig. 7). Similarly, the BaCoCa tests to 
detect compositional heterogeneity within taxa, showed very little 
compositional heterogeneity (Supplementary material S1: part 5.1). The 
heat maps for ambiguous characters and indels showed no heterogeneity 
at all and those for purines, pyrimidines, and AT-content showed very 
low compositional heterogeneity overall, with some of the outgroup 

taxa displaying moderate compositional bias. 
The different models tested in PHYLOBAYES_MPI yielded contrast

ing convergence statistics and tree topologies (Supplementary material 
S3: Table S7). Overall, the complex CAT + GTR + G4 model was the best 
fitting model according to the weighted AIC scores. Furthermore, both 
the relative difference (reldiff) and maxdiff between chains well below 
0.1 and the effsizes above 600 for Datasets 1 and 2. This model recovered 
triakids as paraphyletic with strong support for all datasets (Supple
mentary material S1: part 5.2). This was concerning for Dataset 3 
because the runs never converged after over 19,500 MCMC and the 
Tracer plots show poor mixing for some parameters, particularly sta
talpha (Supplementary material S1: part 5.3). This hyperparameter of 
the CAT model determines the sparsity of the equilibrium frequency 
profiles across sites. The reldiff was also >0.3 and the effsize was <100 
for some parameters. However, the less complex site heterogenous C60 
model was recovered as the next best approximating model and 
converged, recovering triakids as monophyletic. The site homogenous 
GTR + G4 model recovered triakids as monophyletic for all datasets. 

4. Discussion 

4.1. Mitogenome assembly and annotation 

Here we provided complete mitochondrial genome assemblies for 
five Triakidae species, enabling the expansion of the molecular phy
logeny of the family. The utilization of an integrated assembly pipeline 
assisted with the detection of a 714 bp-duplication between tRNAPro and 
the control region in the genome of Galeorhinus galeus, which failed to 
assemble with the reference-based approach (Fig. 3). This intergenic 
spacer appears to be a duplication of a portion of Cytb and tRNAThr. As 
evident from the Triakidae mitogenomes reported here, the gene content 
and organization of most fish mitogenomes is conserved, however, in
stances of nonstandard gene patterns have been uncovered [5]. A novel 
594 bp non-coding region, located between Cytb and tRNAThr as a 
duplication remnant of both the former and latter, was recently reported 
in the mitogenome of Hemitriakis japonica [8]. Scyliorhinus torazame was 
the first Carcharhiniform species found to contain a mitogenome 
duplication of the control region [7]. Additionally, an uncharacterized, 
non-functional 1060 bp control region remnant between tRNAThr and 
tRNAPro was reported in the Lamniform species, Mitsukurina owstoni 
(EU528659). Wang et al. [8] proposes that the Cytb-Thr-Pro-D-loop 
complex may be a gene rearrangement hotspot in shark mitogenomes. A 
likely explanation for these mitochondrial mutations is tandem 

Table 5 
Comparison of the log-likelihood values to assess the confidence of Maximum Likelihood tree selection using the eight partitioning schemes. Tree topology tests were 
run using 10,000 RELL replicates as implemented in IQ-Tree v.2.2.0.3. RELL, resampling of estimated log-likelihoods.  

