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Article

Resumen.- Los tiburones del orden Lamniformes se restringen a 15 especies existentes, agrupadas dentro de 10 géneros y 8 familias. Estas 
especies están caracterizadas por tener dos aletas dorsales sin espinas y una válvula intestinal de forma de anillo. Sus relaciones filogenéticas 
no son congruentes entre diferentes métodos y enfoques, como el uso de datos morfológicos o moleculares. El presente estudio evalúa las 
relaciones filogenéticas de las especies del orden Lamniformes mediante reconstrucciones filogenéticas basadas en datos morfológicos y 
moleculares, utilizando ambos sets de datos simultáneamente mediante inferencia Bayesiana. El árbol consenso de la reconstrucción Bayesiana 
morfológica muestra que Lamnidae y Alopiidae son monfiléticos, mientras que Odontaspididae es polifilético. Se identificaron ocho sinapomorfías 
morfológicas para Alopiidae, seis en Lamnidae y una para Odontaspididae. En el árbol consenso de la reconstrucción Bayesiana molecular 
Lamnidae y Odontaspididae es monofilético, mientras Alopiidae es polifilético. En el árbol consenso de la reconstrucción Bayesiana de datos 
combinados (morfología y ADN), Lamnidae, Alopiidae y Odontaspididae son monofiléticos. Los resultados obtenidos sugieren que, al usar caracteres 
combinados dentro de un análisis Bayesiano filogenético, las probabilidades posteriores aumentan, y es de gran ayuda para la sistemática en el 
orden Lamniformes. Debido a la presencia de grupos no-monofiléticos, familias monotípicas y el fuerte apoyo a la división de los lamniformes en 
dos clados, se necesita una revisión urgente de la clasificación de estas especies de tiburones. 
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Abstract.- Sharks of the order Lamniformes are restricted to 15 extant species grouped into 10 genera and 8 families. These species are 
characterized by two spine-less dorsal fins and a ring-shaped intestinal valve. Their phylogenetic relationships are not congruent among different 
methods and approaches, such as the use of morphological or molecular data. The present study evaluates the phylogenetic relationships of 
species of the order Lamniformes by means of phylogenetic reconstructions through Bayesian inference based on morphological and molecular 
data and using both datasets combined. The consensus tree of the morphological Bayesian reconstruction shows that Lamnidae and Alopiidae are 
monophyletic, while Odontaspididae is polyphyletic. Eight synapomorphies are detected in Alopiidae, six in Lamnidae, and one for Odontaspididae. 
In the Bayesian molecular reconstruction consensus tree, Lamnidae and Odontaspididae are monophyletic, and Alopiidae is polyphyletic. In the 
consensus tree of the Bayesian reconstruction of combined data, Lamnidae, Alopiidae and, Odontaspididae are monophyletic. The results obtained 
suggest that posterior probabilities increase when using combined characters in a Bayesian phylogenetic analysis, which is greatly advantageous 
for systematics of the order Lamniformes. Due to the presence of non-monophyletic groups, monotypic families, and the strong support for the 
division of lamniforms into two clades, a crucial review for the classification of species is needed.
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Introduction

Extant sharks of the order Lamniformes (Chondrichthyes: 
Elasmobranchii) comprise a group of 15 species 

catalogued into 10 genera and 8 families (Stone & Shimada 
2019). This order comprises a monophyletic group 
(Compagno 1973, 1977) according to synapomorphic traits 
that include an elongated ring-type intestinal valve, and the 
absence of nictitating membrane (Compagno 1990, 2002; 
Shimada 2005, Nelson 2006, Williams 2015, Stone & 
Shimada 2019). Lamniform or mackerel sharks are medium- 

to large-sized species [i.e., up to 9.8 m long in Cetorhinus 
maximus (Gunnerus, 1765), most acting as top predators in 
pelagic ecosystems (Cortés 1999, Compagno 2002, López et 
al. 2009)]. Lamniform sharks have circumglobal distribution, 
mainly at mid-to-low latitudes (temperate and tropical seas), 
while some species reach cold boreal and subantarctic waters 
(Compagno 2002, Schnetz et al. 2016). These sharks are 
economically important due to their commercial exploitation 
around the world, either as target species or as bycatch in 
other commercial fisheries (Compagno 1984a, 2001; Camhi 
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et al. 1998, Acuña et al. 2002, López et al. 2009, Fischer et 
al. 2012). Given their economic and ecological relevance, 
research focused on the relationships of lamniform sharks 
began with Jordan (1898), which was later organized by 
Bigelow & Schroeder (1958).

