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Abstract
We present a study of inter- and intra-familial relationships of the carcharhiniform shark family Triakidae aimed at testing existing
hypotheses of relationships for this group and at improving understanding of the evolution of reproductive traits in elasmobranchs. Our
analyses and conclusions are based on evidence from DNA sequences of four protein-coding genes (three from the mitochondrial genome
and a single copy nuclear gene) from eight of the nine genera and 20 of the 39 species currently assigned to the Triakidae. The sequence
data oVer strong support for the following previously proposed triakid clades: Galeorhinini (Hypogaleus + Galeorhinus); a subset of the
Iagini (Furgaleus + Hemitriakis but not Iago); and part of the Triakinae (Mustelus, Scylliogaleus and part of Triakis). Interestingly, the
molecular data provide considerable evidence of paraphyly of the genera Triakis and Mustelus. Our results suggest that the subgenera
Triakis and Cazon of Triakis represent two distinct lineages that are only distantly related and that the genus Mustelus as currently
deWned does not constitute a monophyletic assemblage unless S. quecketti and some species of Triakis (subgenus Cazon) are included in
Mustelus. Within our sample of species of Mustelus (including Cazon and Scylliogaleus), the sequence data support two well-deWned
clades that can be diagnosed by mode of reproduction (placental vs. aplacental species). The phylogenetic framework presented here is
used to infer key events in the evolution and loss of placental viviparity among carcharhiniform sharks.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction
The evolutionary history of elasmobranchs has almost
certainly featured the convergent evolution of adaptations
related to their reproductive biology. For example, the
occurrence of limited histotrophy (where developing
embryos obtain some nourishment from absorption or
ingestion of uterine secretions) among the distantly related
squaliform and carcharhiniform lineages is best explained
by independent acquisition of that trait (Fig. 1A; Musick
and Ellis, 2005). Other instances where convergence or par-
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allelism are suspected include the loss of placental viviparity in the carcharhinid Galeocerdo cuvieri and in some
members of the family Triakidae (Fig. 1B). However, to
reWne our understanding of the mode and tempo of the evolution of reproductive strategies in sharks it is Wrst necessary to critically examine existing hypothesis of phylogeny
using modern methodology. In the present report, we focus
on the family Triakidae because based on current understanding of carcharhiniform phylogeny and reproductive
biology, the study of triakid lineages promises insights into
the evolution of placental viviparity.
The family Triakidae (houndsharks, smooth-hounds,
tope, and whiskery sharks) is one of eight families that
compose one of the most species-rich orders of sharks, the
Carcharhiniformes. Triakids are generally small- to
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A

Batoidea
Hexanchiformes
Pristiophoriformes
Squatiniformes
Echinorhiniformes
Squaliformes
Heterodontiformes
Orectolobiformes
Lamniformes
Carcharhiniformes
Oviparous
Yolk-sac viviparous
Histotrophs (limited)
Histotrophs (lipid)
Oophagous
Placental viviparous

B

Scyliorhinidae
Proscylliidae
Pseudotriakidae
Leptochariidae
Triakidae
Hemigaleidae
Carcharhinidae

Fig. 1. Phylogenetic distribution of diVerent modes of reproduction
among shark orders (A) and families of the order Carcharhiniformes (B).
ModiWed from Musick and Ellis, 2005.