Tree logL deltaL bp-RELL  p-KH  p-SH  p-WKH  p-WSH  c-ELW  p-AU  

PS1 − 208,906 0 0.525 + 0.641 + 1 + 0.641 + 0.851 + 0.521 + 0.708 +

PS2 − 208,914 7.8506 0.109 + 0.359 + 0.734 + 0.359 + 0.847 + 0.115 + 0.536 +

PS3 − 208,914 7.8506 0.112 + 0.359 + 0.734 + 0.359 + 0.825 + 0.115 + 0.535 +

PS4 − 208,933 27.449 0.051 + 0.172 + 0.324 + 0.163 + 0.395 + 0.0493 + 0.213 +

PS5 − 208,919 13.672 0.121 + 0.275 + 0.605 + 0.275 + 0.624 + 0.117 + 0.378 +

PS6 − 208,942 36.242 0.023 − 0.151 + 0.21 + 0.151 + 0.464 + 0.022 − 0.182 +

PS7 − 208,939 33.133 0.0399 + 0.16 + 0.235 + 0.16 + 0.43 + 0.0393 + 0.208 +

PS8 − 208,942 36.242 0.0194 − 0.151 + 0.21 + 0.151 + 0.476 + 0.022 − 0.182 +

deltaL: logL difference from the maximal logL in the set. 
bp-RELL: bootstrap proportion using RELL method [104]. 
p-KH: p-value of one-sided Kishino-Hasegawa test [105]. 
p-SH: p-value of Shimodaira-Hasegawa test [81]. 
p-WKH: p-value of weighted KH test. 
p-WSH: p-value of weighted SH test. 
c-ELW: Expected Likelihood Weight [106]. 
p-AU: p-value of approximately unbiased (AU) test [81]. 
Plus, signs denote the 95% confidence sets. 
Minus signs denote significant exclusion. 
All tests performed 10,000 resamplings using the RELL method. 
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duplication and random loss (TDRL), which assumes that some genes are 
duplicated to form a gene block and subsequent random loss of one of 
the redundant paralogs leads to the non-coding regions between com
plete genes [107,108]. Alternative mechanisms invoked to account for 
mitochondrial rearrangements include inversion [109] transposition 
[110], and intramolecular recombination [111], however, none of these 
explain the presence of duplicated pseudogenes, which act as in
termediaries in changing gene orders under TDRL. 

Based on the TDRL and the intramitochondrial recombination 
model, we speculate that the rearrangement process in the mitogenome 
of G. galeus is similar to that proposed for H. japonica [8]. Firstly, Cytb 
and tRNAThr underwent tandem duplication as a result of slipped-strand 
mispairing to form a Cytb-tRNAThr-Cytb’- tRNAThr’ dimeric block. 

Secondly, a random deletion occurred resulting in the loss of redundant 
fragments of Cytb’ and tRNAThr’ and consequently a loss in function of 
these genes. Lastly, the remaining remnants of the duplication recom
bined into the D-loop. 

Structural analysis of tRNAThr’ calculated using thermodynamic 
model parameters suggests that it likely does not fold into a functional 
molecule (Fig. 4), even though the algorithmic model (tRNAscan-SE) 
classifies the pseudogene as a functional tRNA. Previous studies inves
tigating mitochondrial tRNAs have demonstrated that a low level of 
primary sequence conservation and exhibition of unusual secondary 
structures is not uncommon [102]. Furthermore, although partial gene 
region duplications are usually followed by rapid deletion of redundant 
material which may result in gene order rearrangement, some stabilized 

Fig. 6. Carcharhiniform phylogeny based on a multispecies coalescent model constructed using 13 protein-coding genes and 2 rRNA genes in ASTRAL. Repre
sentatives from the orders Lamniformes and Orectolobiformes form the outgroups. Taxa in red text were sequenced in this study. Posterior probabilities are indicated 
in red, but those above 0.99 are omitted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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duplications have been recorded. For example, Bakke et al. [112] re
ported a tRNAThr-tRNAPro intergenic spacer shared by two groups of cod 
fishes, the common ancestor of which originated 40 million years ago 
(MYA). It is suggested that positive selection has maintained these non- 
coding regions due to retention of function as an alternative site of 
initiation of replication or transcription of adjacent genes [113] or 
heavy strand transcript termination [112]. The duplication remnant of 
tRNAThr in H. japonica is located in front of the functional tRNAThr, 
however it is significantly more degraded and not detected as a func
tional tRNA by any of the prediction models. Mitogenome sequencing 
data from the closest relative of G. galeus, Hypogaleus hyugaensis may be 
useful in revealing the evolutionary pathway of this duplication. If it 

occurred in a common ancestor and has been retained in the two species, 
this may suggest that it has maintained its function. Nevertheless, 
further investigation of this control region duplication hotspot is 
required to understand the physiological implications of tRNAThr in 
G. galeus, if any. 