Lamniforms constitute a phylogenetic enigma since 
both morphological and molecular data have resulted in 
different tree topologies. Compagno (1973 & 1977) were 
the first phylogenetic studies with elasmobranchs, which 
were conducted comparing the condrocranium morphology. 
Later, Compagno (1990) considered morphological 
comparisons of the whole shark body. Since the description 
of Megachasma pelagios Taylor, Compagno & Struhsaker, 
1983, collected in a research vessel in Hawaii, the relationship 
of M. pelagios within the order Lamniformes was a matter 
of debate among different authors (Compagno 1973, 1977, 
1990; Taylor et al. 1983, Maisey 1985, Long & Waggoner 
1996). This controversy was raised by the feeding strategy 
(planktivorous) and internal anatomy (jaw, teeth, intestinal 

valve) of this species (Compagno & Struhsaker 1983, 
Compagno 1984a, 1990), as Cetorhinus maximus Gunnerus, 
1765, from a different family, is also planktivorous feeder 
and shares similar teeth morphology (homoplasy) with 
M. pelagios. Therefore, these taxa should be assessed and 
compared with other sharks of the order Lamniformes. First, 
Compagno (1973, 1977) grouped M. pelagios into its own 
family, Megachasmidae, based on several phenetic differences 
compared with all other lamniform sharks, suggesting the 
family as a primitive sister-group of the rest of lamniforms. 
Other studies proposed that C. maximus and M. pelagios 
formed a monophyletic group (Cetorhinidae) considering 
the mandibular suspension associated with their specialized 
feeding apparatus (Maisey 1985) or similar teeth morphology 
(Long & Waggoner 1996) (Fig. 1A, C). Conversely, another 
cladistic study concluded that Cetorhinus and Megachasma 
are not sister groups, suggesting that these species evolved 
their filter feeding strategy independently (Compagno 
1990, Shimada et al. 2009) (Fig. 1B). Moreover, Shirai 

Figure 1. Simplified relationship hypotheses proposed from 1985 to 2019 for the order Lamniformes based on morphological character data. A) from 
Maisey (1985) (fig. 2); B) from Compagno (1990) (fig. 9) and Shimada et al. (2009) (fig. 2); C) from Shirai (1996) (fig. 2); D) from Long & Waggoner 
(1996) (fig. 1A); E) from Shimada (2005) (fig. 6.1); F) from Shimada (2005) (fig. 3.1); G) from Stone & Shimada (2019) (fig. 8B). Cladograms with less 
than 2 non-monotypic families were excluded / Hipótesis de relaciones del orden Lamniformes propuestas desde el año 1985 hasta el 2019, basadas 
en caracteres morfológicos. A) obtenida de Maisey (1985) (fig. 2); B) obtenida de Compagno (1990) (fig. 9) y Shimada et al. (2009) (fig. 2); C) obtenida de 
Shirai (1996) (fig. 2); D) obtenida de Long & Waggoner (1996) (fig. 1A); E) obtenida de Shimada (2005) (fig. 6.1); F) obtenida de Shimada (2005) (fig. 3.1); 
G) obtenida de Stone & Shimada (2019) (fig. 8B). Cladogramas con menos de 2 familias no monotípicas fueron excluidos
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(1996) proposed the phylogenetic relationships of major 
Neoselachian sharks (Fig. 1D) using many morphological 
characters (e.g., skeletal, fins, axial skeleton). This study by 
Shirai (1996) presented Mitsukurina owstoni Jordan, 1898 
as sister species to the rest of lamniform sharks, and the 
families Odontaspididae and Megachasmidae as sister group 
to Alopiidae, Lamnidae and Cetorhinidae. Later, Shimada 
(2005), also based on morphology [i.e., anatomy and teeth 
morphology, suggested the monophyly of Alopiidae and 
Lamnidae (Fig. 1E, F)]. Other research explored evolutionary 
relationships according to the mineralization pattern of teeth 
in Alopiidae and Lamnidae, supported by phylogenetic 
reconstructions that considered molecular data (Naylor et 