medium-sized sharks that most frequently inhabit coastal
regions in tropical and temperate seas throughout the
world and feed primarily on benthic crustaceans, cephalopods and bony Wsh. Many triakid species (e.g. Mustelus
spp., Galeorhinus galeus) are targets of commercial Wsheries
of local to regional signiWcance (e.g., Conrath et al., 2002;
Simpfendorfer et al., 2002). Triakids exhibit placental viviparity and limited-histotroph viviparity (aplacental viviparity), however the lack of a well-corroborated phylogenetic
hypothesis for the family and for the order hinders inferences regarding the frequency, timing and consequences of
changes between those two reproductive modes in the evolutionary history of these sharks.
As currently deWned, the Triakidae is thought to include
the living representatives of an “intermediate evolutionary
phase” between the basal carcharhiniforms (e.g., Scyliorhinidae and Proscyllidae) and the so-called “higher carcharhinids” (e.g., Carcharhinidae and Sphyrnidae; Compagno,
1988). The patterns of variability in mode of reproduction
seem to reXect that putative evolutionary trend. Oviparity
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and yolk-sac viviparity are the prevailing reproductive
modes among basal carcharhiniforms; among triakids there
are species with limited histotrophy and species with placental viviparity; and the “higher carcharhinids” are almost
invariably placental viviparous (Fig. 1B; Musick and Ellis,
2005).
The language used by Compagno (1970, 1988) to
describe carcharhiniform sub-groups (e.g., higher carcharhinoids, intermediate carcharhinids) is symptomatic of
weaknesses in the methods he employed to develop hypotheses of relationships. SpeciWcally, those hypotheses were
based on a combination of phenetic, cladistic and evolutionary considerations without an explicit statement of the
optimality criteria used to arrive at the phylogenetic conclusions (reviewed in McEachran, 1989). Thus, while those
hypotheses may capture substantial information regarding
the morphological variability of diVerent shark groups, it is
unclear how well they correspond to optimal phylogenetic
hypotheses as currently understood; certainly, the analyses
used to produce them cannot be replicated based on
published information. Here we turn our attention to the
development of a more readily testable phylogenetic
framework for the Triakidae to provide an objective
context for the study of elasmobranch reproductive biology
and evolution.
1.1. Triakid systematics
The history of changes in the taxonomy of the Triakidae
reXects the diYculty systematists have encountered when
searching for characters to unambiguously diagnose the
family and groups of species within the family. When Wrst
given family rank (White, 1936, 1937), the triakids included
the carcharhinid genus Triaenodon. The placement of this
genus among triakids later led to the provisional merging of
triakids and carcharhinids in a single family (Compagno,
1970). Further study resulted in the recognition of the
currently accepted assemblage of triakid genera: Mustelus,
Galeorhinus, Triakis, Scylliogaleus, Hemitriakis, Furgaleus,
Hypogaleus, Iago, Gogolia (Compagno, 1973). Nevertheless,
the lack of clearly recognizable apomorphies shared by these
genera puts into question the monophyly of this family
(Compagno, 1988, p. 388). An eVort to devise a classiWcation
of carcharhiniforms based partly on cladistic considerations
yielded ambiguous results concerning triakid relationships,
oVering support for two alternative proposals of phylogeny
(Compagno, 1988, p. 396). In summary, the relationships
among species currently included in the Triakidae are
poorly understood due in part to the small number of
studies focusing on this question. Further, no compelling
body evidence has been oVered to date in support of the
monophyly of the family or of that of the most species-rich
genus within the family (i.e., Mustelus).
The current classiWcation of triakid taxa divides the genera between the sub-families Triakinae and Galeorhininae.
The former includes the species in the genera Triakis,
Mustelus, and Scylliogaleus, and the latter, the species in the
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Triakis (Triakis)
Triakis (Cazon)
Triakinae

Scylliogaleus
Mustelus
Furgaleus
Iago
Hemitriakis

Iagini

Gogolia
Hypogaleus

families. The triakid and outgroup taxa included in this
study are listed in Table 1. We were unable to amplify DNA
from the formalin-preserved specimens that constitute the
only known record of the triakid genus Gogolia. In addition, our taxonomic sample included two taxa that could
not be unambiguously identiWed in the Weld and which may
represent undescribed or recently discovered triakids. The
undetermined samples were: Hemitriakis sp., which corresponds to a newly described species from Japan (Takahashi
and Nakaya, 2004) and Iago sp. from the Philippines.

Galeorhinus
Hemigaleidae

Galeorhinini

2.2. DNA ampliWcation and sequencing

Carcharhinidae

remaining six triakid genera. Galeorhinin species are further divided into iagins (Iago, Furgaleus, Hemitriakis, and
Gogolia) and galeorhininins (Galeorhinus and Hypogaleus).
The two alternative arrangements of triakid taxa oVered by
Compagno (1988, pp. 395–397) diVer in the placement of
the genus Mustelus. Fig. 2 shows the cladograms presented
by Compagno (1988). SigniWcantly, the proposed classiWcations imply the paraphyly of: Triakidae, Triakinae, Galeorhininae, and Triakis.
Due to the tenuous case for a monophyletic Triakidae,
any eVorts to improve our understanding of triakid evolutionary relationships and the evolution of placental viviparity in charcharhiniform sharks demands extensive sampling
of the species currently assigned to the Triakidae. Here we
report a phylogenetic investigation of triakid inter- and
intra-family relationships based on analyses of DNA
sequences from four protein-coding genes (three mitochondrial and one single copy nuclear) from representatives of
all but one of the nine genera and 20 of the 39 nominal species currently assigned to the family. The only triakid genus
not included in this study is Gogolia, which is only known
from type material originally preserved in formaldehyde.

We obtained complete coding sequences for the mitochondrial genes cytochrome b (Cyt b) and NADH dehydrogenase subunit 2 (ND2); and partial coding sequences for
NADH dehydrogenase subunit 4 (ND4) and the single
copy nuclear gene recombination-activating gene 1 (RAG1).
In each case, we used ampliWcation and sequencing primers
speciWcally designed to target a wide diversity of species of
galeomorph sharks. New primers were designed as needed
when ampliWcation or sequencing of speciWc genes and taxa
proved problematic. Primers sequences are those of Naylor
et al. (2005). PCR ampliWcation conditions were optimized
for each primer set and, in some cases for problematic taxa.
In general, annealing temperatures ranged between 48 and
55 °C, and the number of cycles ranged between 32 and 40.
Detailed ampliWcation protocols for speciWc taxa and gene
are available from the authors upon request.
We puriWed PCR products by centrifugation through
size selective Wlters (Millipore, MA) according to manufacturer’s recommendations. We then used the puriWed
PCR products as templates in chain-termination reactions
using Xuorescently labeled chain terminators (PerkinElmer, MA). We puriWed the chain-termination reaction
products by ethanol precipitation and submitted this
puriWed products to the DNA Synthesis and Sequencing
facility at Iowa State University for sequence determination by electrophoresis on automated sequencers (PerkinElmer, MA). Table 1 lists the species and gene sequences
included in the analyses.