Although, intraspecific comparison of the Triakidae mitogenomes 
did not reveal additional distinct gene patterns, enrichment of the 
control region with tandem repeat sequences in G. galeus, M. asterias, M. 
manazo, M. palumbes and T. megalopterus (Table S3), confirms that this 
mitogenomic region exhibits extensive nucleotide and size poly
morphism as demonstrated in several elasmobranchs [114,115,116]. 
Future studies should consider a more thorough characterization of the 

Fig. 7. Base compositional heterogeneity of mitogenome sequences for our three nucleotide and amino acid datasets. The scores range from − 1 indicating full 
random similarity due to descent between pairwise sequence comparisons (dark blue), to +1 indicating non-random similarity (bright orange). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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control region, which has not yet been extensively analysed in Triakidae 
species. 

4.2. Phylogenetic reconstruction 

Equipped with five newly assembled houndshark mitogenomes, we 
conducted a robust phylogenomic analysis to determine the higher-level 
relationships within the Carcharhiniform order, with a focus on the 
problematic Triakidae family. We tested two hypotheses, described in 
Rota et al. [46], to uncover the root of mitochondrial phylogenomic 
discordance present in Triakidae for different partitioning strategies. We 
had to confirm that poor phylogenetic informativity in our dataset was 
not the instigator of phylogenomic discordance under Hypothesis 1 
before we could test for biological signatures causing incongruencies at 
shallower nodes under Hypothesis 2. 

Hypothesis H1. Different partitioning strategies result in different 
topologies due to a lack of or varying levels of phylogenetic signal in the 
respective partition datasets. 

A review of the five mitophylogenomic studies on Carcharhiniformes 
(Table 1) revealed robust phylogenomic signals in higher-level re
lationships and our phylogenomic analyses uncovered the same major 
clades independent of the partitioning strategy used. On the level of 
orders, the ((Lamniformes, Carcharhiniformes) Orectolobiformes) as
sociation is consistent across studies. On a family level, there is strong 
support for: (1) Carcharhinidae, (2) Sphyrnidae, (3) Galeocerdonidae, 
(4) Hemigaleidae, (5) Triakidae, (6) Scyliorhinidae. These clades span 
across the Carcharhiniform order and are found across our nucleotide 
and amino acid tree topologies thus, we can conclude that there is suf
ficient phylogenetic signal in our dataset to resolve higher-level line
ages. Consistency in branch length and high bootstrap support and 
posterior probability values for family level lineages across partitioning 
strategies and studies is indicative of high phylogenetic informativity 
[117,118]. Furthermore, all gene and codon positions showed low 
substitution saturation confirming that convergently evolved character 
states were not obscuring phylogenetic signal and underestimating 
branch lengths. Accordingly, we can reject Hypothesis 1 and conclude 
that a lack of phylogenetic signal is not the cause of incongruencies seen 
in the mitophylogenomic reconstructions of Carcharhiniformes. 

Hypothesis H2. The lack of phylogenetic concordance is caused by 
gene tree/species tree issues, which means that the evolutionary history 
of genes differs from that of the species. 