al. 2012, Schnetz et al. 2016). Recently, Stone & Shimada 
(2019) resurrected the family Carchariidae (Fig. 1G) for the 
genus Carcharias Rafinesque, 1810 due to the continuous 
polyphyly obtained for the family Odontaspididae in previous 
phylogenetic studies and the lack of morphological data 
available for Odontaspis noronhai (Maul, 1955). 

The molecular phylogenetic approaches for lamniform 
sharks have mostly considered mitochondrial genes, 
suggesting that the phylogeny of this group of sharks is 
composed of two main clades (Fig. 2). For lamniform 
sharks, molecular phylogenetic studies started with the use of 
allozymes, reconstructing the relationships within Alopiidae 

Figure 2. Simplified relationship hypotheses posed from 1996 to 2018 for the order Lamniformes based on molecular characters of nuclear or 
mitochondrial gene data. A) from Martin & Naylor (1996) (fig. 5); B) from Douady et al. (2003) (fig. 1); C) from Maisey et al. (2004) (fig. 5A); D) from 
Human et al. (2005) (fig. 2); E) from Vélez-Zuazo & Agnarsson (2011) (fig. 4); F) from Naylor et al. (2012) (fig. 2.2); G) from Bowden et al. (2015) 
(fig. 1); H) from Amaral et al. (2018) (fig. 5). Cladograms with less than 2 non-monotypic families were excluded / Hipótesis de relaciones del orden 
Lamniformes simplificadas, propuestas desde el año 1996 hasta el 2018, basadas en caracteres moleculares tomados de genes nucleares o mitocondriales. 
A) obtenida de Martin & Naylor (1996) (fig. 5); B) obtenida de Douady et al. (2003) (fig. 1); C) obtenida de Maisey et al. (2004) (fig. 5A); D) obtenida de 
Human et al. (2005) (fig. 2); E) obtenida Vélez-Zuazo & Agnarsson (2011) (fig. 4); F) obtenida de Naylor et al. (2012) (fig. 2.2); G) obtenida de Bowden et 
al. (2015) (fig. 1); H) obtenida de Amaral et al. (2018) (fig. 5); Cladogramas con menos de 2 familias no monotípicas fueron excluídos
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(Eitner 1995). Later, research using one (i.e., Cytb, NADH2 
or RAG1, Martin & Naylor 1997, Maisey et al. 2004, 
Human et al. 2006, Naylor et al. 2012) or two molecular 
markers (12S and 16S, Douady et al. 2003) found different 
phylogenetic relationships (Fig. 2). Among all studies, Vélez-
Zuazo & Agnarsson (2011) resolved the major relationships 
within Selachimorpha using four mitochondrial genes (COI, 
NADH2, Cytb, 16S) and one nuclear gene (RAG1) (Fig. 
2E), supporting the monophyly of Lamniformes. Similarly, 
Bowden et al. (2016) and Amaral et al. (2018) (Fig. 2G, H) 
reconstructed the phylogeny of lamniform sharks using the 
available mitochondrial genomes. 

In summary, as in any phylogenetic reconstruction, 
different topologies can be obtained according to the type 
of data –morphological (Fig. 1) and/or molecular (Fig. 2)– 
and the methods (most using Parsimony and likelihood) 
employed to perform analyses. Hence, the aim of this study 
was to provide phylogenetic relationships of lamniform sharks 
through Bayesian inference combining morphological and 
molecular characters as an alternative to enhance the tree 
topology in the order Lamniformes (i.e., Alopiidae, Lamnidae 
and Odontaspididae).