2. Materials and methods

2.3. Phylogenetic analyses

2.1. Taxonomic sampling

We manually aligned the sequences using the program
Se-Al (Rambaut, 1996). We excluded all missing or
ambiguous characters from all subsequent analysis. Prior
to performing phylogenetic analysis, we tested the
hypothesis of base composition homogeneity for each
gene using the 2 test implemented in PAUP* (SwoVord,
1998) to determine if deviations from stationarity in this
parameter had the potential to aVect the results of phylogenetic analyses.
We conducted phylogenetic analyses on the mtDNA and
nuclear sequences independently using maximum
parsimony (MP), maximum likelihood (ML), and Bayesian
criteria as implemented in the programs PAUP* (v4.0b10;

Sphyrnidae
Fig. 2. Compagno’s (1988) alternative arrangements of genera assigned to
the family Triakidae. Branches in grey represent the lineages in the current
deWnition of the group.

Tissue samples were obtained from freshly caught animals and preserved in 95% ethanol or a solution of 20%
DMSO, 0.25 M EDTA, and NaCl to saturation (Seutin
et al., 1991). In all cases, specimens were identiWed in the
Weld using Compagno’s (1984) and Heemstra’s (1973, 1997)
identiWcation keys by G. Naylor or by other investigators
experienced in the identiWcation of the shark faunas of speciWc regions. In all cases two or more individuals from each
species were included in our sample. Because the monophyly of the Triakidae is in question, we included potential
outgroups from basal and deeply nested carcharhiniform
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Table 1
Triakid and outgroup taxa sampled in this study and the genes from which DNA sequences were obtained
Subfamily

Tribe

Genus

Species

Cyt b

ND2

ND4

RAG1

Galeorhininae

Galeorhinini

Galeorhinus
Hypogaleus
Furgaleus
Hemitriakis

galeus
hyugaensis
macki
japanica
sp. (Japan)
omanensis
sp. (Philippines)

X
X
X
X

X
X
X
X

X
X
X
X

X
X

X
X

X
X
X
X
X
X
X

antarcticus
asterias
californicus
canis
henlei
manazo
mosis
mustelus
norrisi
schmitti
sinusmexicanus
quecketti
megalopterus
scyllium
semifasciata

X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X

Carcharhinus
Prionace
Eusphyra
Sphyrna
Galeocerdo

acronotus
glauca
blochii
mokarran
cuvier

X
X
X
X
X

X
X
X
X
X

X
X
X
X
X

X
X
X
X
X

Hemigaleus
Chaenogaleus
Leptocharias
Pseudotriakis
Gollum
Apristurus
Poroderma

microstoma
macrostoma
smithii
microdon
attenuatus
macrorhynchus
pantherinum

X
X
X
X
X
X
X

X
X
X
X
X
X
X

X
X
X
X
X
X
X

X
X
X
X
X
X
X

Iagini

Iago
Triakinae

Mustelus

Scylliogaleus
Triakis

Outgroup taxa

SwoVord, 1998), PhyML (Guindon and Gascuel, 2003) and
MrBayes (version 3.0b4 and 3.1; Huelsenbeck and
Ronquist, 2001). In MP, we conducted heuristic searches
with 1000 random addition sequence (RAS) replicates
starting from random trees followed by tree-bisection–
reconnection (TBR) branch swapping and determined indices of node support from the majority consensus tree from
1000 bootstrap pseudo-replicates of the data sets with 10
RAS and random starting tree per replicate. To determine
if transitions have introduced signiWcant levels of homoplasy into the sequences, we repeated the aforementioned
MP analyses considering only transversions. In ML,
we conducted tree searches through the PhyML server
(http://atgc.lirmm. fr/phyml/) under the general time reversible model of DNA sequence evolution with among site
rate variation and invariant sites (GTR + G + I) with estimation of all model parameters and 100 bootstrap pseudoreplications. We also conducted ML tree searches in
PAUP* with model parameters selected through the likelihood ratio test implemented in Modeltest (Posada and
Crandall, 1998). To gauge the extent of the incongruence
between the optimal trees supported by the molecular data