Although our dataset displays overall phylogenetic informativeness, 
it is still possible that subsets of the tree suffer from low phylogenetic 
signal. More recently diverged lineages within families display con
trasting phylogenetic relationships among datasets and partitioning 
schemes and cannot be resolved with strong support for any of our 
partitioning strategies. The inferred internal branches within Carch
arhinidae and Triakidae, shown to present contentious intrafamilial 
relationships (Table 1), are visibly shorter than those in other families, 
suggesting that these lineages may have experienced recent rapid radi
ations (Fig. 5, Supplementary material S1: part 4) [119,120]. Difficulties 
resolving these relationships is likely the consequence of incomplete 
lineage sorting, where not enough time has passed to confidently resolve 
some of these nodes because the standing genetic variation of the 
ancestral species inherited by the immediate descendant species has not 
been sorted out prior to speciation [121,122]. This is where over
partitioning can reduce the number of informative sites to group these 
taxa correctly [34]. 

Data partitioning has a profound impact on the phylogenetic patterns 
uncovered, particularly for recently diverged lineages [22,23,24,19,25]. 
This is demonstrated by the contrasting monophyletic versus para
phyletic topologies for Triakidae stemming from previous studies, which 
utilized very different partitioning approaches (Table 1), as well as our 
own study where there were noticeable discrepancies among the 

topologies constructed using different a priori partitioning schemes. 
Wang et al. [8] utilized a codon-informed a priori partitioning strategy 
which may have led to overparameterization and bootstrap inflation 
without accounting for the different evolutionary rates of the different 
genes in the mitogenome. Kousteni et al. [15] partitioned their dataset 
according to genes, resulting in lower support values, but accounting for 
gene evolution differences. In this study, the best supported partitioning 
schemes, PS4 (codon: pos1 + pos3 + 2rRNAs) and PS8 (geneXcodon: 13 
PCGs pos1 + pos3 + 2rRNAs), excluded codon position 2 on the premise 
that it did not improve the informativity of the phylogenetic analysis as 
informed by the substitution saturation results (Table S1; Supplemen
tary material S1: part 1). Examination of the AICc and BIC formulas, 
reveals that the fewer features (k) present, the lower the scores will be, 
suggesting that the outcome for PS4 and PS8 may not be a true reflection 
of phylogenetic robustness [123,124]. Moreover, although these two a 
priori strategies do account for evolutionary differences in genes, they 
divide the dataset up extensively which may reduce the signal available 
to resolve lineages experiencing ILS. 

Although statistically guided selection of the best-fitting partitioning 
scheme and models of evolution in ModelFinder improves coherence 
between the data, models, and phylogenetic outcome [22,23,24,19,25], 
information criterion values are not always reliable indicators for se
lection of the best a priori partitioning scheme when ILS shapes the 
resolution of some subsets of the tree. Furthermore, it must be 
acknowledged that the process is a statistical estimation of the best- 
fitting models of evolution and thus may simplify the “true” evolu
tionary processes and/or fail to account for variations in historical re
lationships and contemporary forces between orders, families, genera, 
species, and even genes that influence molecular evolution on a finer 
scale [125,126,127]. This is particularly true for the diverse Carch
arhiniformes which have had ~150 million years to accumulate com
plex evolutionary patterns and demonstrate a vast range of life history 
traits and dispersal habits [43,128]. 

Previous studies demonstrate that concordance factors are generally 
lower than bootstrap support values, particularly for large datasets 
where sampling variance is low [129,130,83,46,131], but these two 
types of values also responded differently to the choice of partitioning 
strategy for our dataset. In the geneXcodon partitioned phylogenies 
(PS6-PS8), bootstrap values were high for shallower lineages whereas 
gene concordance factors decreased significantly. Bootstrap values in
crease with the addition of data blocks and are thus sensitive to over
parameterization which means that well-supported nodes in 
geneXcodon-based phylogenies were likely victims of inflated support 
values (Supplementary material S1, part 4) [34,33,35]. This means that, 
regardless of the suitability of a given partitioning strategy for the 
dataset, resampling may always return the same tree (i.e., 100% boot
strap support), even though incomplete lineage sorting or other pro
cesses that lead to genealogical discordance are at work [83]. 
Concordance factors can provide a more comprehensive measure of 
support by considering the congruence of multiple independent parti
tions, more accurately capturing the heterogeneity of this mitogenomic 
dataset. Our CF values were higher for deeper lineages than those from 
previous studies [129,83,46,131], where short gene length, and there
fore lack of sufficient phylogenetic signal, was described as the culprit 
for the lower values [83,46]. This further strengthens our decision to 
reject H1 and conclude that a lack of phylogenetic signal is not 
responsible for phylogenetic disagreement in this mitogenomic dataset. 