Materials and methods

Phylogenetic reconstruction

To elucidate the evolutionary relationships of lamniform 
sharks (Table 1), three phylogenetic analyzes based 
on morphological, molecular, and combined data were 
performed. In all phylogenetic analyses, the trees were rooted 
using Scyliorhinus canicula (Linnaeus, 1758) as outgroup.

Morphological phylogeny

The morphological data matrix was generated selecting 42 
non-ordered morphological characters published by Shimada 
(2005) and Stone & Shimada (2019), in addition to 25 binary 
morphological characters based on descriptions of external 
anatomy obtained from Compagno (1984a, b; 2001). The 
multi-state characters from Shimada (2005) and Stone & 
Shimada (2019) were transformed by simplifying multistate 
characters into binary data (i.e., absent or present, lower or 
higher, small or large, and equal or different). All characters 
were added to a single data matrix, resulting in 67 binary 
characters to perform the phylogenetic Bayesian analysis 
(Suppl. Material, Appendix 1).

Table 1. GenBank access codes of mitochondrial sequences of each species used in the molecular phylogenetic analysis in this 
study / Código de acceso GenBank de las secuencias mitocondriales usadas en el análisis filogenético para cada especie en este estudio
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The Bayesian phylogenetic reconstruction was conducted 
in BayesPhylogenies ver.1.1 software (Pagel et al. 2004), 
using the morphological model of irreversible time (M2P 
model), previously selected based on the Bayes Factor 
calculated in Tracer ver.1.6 (Rambaut et al. 2013). M2P model 
allows the rates of gain and loss of traits to differ along trees. 
By means of Markov Chain Monte Carlo (MCMC), four 
chains were run, each using 40,000,000 iterations. Likelihood 
convergence and Effective Sample Size (ESS) were evaluated 
in Tracer, and 10% of MCMC was discarded as burn-in to 
build the 50% cut-off majority consensus tree. 

To map morphological synapomorphies along trees, a 
Maximum Parsimony (MP) phylogenetic reconstruction was 
performed in T.N.T ver.1.5 software (Goloboff & Catalano 
2016), using the Wagner parsimony and 10,000 bootstrap 
replicates.

Molecular phylogeny

Cytochrome b (CYTB), NADH dehydrogenase subunit 
2 (NADH2), Cytochrome C oxidase I (COI), and small 
subunit: SSU ribosomal RNA (12S) mitochondrial genes 
downloaded from GenBank were used, which were available 
either as partial gene samples or as complete mitochondrial 
genomes (Table 1) (NCBI 2021)1. Saturation of each gene 
was evaluated using the substitution saturation index (Iss) and 
critical substitution saturation index (Iss.c) test introduced by 
Xia et al. (2003) implemented in DAMBE ver.7.2 software 
(Xia 2018). Sequences of each gene were aligned with 
MUSCLE algorithm (Edgar 2009) implemented in MEGA 
X software (Kumar et al. 2018). All gene matrices were 
combined in a partitioned data matrix in Mesquite ver.3.5 
software (Maddison & Maddison 2018). The best substitution 
model was estimated for each mitochondrial nucleotide 
sequence in jModelTest ver.2.1.1 software (Darriba et al. 
2012), using the Bayesian Information Criterion (BIC) and 
the corrected Akaike Information Criterion (AICc) (Akaike 
1998, Bhat & Kumar 2010). The Bayesian phylogenetic 
reconstruction was performed in BayesPhylogenies v.1.1 
software (Pagel et al. 2004) with four independent MCMC 
using 40,000,000 iterations.

Combined character phylogeny

Morphological (binary characters) and molecular 
(mitochondrial genes) data were used to build a concatenated 
matrix with the adjustments for each analysis mentioned 
above. The concatenated matrix was employed to perform a 
Bayesian analysis of combined data using the best substitution 
model for each dataset.