X
X
X
X
X
X
X
X
X
X

X

X

and currently accepted triakid clades, we examined the
magnitude of the parsimony and likelihood penalties
incurred by enforcing the monophyly of each of those
clades using the Kishino–Hasegawa test to determine if the
incongruence may be considered signiWcant (Hasegawa and
Kishino, 1989). Similarly, we carried out Bayesian runs
with estimation of all parameters of the GTR + G + I model
and with Wxed parameters for models derived from likelihood ratio tests. Finally, we conducted MP, ML
(GTR + G + I) and Bayesian (partitioned by gene and by
codon) analyses on the combined data set to determine
whether labile and weakly supported nodes found in the
independent analyses were the result of insuYcient
information.
To derive a hypothesis of triakid relationships on which
to map diVerent reproductive modes and infer their underlying transformations, we examined the tree topologies
resulting from all the diVerent analysis in search of clades
that were consistently recovered by all data sets and methods of phylogenetic reconstruction. We deemed clades that
are recovered by all analyses (both, in optimal trees and in
pseudoreplicate consensus trees) to be suYciently well
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deWned to use as the framework for exploring the dynamics
of evolution of placental viviparity in triakid lineages. On
the other hand, we considered lineages whose placement
varies widely between diVerent analyses insuYciently stable
to proWtably explore those questions.
3. Results and discussion
3.1. Sequence composition and divergence
The base composition of the mtDNA sequences is
largely homogeneous across all the taxa in this dataset. The
sequences with the most distinct base composition are those
from the outgroup species Gollum attenuatus and Pseudotriakis microdon. However, even with those two sequences
considered, the hypothesis of stationarity of base composition is not rejected using the 2 statistic (P D 0.115), thus we
do not expect the phylogenetic inference to be primarily
shaped by homoplasy in base composition. But it is possible
that localized codon usage proWles can skew speciWc aspects
of the inference. The composition of the RAG1 sequences is
homogeneous across all taxa in this study (P D 1.0) so it is
unlikely to be an important determinant of the tree topology supported by those sequences.
The sequence diverge among the triakid taxa in our
study ranges from 2.3 to 15.3% for mitochondrial DNA
and from <0.5 to 3.7% for the RAG1 gene. In both cases,
the sequences from Iago omanensis show the greatest levels
of divergence when compared to other triakids. When triaA *

*
*

Pseudotriakis microdon
Gollum attenuatus
Apristurus macorhynchus
Poroderma pantherium
Leptocharias smithii
Iago omanensis
Hemigaleus microstoma
*
Chaenogaleus macrostoma
Galeocerdo cuvieri
Carcharhinus acronotus
*
Prionace glauca
Sphyrna mokarran
*
Eusphyra blochii
Hemitriakis japanica
*
Furgaleus macki
Triakis semifasciata
*
Triakis scyllium
Galeorhinus galeus
*
Hypogaleus hyugaensis
* Triakis megalopterus
Scylliogaleus quecketti
*
Mustelus schmitti
* Mustelus asterias
*
Mustelus manazo
Mustelus norrisi
*
Mustelus californicus
Mustelus mosis
*
Mustelus mustelus
Mustelus henlei
Mustelus canis
*
Mustelus intermedius

kid and outgroup taxa are considered, the extent of divergence reaches 22.5 and 16.1% among mitochondrial and
RAG1 sequences, respectively. Generally, the highest levels
of divergence are observed between the two scyliorhinid
outgroups and the remaining taxa. This is in accord to
expectations derived from the current understanding of
carcharhiniform relationships, which places the scyliorhinid lineage as the sister group to all remaining carcharhiniforms. However, because the goal of the present study is to
examine triakid relationships and not the relationships
among carcharhiniform families, we rooted all trees at the
branch that deWnes the scyliorhinid + pseudotriakid
+ proscyllid clade. To test the placement of the root of the
carcharhiniform phylogeny it will be necessary to include
non-carcharhiniform outgroups.
3.2. Carcharhiniform phylogeny—outgroups
The trees that result from all analyses of mtDNA and
RAG1 sequences are congruent with a clade composed of
Pseudotriakis microdon and Gollum attenuatus (Figs. 3–5).
The evidence supporting this arrangement is strong, as indicated by bootstrap values and posterior probabilities. The
level of divergence between the mitochondrial and RAG1
sequences from these two taxa (8.8 and 1.1%, respectively)
is less than that observed between some pairs of species
within the genus Mustelus. Compagno (1988) remarked on
the extensive similarity between the then proscyllid Gollum
and the monotypic Pseudotriakidae, but alluded to the
B

*
*

*

Pseudotriakis microdon
Gollum attenuatus
Apristurus macorhynchus
Poroderma pantherium
Galeorhinus galeus
*
Hypogaleus hyugaensis
Hemitriakis japanica
*
Furgaleus macki
Triakis semifasciata
*
Triakis scyllium
Leptocharias smithii
Hemigaleus microstoma
*
Chaenogaleus macrostoma
Galeocerdo cuvieri
Carcharhinus acronotus
*
Prionace glauca
*
Sphyrna mokarran
*
Eusphyra blochii
Iago omanensis
* Triakis megalopterus
Scylliogaleus quecketti
*
Mustelus schmitti
* Mustelus asterias
* * Mustelus manazo
Mustelus californicus
* Mustelus mosis
* Mustelus mustelus
Mustelus norrisi
Mustelus henlei
* Mustelus canis
* Mustelus intermedius