To uncover possible causes for topological conflict around certain 
branches of the species tree, comparisons were made between gene and 
site concordance factors. Overall, gCF values were greater than sCF 
values, which is concordant with our finding that there is sufficient 
phylogenetic signal in our dataset to resolve deeper lineages. However, 
in Carcharhinidae and Triakidae, there are nodes where gCF is lower 
than sCF and for the shortest branches in Carcharhinus, gCF is 0 (Sup
plementary material S1, part 4.2). This indicates that no single gene tree 
contains the branch present in the species reference tree [80]. It is 
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possible that extensive ILS in Carcharhinidae lineages has led to unre
solved nodes in the species tree [132]. Reconstructions of old radiations 
demonstrating explosive adaptive radiations in various tetrapod groups 
[133,134,135,136,137,138], and cichlid fish [119] contain one or more 
nodes that defy resolution, and the same may be at play for Carcharhinus 
lineages. This mirrors divergence estimates which suggest that there are 
increased speciation rates in coral reef-associated lineages within 
Carcharhinidae [139]. Seeing that phylogenetic signal does not seem to 
be a problem in our dataset, the low gCF values for these branches 
suggest that there is strong discordance between genes [83]. 

Furthermore, the gene and site tree frequencies supporting the two 
alternative topologies of gene tree quartets had comparable frequencies 
(Table S6), implying that discordance between gene trees and/or sites 
can be ascribed to ILS rather than phenomena such as gene flow between 
lineages after separation or unequal rates of evolution of genes among 
different lineages [84,85]. Accordingly, we moved onto assembling 
phylogenies based on the multispecies coalescent model. The input trees 
constructed for ASTRAL (Supplementary material S1, part 4.6) demon
strate the significant variability that exists between individual gene trees 
as a result of ILS. The species tree is identical to the concatenated ML 
tree constructed using PS5 and to the amino acid phylogenies (AA1 and 
AA5) for all families, however variations exist within the Carcharhinidae 
family. Although all nodes failed the polytomy test in ASTRAL, it ap
pears that certain nodes in the Carcharhinidae family are defying phy
logenomic resolution, even in the face of an increased volume of data 
from whole mitogenome sequencing [119]. As a result, our study cannot 
confidently resolve the relationships among Carcharhinidae considering 
that the topology varied between ML, BI, ASTRAL and SVDquartet re
constructions. However, we can conclude from the MSCM topologies 
that Triakidae is monophyletic with good support. 

Hypothesis H3. Violations of the assumptions underlying the models 
applied during phylogenetic reconstruction are causing discordance. 

To test whether discordance in recently diverged lineages of Carch
arhiniforms for different datasets and studies was caused by composi
tional heterogeneity across lineages and/or among sites, we applied the 
site heterogenous CAT + GTR + G4, CAT + Poisson + G4 and C60 +
GTR + G4 (amino acid dataset) models in PHYLOBAYES_MPI. Despite 
triakids being recovered as paraphyletic across all datasets with strong 
support in the site heterogenous analyses, we observed consistently high 
effective sample size values for the entropy of the relative exchange rates 
(rrent) and posterior means of the exchange abilities parameter 
(rrmeans) across chains and datasets (Table S7). Higher values for a 
specific pair of character states indicate a higher rate of substitution 
between those states implying that solely the GTR component of the CAT 
+ GTR + G4 model was reliably converging across datasets [140], 
particularly in respect to Datasets 2 and 3. Furthermore, the failure of 
the amino acid dataset (Dataset 3) to converge after over 19,500 MCMC, 
suggests that the chosen model may not accurately represent the un
derlying evolutionary processes in the amino acid dataset. Many studies 
that have applied site-heterogeneous models have experienced diffi
culties in achieving acceptable metrics of convergence, even after 
running the chains for years [40,41,141,37]. 