To identify congruence between each data set 
(morphological, molecular, and combined), Bayesian 
reconstructed trees were evaluated using APE package 
implemented in R ver.4.02 (Paradis & Schliep 2019, R Core 
Team 2020).

Results

Morphological phylogeny

From the 67 morphological characters evaluated in this study, 
44 (65.67%) were recognized as informative according to the 
Bayesian analysis. Two major clades (Fig. 3A) were retrieved 
from the phylogenetic reconstruction, where Cetorhinus 
maximus was positioned as sister group to the rest of lamniform 
sharks with a high Posterior Probability (PP= 1.0). Clade 1 
was composed by the families Alopiidae, Megachasmidae, 
Mitsukurinidae, Odontaspididae, and Pseudocarchariidae. 
Megachasmidae was positioned as sister group to the rest 
of the families within Clade 1. Alopiidae was positioned 
as sister group to the Pseudocarchariidae, Odontaspididae, 
Mitsukurinidae and Carchariidae. Odontaspididae was 
polyphyletic, with Odontaspis ferox (Risso, 1810) positioned 
as sister species of O. noronhai, M. owstoni and Carcharias 
taurus Rafinesque, 1810. Clade 2 was composed solely of the 
Lamnidae, with two subclades, one of them corresponding to 
Lamna Cuvier, 1816, and the other grouping Carcharodon 
carcharias (Linnaeus, 1758) and Isurus Rafinesque, 1810 as 
sister groups. The parsimony phylogenetic analysis revealed 
eight morphological synapomorphies for Alopiidae and six 
synapomorphies for Lamnidae (Table 2).

1NCBI. 2021. National Library of Medicine (US), National Center for Biotechnology Information, Bethesda. <https://www.ncbi.nlm.nih.gov>
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Molecular phylogeny

Xia´s test did not find saturation in both the coding (NADH2: 
Iss= 0.4673 < Iss.c= 0.776, P < 0.01; COI: Iss= 0.4721 < 
Iss.c 0.736, P = 0.0094; Cytb: Iss= 0.454 < Iss.c= 0.7711, P 
< 0.01) and non-coding gene (12S: Iss= 0.461 < Iss.c 0.7622, 
P = 0.025). The best substitution model was the same for all 
genes (Cytb: Generalized time-reversible model (GTR+G+I), 
NADH2: GTR+G+I and 12S: GTR+G+I) except for COI: 
Hasegawa, Kishino and Yano model (HKY+G) (Hasegawa et 
al. 1985). The molecular Bayesian analysis recognized 1,258 
informative characters (33%) out of 3,813. Two major clades 
were retrieved from the phylogenetic reconstruction (Fig. 3B). 
Clade 1 was composed of Alopiidae, Pseudocarchariidae, 
Megachasmidae, and Odontaspididae. Clade 2 was 
represented by Mitsukurinidae, Cetorhinidae, Lamnidae and 
Carchariidae. Alopiidae was polyphyletic (PP= 1.0), with 
Alopias superciliosus (Lowe, 1841) as sister group to the 
rest of the families in Clade 1. Lamnidae was monophyletic, 
with C. carcharias as the sister group of Lamna and Isurus 
(PP= 1.0). Odontaspididae was monophyletic (PP= 0.83). 
Both Bayesian analyses denoted the low congruence between 
morphological and molecular phylogenetic reconstructions 
(Fig. 3).

Figure 3. Mirrored reconstructed Bayesian trees of: A) morphological data and B) molecular data. Numbers at the nodes are estimated posterior 
probabilities (probabilities > 0.7 are shown). Colors of tree branches indicate the family of each species (see legend) / Reconstrucción de los árboles 
filogenéticos Bayesianos de: A) datos morfológicos y B) datos moleculares. Los números de los nodos corresponden a la probabilidad posterior (solo > 0,7 
son presentados). Los colores de las ramas de los árboles indican las familias para cada especie (ver leyenda)

Table 2. List of synapomorphies identified in the families Alopiidae, 
Lamnidae and Odontaspididae according to the morphological 
dataset / Lista de sinapomorfías identificadas en las familias Alopiidae, 
Lamnidae y Odontaspididae del set de datos morfológicos
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Combined character phylogeny