Fig. 3. mtDNA MP (A) and ML (B) bootstrap consensus topologies. Bootstrap analysis parameters are given in the text. Asterisks indicate clades that
appear in >80% of the bootstrap pseudoreplicates.
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A

*

*

Poroderma pantherium
Apristurus macrorhynchus
Gollum attenuatus
Pseudotriakis microdon
Triakis semifasciata
Chaenogaleus macrostoma
*
Hemigaleus microstoma
Galeocerdo cuvieri
Carcharhinus acronotus
*
Prionace glauca
Sphyrna mokarran
*
Eusphyra blochii
Leptocharias smithii
Iago omanensis
Furgaleus macki
Hemitriakis japanica
Galeorhinus galeus
Hypogaleus hyugaensis
megalopterus
* Triakis
Scylliogaleus quecketti
Mustelus asterias
Mustelus manazo
* Mustelus antarticus
* Mustelus schmitti
Mustelus sinusmexicanus
Mustelus canis
Mustelus intermedius
Mustelus henlei
Mustelus mosis
Mustelus mustelus
Mustelus norrisi
Mustelus californicus

B
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Gollum attenuatus
Pseudotriakis microdon
Apristurus macrorhynchus

*

*

Poroderma pantherium
Triakis semifasciata
Chaenogaleus macrostoma
*
Hemigaleus microstoma
Galeocerdo cuvieri
*
Carcharhinus acronotus
*
Prionace glauca
Sphyrna mokarran
* Eusphyra blochii
Leptocharias smithii
Furgaleus macki
Hemitriakis japanica
Galeorhinus galeus
hyugaensis
* Hypogaleus
Iago omanensis
Triakismegalopterus
* Scylliogaleus
quecketti
Mustelus asterias
Mustelus manazo
* Mustelus antarticus
* Mustelus schmitti
Mustelus sinusmexicanus
Mustelus canis
Mustelus intermedius
Mustelus henlei
Mustelus mosis
Mustelus mustelus
* Mustelus norrisi
Mustelus californicus

Fig. 4. RAG1 MP (A) and ML (B) bootstrap consensus topologies. Bootstrap analysis parameters are given in the text. Asterisks indicate clades that
appear in >80% of the bootstrap pseudoreplicates.

Poroderma pantherium
Apristurus macrorhynchus

Gollum attenuatus
Pseudotriakis microdon
Leptocharias smithii

Proscyllium habereri
Triakis megalopterus
Galeocerdo cuvieri
Mustelus mustelus
Galeorhinus galeus
Hemigaleus microstoma
Furgaleus macki
Iago omanensis
Carcharhinus acronotus
Sphyrna mokarran

0.1
Fig. 5. NJ unrooted phylogram based on RAG1 sequences from the Genbank accession of Proscyllium habereri and a reduced set of taxa
sequenced in this study. The pseudotriakids and the proscyllid are in bold.

abundance of autopomorphies in Pseudotriakis microdon as
the justiWcation to continue using the family designation.
The DNA sequence data suggests that the unique traits in
Pseudotriakis are of relatively recent origin and that the relatively high taxonomic rank this lineage received in the past
was not justiWed. Further, it is important to note that
although Gollum was deemed the most ‘pseudotriakid-like’
of the four proscyllid genera (Compagno, 1988), more
recent treatments of shark systematics have reclassiWed this
genus as a pseudotriakid (Compagno, 1999). The low divergence between Gollum and Pseudotriakis is congruent with