The CAT + GTR + G4 model has been cited to supress long-branch 
attraction and address phylogenetic issues related to site heterogeneity 
better than site homogenous concatenation techniques [142,143]. 
However, when the CAT model is applied to a dataset without compo
sitional heterogeneity, other information may be captured because CAT 
models are theoretically infinitely complex and may overestimate the 
number of substitutional categories in the dataset [140,37]. AliGROOVE 
detected almost negligible levels of heterogeneity across taxa which 
indicates that long branch attraction is not a problem in this dataset 
[118,141]. Furthermore, BaCoCa detected minimal taxon-specific base 
composition bias which means that taxa possess the same proportion of 
nucleotide bases or amino acids across the dataset, even though these 
may occur at different positions through time [95]. Consequently, our 

results indicate that the presence of compositional heterogeneity is un
likely to be in violation of the assumptions of the models applied to our 
datasets or those of previous studies and it is not the cause of the 
phylogenetic discordance observed in Triakidae. 

4.2.1. Taxonomic implications for the genus Mustelus 
The phylogenetic outcome of all partitioning schemes supports pre

vious claims that the Mustelus genus clusters into two discrete clades 
representing different modes of reproduction (placental versus apla
cental species) and should be expanded to incorporate Triakis mega
lopterus (Figs. 4 and 5) [144,145,146,147]. The patterns of variability in 
the modes of reproduction in Triakidae, suggest that the species 
belonging to the family are relics of an intermediate phase between the 
basal Carcharhiniformes (Pseudotriakidae, Proscyllidae, Pentanchidae, 
Scyliorhinidae; oviparity and aplacental viviparity) and “higher carch
arhinids” (Carcharcharhinidae, Sphyrnidae, Hemigaleidae, and Tri
akidae; placental viviparity) [43]. Members of Triakidae display both 
placental viviparity and aplacental (limited-histotroph and yolk-sac) 
viviparity. It is suggested placental viviparity, the ancestral condition, 
was lost independently in the asterias clade of the mustelids and in the 
Galeorhinidae/Hemitriakidae lineages giving rise to aplacental gesta
tion which mirrors the reproductive mode of basal Carcharhiniformes 
[144]. 

Our phylogenetic hypothesis has yielded new and valuable infor
mation regarding the coevolution of white spots and aplacental repro
duction in the expanded Mustelus clade. Specifically, we have shown that 
T. megalopterus, despite belonging to the aplacental clade, has distinctive 
black spots on its dorsal surface. Therefore, given the basal placement of 
T. megalopterus in the aplacental clade, it is more likely to postulate that 
the emergence of white spots occurred at a later stage in the evolu
tionary trajectory of aplacental reproduction mode within the clade. 
However, our findings suggest that the previous hypotheses regarding 
the inference of the reproductive mode of Mustelus species, especially 
those without comprehensive reproductive investigations, based solely 
on the presence or absence of white spots [148,145], should be 
approached with caution. Additionally, the inferred phylogenetic posi
tioning of T. megalopterus aligns with the previous hypothesis that the 
occurrence of black spots has independently emerged multiple times 
within the genus [148,145]. Nevertheless, it is necessary to perform 
additional phylogenomic research that encompasses more representa
tive members from the genus Triakis and includes the non-spotted, but 
aplacental, Schylliogaleus quecketti with a sister-group relationship to T. 
megaloterus [145,149]. Furthermore, molecular dating and ancestral 
state reconstructions should be carried out in order to obtain more 
conclusive results. 