The likelihood values of combined data were similar to 
values obtained from molecular data, and both were higher 
than values from morphological data (Table 3). The Bayesian 
analysis of combined data recognized 1,288 informative 
characters out of 3,880 (33.2%). Two main clades were 
retrieved from the phylogenetic reconstruction (Fig. 4). Clade 
1 was composed of monophyletic Alopiidae (PP= 0.85), as 
sister group to M. pelagios, Pseudocarcharias kamoharai 
(Matsubara, 1936) and O. ferox. Clade 2 was represented by 
M. owstoni, C. taurus, C. maximus and Lamnidae. Within 
clade 2, M. owstoni was positioned as sister group to the rest 
of the families (PP= 0.88), while Lamnidae was monophyletic 
and sister group to C. maximus (PP= 1). Lamnidae was 
composed of two clades, presenting a topology similar to 
the morphological phylogenetic reconstruction, with Lamna 
as sister group (PP= 1.0) to Carcharodon Smith, 1838 and 
Isurus, the latter two being sister groups (PP= 0.92). The 

Table 3. Descriptive statistics of each Bayesian analysis. HPD95 
(Highest posterior density 95% Interval), ESS (effective sample size) 
/ Estadísticas descriptivas de cada análisis Bayesiano. HPD95 (Intervalo 
de 95% de mayor densidad posterior), ESS (Tamaño de muestra efectivo)

family Odontaspididae resulted polyphyletic, with O. ferox 
in Clade 1 (PP= 0.71) and C. taurus in Clade 2 (PP= 0.89). 

Congruence between morphological and molecular trees 
yielded 39% across nodes, while the molecular and combined 
data yielded 85% of congruence across nodes.

Figure 4. Combined data Bayesian phylogenetic consensus tree of extant Lamniformes based on morphological and molecular data. Numbers 
at the nodes are estimated posterior probabilities (probabilities > 0.7 are shown). Colors of the tree branches indicate the family of each species 
(see legend) / Árbol filogenético consenso de data combinada Bayesiano de los Lamniformes existentes basado en datos morfológicos y moleculares. Los 
números en los nodos representan la probabilidad posterior estimada (solo > 0,7 son presentados). Los colores de las ramas del árbol indican la familia 
de cada especie (ver leyenda)
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Discussion

Despite the amount of phylogenetic research concerning 
the order Lamniformes (Figs. 1 and 2), this is the 

first study that combines morphological and molecular 
data to reconstruct a phylogeny using Bayesian analysis 
and considering all extant lamniform species. Based on 
the topology and posterior probabilities of morphological, 
molecular, and combined phylogenetic reconstructions, the 
combined data matrix provided the highest support (Fig. 4).