the most recent classiWcation of Gollum. Further, DNA
sequence data reported by Iglésias et al. (2005) suggest that
the proscyllid Proscyllium habereri and Pseudotriakis microdon do not have the close aYnity that the latter shows
with Gollum in the present study. We conducted a preliminary analysis by adding the sequence of RAG1 from Proscyllium habereri (GenBank AY462183) to our RAG1
dataset to determine the cause of the discrepancy. The
results of this analysis strongly suggest that Gollum and
Pseudotriakis form a clade that excludes Proscyllium (e.g.,
Fig. 5). This Wnding lends support to Compagno’s (1999)
rearrangement of the Pseudotriakidae. Further tests of the
monophyly of the Proscyllidae will require a data set that
includes representatives of all proscyllid and psudotriakid
genera together with and an appropriate set of outgroup
taxa (i.e., representatives of other carcharhiniform families).
All analyses consistently and strongly support the
grouping of Leptocharias smithii with the remaining carcharhiniforms examined (i.e., Leptochariidae + Triakidae
+ Hemigaleidae + Carcharhinidae + Sphyrnidae). However,
the placement of L. smithii within that group is labile
depending on sequence and analysis types. Compagno
(1988) had diYculty placing the monotypic Leptochariidae among carcharhiniform families because the anatomy
of L. smithi is characterized by extensive autopomorpies.
In this respect the DNA sequences from Leptocharias correspond well with the morphological observations. All the
ML and Bayesian analyses reconstruct the branch leading
to Leptocharias as signiWcantly longer than other
branches of similar implied age (i.e., diverging from the
same node). In this context, the labile placement of Leptocharias is not unexpected because long branches are
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known to be problematic in phylogenetic analyses (Bergsten, 2005; Felsenstein, 1978). In summary, neither morphological nor molecular data collected to date lend
strong support for any particular placement of the Leptochariidae among the triakid to carcharhinid group of carcarhiniform lineages. Given the taxonomic sampling used
in this and Compagno’s (1988) studies, it seems unlikely
that the inclusion of more taxa will improve our understanding of Leptocharias relationships. The answer to that
question may require types of evidence other than DNA
sequences or gross morphology.
Finally, among the outgroup taxa included in this
study all analyses are consistently congruent with a
clade composed of the carcharhinids, sphyrnids and
hemigaleids (Figs. 3 and 4). Within this clade, there is
consistent support for a clade that comprises Carcharhinus acronotus, Prionace glauca and the two sphyrnids to
the exclusion of Galeocerdo cuvieri. All analyses result in
marginal but consistent support for a clade corresponding to carharhinids + sphyrnids to the exclusion of the
Hemigaleidae. These results strengthen the argument
for the paraphyly of the Carcharhinidae as currently
deWned and support a carcharhiniform group composed
of the families Carcharhinidae, Sphyrnidae, and Hemigaleidae.
3.3. Carcharhiniform phylogeny—triakid monophyly
Our results, like Compagno’s (1970, 1988) are equivocal regarding the monophyly of the Triakidae. None of
the analyses suggests that the sequence data are most congruent with a monophyletic Triakidae. However, the speciWc aspects of the resulting topologies that are
incongruent with triakid monophyly vary with analysis
type and are always weakly supported by the data. For
example, the trees that result from analyses of the
mtDNA sequences place Iago (MP, Fig. 3A and ML with
GTR + G + I estimation, not shown) or the Galeorhinus +
Hypogaleus clade (ML with Modeltest derived parameters, Fig. 3B and Bayesian, not shown) as the sister group
to a clade composed of the remaining triakids, carcharhinids, hemigaleids, and sphyrnids. On the other hand, the
RAG1 analyses support the placement of Triakis semifasciata as the sister group of all remaining triakids, carcharhinids, hemigaleids, and sphyrnids (Fig. 3). Similarly, the
combined and transversion-only analyses (not shown) do
not recover the monophyly of the family. The MP and
ML trees from the combined data set place Iago outside
the triakids (Fig. 6, MP) while Bayesian analysis of those
data place Triakis and Iago outside triakids (not shown).
Given the widespread use of the triakid family concept it
would be premature to propose a new classiWcation based
on the present evidence. However, future studies of socalled ‘higher’ carcharhiniform phylogeny would be best
conducted under the conservative assumption implied by
an unresolved polytomy of the deepest nodes that relate
those lineages.

*

*

Leptocharias smithii
Iago omanensis
Galeocerdo cuvieri
Hemigaleus microstoma
Chaenogaleus macrostoma
Carcharhinus acronotus
Prionace glauca
Sphyrna mokarran
Eusphyra blochii
Hemitriakis japanica
Furgaleus macki
Triakis semifasciata
Galeorhinus galeus
Hypogaleus hyugaensis
Triakis megalopterus
Scylliogaleus quecketti
Mustelus schmitti
Mustelus asterias
Mustelus manazo
Mustelus norrisi
Mustelus californicus
Mustelus mosis
Mustelus mustelus
Mustelus henlei
Mustelus canis
Mustelus intermedius

Fig. 6. Single MP tree from analysis of combined mtDNA and RAG1
sequences showing the distribution of placental viviparity and limited histotrophy among ingroup taxa. Grey, white, and black backgrounds denote
limited histotrophy, placentatrophy, and yolk-sac viviparity, respectively.
Asterisks highlight two clades with strong and consistent support in all the
phylogenetic analyses. Triangles mark the two inferred changes of placentatrophy that are discussed in the text. Outgroup taxa are omitted.