Clustering of the placental mustelids showed some variation between 
topological reconstruction methods. For example, in PS2-PS4 topologies 
where M. mosis clusters with M. griseus, the sCF value is 28.9% compared 
to the 47.8% when it clusters with M. mustelus in the other trees. This 
could indicate that the branch is in a parameter space in which high 
levels of ILS may be misleading branch resolution for those partitioning 
schemes [150]. Alternatively, this branch may be unduly affected by a 
small number of influential sites that have extreme differences in like
lihood between different resolutions of that split [151]. This effect may 
be amplified for partitioning schemes that do not account for gene 
boundaries [33,21]. Both ASTRAL and SVDquartets agree on a 
((M. mustelus, M. mosis) M. griseus) grouping for the placental clade. 

5. Conclusions 

This study has provided five newly assembled houndshark mito
chondrial genomes and demonstrated the importance of using a thor
ough assembly approach, incorporating de novo methods to ensure that 
contigs do not condense due to reference-bias. This has allowed us to 
detect a 714 bp-duplication in the control region of Galeorhinus galeus. 
We have also shed light on the effects of data partitioning in a Maximum 
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Likelihood and Bayesian Inference framework in the context of the 
mitochondrial phylogenomics of Carcharhiniformes and strongly 
recommend that future studies intending to clarify complexities in 
elasmobranch evolutionary relationships, carefully consider its impact 
on phylogenetic reconstruction. Furthermore, we have unpacked the 
root of the phylogenomic discordance present in Carcharhiniformes. The 
consistent phylogenetic patterns for higher-level lineages among parti
tioning schemes for our dataset and previous Carcharhiniform studies 
confirms that sufficient signal exists to resolve higher-level lineages. 
This is reiterated by the relatively high gene concordance values found 
across partitioning schemes. Furthermore, we demonstrated that 
compositional heterogeneity across lineages and/or sites is not the cause 
of phylogenomic discordance between our datasets and those of other 
studies and the use of the CAT + GTR + G4 model in this instance may 
overestimate the number of substitutional categories in a given dataset. 
The lack of phylogenetic concordance in shallower lineages can there
fore be ascribed to gene tree conflicts affecting species tree inference. 
Accordingly, we reiterate the value of multispecies coalescent model 
analyses for resolution of phylogenies affected by incomplete lineage 
sorting. Furthermore, it is necessary to include gene boundaries in a 
priori partitioning strategies under an ML and BI framework to account 
for gene tree differences in this dataset. While site heterogenous models 
in PHYLOBAYES_MPI may be effective in handling site heterogeneity 
and mitigating long branch attraction, they do not consider gene 
boundaries, and it is therefore not regarded as an appropriate approach 
for addressing incomplete lineage sorting. MSCM topologies confirmed 
the monophyly of Triakidae as well as the separation of the Mustelus 
genus into a placental and aplacental clade containing Triakis mega
lopterus. However, they could not confidently resolve the topology of 
Carcharhinidae, indicating that the family contains clades that have 
likely undergone recent rapid radiations leading to high levels of 
incomplete lineage sorting. Expanding the study of the Carcharhiniform 
phylogeny to include nuclear genome data would be valuable, particu
larly to further understand the relationships within Triakidae and 
Carcharhinidae. 

The phylogenomic field is expanding exponentially, with genomic 
data accessibility yielding significant improvements in signal and ac
curacy, however, analyses pipelines across studies still require some 
fine-tuning. This study presents a rigorous approach to tackling difficult- 
to-resolve phylogenies, accounting for factors that tend to produce 
erroneous and/or ill-informed inferences. We highlight the importance 
of thoroughly analyzing the evolutionary patterns present in the dataset 
to make an informed selection of appropriate phylogenomic methods. 
There is certainly room for expansion, but our hope is to see future 
studies in this space making use of carefully considered phylogenetic 
exploration. The addition of key species to our mitogenomic dataset will 
likely improve the resolution confidence for more recently diverged 
lineages. 
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