Morphological phylogeny

Given the large percentage (65.67%) of informative characters 
in this study, it is suggested that the number of morphological 
data is sufficient to support the results obtained. Shimada 
(2005) and other authors (Compagno 1990, Long & Waggoner 
1996, Bemis et al. 2015) employed characters that presented 
low homology, mainly obtained from dental morphology 
and from the fossil record (Hubbel 1996, Naylor et al. 1997, 
Shimada 2005, Flammensbeck et al. 2018). However, it is 
worth noting that dental morphology only provides homoplasy 
due to convergent evolution, given that the teeth morphology 
of filter feeding sharks is problematic when used as a set of 
homologous characters, causing a subjective detection of 
homologies, which are not comparable to previous works 
(Maisey 1985, Long & Waggoner 1996, Yabumoto et al. 1997, 
Shimada 2005, 2007; Bemis et al. 2015, Schnetz et al. 2016, 
Stone & Shimada 2019). Therefore, dental characters were not 
used in this study, but instead focused on internal and external 
anatomy, and for this reason, our phylogenetic hypothesis 
(Fig. 3A) contrasts with morphology-based phylogenies that 
include dental characters. In the phylogenetic hypothesis 
posed by Long & Waggoner (1996) (Fig. 1C), Mitsukurinidae 
is a sister group to the rest of lamniforms, Megachasmidae 
and Cetorhinidae are sister groups, Odontaspididae is 
monophyletic, and Alopiidae is a sister group to Lamnidae. In 
Shimada (2005) (Fig. 1F), Mitsukurinidae is sister group to the 
rest of lamniform sharks, Odontaspididae, Pseudocarchariidae 
and Megachasmidae show polytomy and are sister to 
Alopiidae, Cetorhinidae and Lamnidae. Both studies lack a 
consistent topology in their phylogenetic hypotheses, which 
suggests that the use of dental characters is not a good 
approach. The phylogenetic hypothesis of Stone & Shimada 
(2019, fig. 8A, B, C) heavily contrasts with our result (Fig. 
3A) despite using the same 42 (out of 44) morphological 
characters. Clearly the use of phylogenetic methods that 
do not incorporate the uncertainty of relationships between 
species (i.e., Parsimony) results in an unreliable phylogenetic 
hypothesis, with possible erroneous groupings as sister groups 
due to the phenomenon of long-branch attraction (Bergsten 
2005, Yang & Rannala 2012).

The synapomorphies obtained in this study (Table 2) 
reinforce the hypothesis that Alopiidae and Lamnidae 
are monophyletic. Stone & Shimada (2019) resurrected 
Carchariidae for C. taurus given that Odontaspididae was not 
monophyletic when C. taurus and O. ferox were included in 

past phylogenetic reconstructions (Compagno 1990, 2002; 
Naylor et al. 1997, 2012; Shimada 2005, Bowden et al. 2016, 
Stone & Shimada 2019), hence, Odontaspididae is suggested 
to be monophyletic. These synapomorphies only partially 
agree with the diagnostic characters described by Compagno 
(1984a, 2002), since the main synapomorphies detected here 
correspond to skeletal morphology, which is generally ignored 
in the diagnostic descriptions conducted by this author.

Molecular phylogeny

Previous molecular phylogenetic studies (Fig. 2) show that 
Lamniformes is represented by two main clades –with M. 
owstoni as sister group the rest of lamniforms–, one clade 
containing the families Lamnidae and Cetorhinidae and the 
other integrated by Alopiidae and the rest of the families. The 
family Alopiidae is paraphyletic in our consensus tree, which 
is a common result in other molecular studies (Fig. 2A, F, G) 
(Martin & Naylor 1997, Naylor et al. 1997, Vélez-Zuazo & 
Agnarsson 2011, Naylor et al. 2012), with A. superciliosus 
being the species that determines the paraphyletic arrangement. 
Similarly, the polyphyly of Odontaspididae, with C. taurus 
and O. ferox separated between the main clades, was also 
detected in previous molecular studies (Fig. 2A, D, E, F), 
where all hypotheses lacked the simultaneous use of the three 
species that comprise the family (Naylor et al. 1997, Human 
et al. 2006, Vélez-Zuazo & Agnarsson 2011, Naylor et al. 
2012). In addition, the phylogenetic hypotheses of recent 
studies that compare whole mitochondrial genomes (Bowden 
et al. 2015, Amaral et al. 2017) are not consistent as these 
do not include species such as Alopias vulpinus (Bonnaterre, 
1788) or Odontaspis spp.