3.4. Carcharhiniform phylogeny—triakid inter-relationships
The mtDNA and RAG1 data consistently support (Figs.
3, 4 and 6): (1) Galeorhinus and Hypogaleus as sister taxa;
(2) Furgaleus and Hemitriakis as sister taxa; (3) Triakis
megalopterus and Scylliogaleus quecketti as sister taxa; (4) a
clade that comprises all the species of Mustelus, T. megalopterus and S. quecketti; (5) within this last clade, two
reciprocally monophyletic groups that segregate the placental and aplacental species.
Although Compagno (1988) placed the two monotypic
genera Galeorhinus and Hypogaleus in the Galeorhinini, no
synapomorphies were oVered in support of this group. Further, the two alternative cladograms of triakid relationships
depict a trichotomy formed by the galeorhinin genera and a
clade composed of the Hemigaleidae, Carcharhinidae, and
Sphyrnidae (Fig. 3). The monophyly of the Galeorhinini
receives unanimous and robust support from the DNA
sequence data. The sequence divergence between the two
galerorhininin taxa is lower than the highest levels observed
between species of Mustelus (7.74% vs. 9.64% in mtDNA;
0.59% vs. 1.28% in RAG1). Thus, the evidence supports the
continued grouping of these two genera in a clade, which is
particularly signiWcant because the variation in reproductive mode it contains. Galeorhinus is an aplacental viviparous genus and Hypogaleus is placental viviparous.
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The analyses consistently support a sister group relationship between Furgaleus and Hemitriakis. This arrangement is more robustly supported by the mtDNA data, but
it is also present, if weakly supported, in the topologies supported by the RAG1 sequences. These two genera together
with Iago and Gogolia form the Iagini (Compagno, 1988).
The position of Iago varies widely by analysis and dataset.
Enforcing the monophyly of the Iagini results in MP trees
that are 26 and 2 steps longer than the optimal unconstrained tree for the mtDNA and RAG1 datasets, respectively (Table 2). Neither penalty is statistically signiWcant,
thus although the Iagini does not appear in any of the
topologies resulting from our analyses, the monophyly of
the Iagini cannot be rejected.
Triakis megalopterus and Scylliogaleus quecketti are
invariably and robustly placed as sister taxa in the results of
all analyses. This arrangement is inconsistent with the
monophyly of the genus Triakis. Enforcing the monophyly
of Triakis results in MP trees that are 64 and 11 steps
longer than the optimal unconstrained trees for the
mtDNA and RAG1 datasets, respectively. These are signiWcant diVerences, thus the genus seems to be in need of
redeWnition. Because not all species of Triakis are included
in this study, it is premature to oVer such a rearrangement
here. But it should be noted that Triakis megalopterus is
currently considered a member of the subgenus Cazon and
that Compagno (1988) considered the subgenus a close relative of Scylliogaleus. Therefore, the paraphyly uncovered
by the DNA sequence data may be an indication that the
two subgenera of Triakis represent in fact two distantly
related clades with more recent aYnities to other carcharhiniform lineages.
Among triakid genera, Mustelus is not only the most
species-rich but also the most problematic with respect to
taxonomy and systematics. Scarce comparative material
and paucity of informative morphological variation have
hindered the delineation of species boundaries within the
genus (Heemstra, 1973, 1997). Our study is aimed at
improving our understanding of triakid inter-generic relationships so the systematics of the genus Mustelus fall outside of its scope. However, the sample of species of
Mustelus that represent that genus in our study allows us to
Table 2
Parsimony and likelihood penalties of enforcing topological constraints
implied by diVerent aspects of the currently accepted classiWcation of
triakids
Constraint

Triakidae
Triakinae
Galeorhininae
Iagini
Mustelus
Triakis

Parsimony (DiV. steps)

Likelihood (DiV. ¡ln L)