Phylogenetic congruence

The congruence analysis yielded a low percentage (39%) 
between the morphological and molecular phylogenetic 
trees, which suggests that there is low congruence between 
both types of characters in the evolutionary lineages of 
lamniform sharks. Despite the low congruence between trees, 
the family Lamnidae (Fig. 3, clade 1A, B) is monophyletic in 
both analyses. Low congruence between different datasets is 
common in several phylogenetic studies (e.g., Patterson et al. 
1993, Brower et al. 1996, Farías et al. 2000, López-Fernández 
et al. 2005, Cachera & Le Loc’h 2017, Cornejo et al. 2018). 
The lack or low congruence between phylogenetic trees is 
expected given that mitochondrial genes code for metabolic 
processes rather than morphological features (Taanman 1999, 
Hickman et al. 2008, Hara et al. 2018). The morphological 
consensus tree showed two main lineages of lamniform 
sharks that could be separated based on their distinct feeding 
behaviors, since feeding habits are a major determinant of 
shark morphology (i.e., jaw suspension, elongated caudal 
fin, size and morphology of fins and gills) and lamniforms 
consume a large number of preys (Maisey 1980, 1984, 
1985; Cortés 1999, Helfman et al. 2009). Another aspect 
that can be inferred in morphological lineages is the oceanic 
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distribution, as clade 2, except for Alopiidae, Megachasmidae, 
and Pseudocarchariidae, is composed of species with a 
relatively small oceanic distribution associated with the 
coastal zone (Compagno 2002). While the rest of lamniforms 
have a wide oceanic distribution, not always associated with 
the continental shelf, which could require different body 
morphology to sustain long swimming distances (Compagno 
2002).

Combined data phylogeny

Our results combining both datasets (morphological and 
molecular) (Fig. 4) recovered the best phylogenetic hypothesis 
(highest PP values of each node) and an increased congruence 
with the molecular tree (85%), where the family Alopiidae is 
a monophyletic group, in contrast with the paraphyly in the 
molecular-based tree (Fig. 3B). In this study, the monophyly 
of the family Lamnidae agrees with previous research, 
although the phylogenetic position of Carcharodon differs 
by being either a sister taxon of Lamna (Martin 1995, Long 
& Waggoner 1996, Shimada 2005) or Isurus (Compagno 
1990, Dulvy & Reynolds 1997, Human et al. 2006, Vélez-
Zuazo & Agnarsson 2011, Naylor et al. 2012). Regarding to 
C. taurus, this study present evidence of both morphological 
and molecular data that supports that this species should not 
be grouped within Odontaspididae, as Stone & Shimada 
(2019) proposed. Compagno (1984) included Carcharias and 
Odontaspis Agassiz, 1838 in the same family according to 
paleontological records based on teeth morphology (Glikman 
1964, 1967; Herman 1977), which, as mentioned earlier, can 
constitute a problem to sustain the classification of species 
within families.

The fact that lamniform sharks showed two main clades, 
a polyphyletic family and several monotypic families 
suggests that these sharks are in need for crucial taxonomic 
revision and should be divided into two superfamilies. The 
morphological and molecular data supporting these two clades 
indicate that the classification problems were rooted in a poor 
taxonomy, and hence, complete morphological data should be 
employed to assess these systematic issues within the family 
Odontaspididae instead of focusing exclusively on novel 
molecular datasets (Maisey 1980, 1984, 1985; Shirai 1992, 
Carvalho & Maisey 1996, Ebach et al. 2006). The results 
presented here reinforce the use of combined morphological 
and molecular data, as morphology has regained importance 
in phylogenetics (Giribet 2015).

In conclusion, this study considerably enhanced 
the phylogeny of lamniform sharks by combining 45 
morphological characters and a molecular database of 1,242 
characters, which constitutes the best supporting evidence 
of the monophyly of the families Alopiidae and Lamnidae 
and the best phylogenic reconstruction for this group of 
sharks. Although to continue enhancing the phylogeny of 
Lamniformes, it is imperative to incorporate more molecular 
markers (both mitochondrial and nuclear).
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Supplementary material

Appendix 1. List of characters used in the morphological Bayesian analysis. Characters 1-42 extracted from Shimada (2005) and Stone & Shimada 
(2019); Characters 43-67 obtained from the descriptions by Compagno (1984a, b; 2002). See references section for more information / Lista de 
caracteres usados en el análisis Bayesiano morfológico. Los caracteres 1-42 fueron extraídos de Shimada (2005) y Stone & Shimada (2019); Los caracteres 
43-67 fueron generados de las descripciones de Compagno (1984a, b; 2002). Para más información, revisar los artículos citados
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