mtDNA

mtDNA

RAG1

7.64362
0.92123
10.17556
3.12007
14.4604
104.41302*

6.7710
4.60326
1.9319
4.61201
3.77905
42.88343*

14
6
22
26
6
64*

RAG1
5
3
2
2
1
11*

Constraints correspond to the groups illustrated in Fig. 1A. Asterisks
denote a statistical signiWcant diVerence (Hasegawa and Kishino, 1989).
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draw some preliminary conclusions on the taxonomy of
Mustelus.
The DNA sequences we analyzed in this study oVer
strong support for the monophyly of an expanded Mustelus
(with the inclusion of T. megalopterus and S. quecketti) and
for the subdivision of the expanded genus into two groups.
In our taxonomic sample, this categorization delineates a
group of species with viviparous reproduction with a yolksac placenta (the ‘mustelus’ clade) and one with ovoviviparous reproduction (the ‘asterias’ clade). The sequence data
gives strong support for these two clades but because our
sampling of species of Mustelus is not exhaustive it remains
possible that the pattern does not extend to all extant species in the group. However, if this division is supported by
future studies that include a greater diversity of species of
Mustelus then the signiWcance of the diVerent mode of
reproduction between the two groups of Mustelus may justify dividing the genus in two. Under such a scenario, members of the ‘mustelus’ clade would conserve their current
generic designation because the type species (M. mustelus)
is a member of that clade and the members of the ‘asterias’
clade, including T. megalopterus and S. quecketti would be
assigned to a diVerent genus. From a nomenclatural perspective, a more conservative alternative would be to reassign Scylliogaleus and the species of Cazon (assuming this
subgenus is monophyletic) to an expanded Mustelus.
Aside from the two well-deWned clades, there are only a
few consistently supported relationships among the species
of Mustelus in our study. Overall, the magnitude of divergence between the sequences from species of Mustelus is relatively low (mtDNA: 2.36–9.64%; RAG1: <0.5–1.28%), which
is in agreement with the relatively minor morphological variation observed in this genus. The low levels of divergence
among species of Mustelus suggests that a better understanding of the taxonomy and systematics of the genus will come
from improved understanding of the distribution of genetic
variation among populations and species to justify the delineation of species boundaries (as suggested by Penny, 2005).
Gardner and Ward (2002) used one such approach to better
understand the genetic diversity within some of the species of
Mustelus from Australia and the relationships between these
nominal taxa, however the taxonomic scope of that study
was limited geographically, which limits the generality of the
conclusions reached. In addition, given the low levels of
sequence divergence and the overlap in geographic distribution of many species of Mustelus, it is likely that hybridization and/or incomplete lineage sorting occurs in the genus
(e.g., Tinti et al., 2003), thus increasing the complexity of the
task of delineating species and devising methods for species
identiWcation in the Weld. Under these conditions, thorough
taxonomic samples and large sample sizes for each putative
taxonomic unit are imperative.
3.5. Evolution of placental viviparity
Among vertebrate radiations, mammals and chondrichthyans are unique in the frequency of viviparity within
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those clades. Viviparity in chondrichtyans takes a variety of
forms, which have been categorized based on the source of
nutrition used by the developing embryo in utero.
Assuming oviparity as a hypothetical simplest mode of
reproduction, the categories of viviparity may be arranged
in the following progression: lecithotrophy, histotrophy (of
varying degrees) and placentatrophy. All these forms of
reproduction are manifested among extant chondrichtyans.
The unique adaptations associated with placentation (e.g.,
vascularization, nutrient exchange, endocrinology) have
made it the focus of much anatomical and physiological
study (reviewed by Hamlett et al., 2005).
The results of our phylogenetic analyses are ambiguous
regarding the deeper nodes in the tree of triakid relationships (Figs. 3, 4 and 6). However, the topologies supported
by the molecular data do shed light on some important
aspects of the evolution of placental viviparity in carcharhiniforms. First, the distribution of placental viviparity
among species in the most inclusive clade that Wnds strong
support in this analysis (illustrated in Fig. 6) support the
idea that placental viviparity in carcharhiniforms Wrst
evolved
in
the
common
ancestor
of
the
(Leptochariidae + Triakidae + Hemigaleidae + Carcharhini
dae). Under this scenario, aplacental viviparity within the
group is the result of the loss of placentatrophy. Weak support for deep nodes in this clade make any statement about
the total number of such losses purely speculative. However, two well-supported clades include placental and aplacental species: (a) the expanded Mustelus; and (b)
Hypogaleus + Galeorhinus. These nodes imply placental
viviparity has been independently lost a minimum of two
times in triakid lineages (Fig. 6). Future reWnements of a
hypothesis of phylogeny for this group will help determine
whether other aplacental triakid lineages independently
arrived at that condition and, perhaps more interestingly,
whether placentatrophy has been secondarily regained. On
this point, we note that although the MP tree from combined analysis implies a secondary gain of placental viviparity in Hypogaleus, the nodes that support that scenario
are weakly supported and sensitive to analysis conditions.
Thus, assuming unresolved relationships for those nodes
makes the loss of placentatrophy in Galeorhinus the simpler
explanation at present.
The identiWcation of two well-supported clades that contain placental and aplacental species (Fig. 6) provides us an
opportunity to estimate the window of divergence during
which transformations between the two modes of reproduction took place. In the expanded Mustelus clade the
reproductive mode switch must have postdated the divergence between the two groups in the clade and it must have
predated the earliest divergence within the group with the
derived condition (e.g., loss of placentatrophy). The average
divergence in mtDNA sequences between the two clades of
Mustelus is 8.8%. Thus, these two lineages originated »4.4%
mtDNA ‘divergence units ago.’ The average divergence
between terminals that span the deepest nodes in the aplacental clade is 7.4%, thus the species radiation in this clade

began no later than 3.7% mtDNA ‘divergence units ago.’
These estimates place the loss of placental viviparity in
Mustelus within a relatively narrow window of 0.7% divergence.
In the other well-supported clade with placental and
aplacental species, the two galeorhinin species diVer in 7.3%
of their mtDNA sequences thus the divergence per lineage
is approximately 3.6%. This divergence is the maximum
limit on the timing of the putative loss of placentatrophy in
the Galeorhinus lineage. Unfortunately, available fossil data
are insuYcient to derive well-founded estimates of the timing of these transformations. Although shark fossil teeth
are abundant, their assignment to extant lineages is tenuous
and they only provide minimum age constraints. As our
ongoing studies of shark relationships continue (Naylor
et al., 2005; present study) we expect to be able to develop
sound calibrations of shark molecular clocks to estimate
the timing of key events in their evolution.
Finally, the observed variation in placental morphologies in carcharhiniforms raises the possibility of multiple
evolutionary origins for this trait. Detailed descriptions of
carcharhiniform placental morphology have identiWed at
least three distinct types: globular, entire and discoidal
(Compagno, 1984, 1988; Heemstra, 1973). The last two are
most similar and have been found in species of Carcharhinidae. The globular placenta is only present in Leptocharias
smithii. Because our phylogenetic results point to repeated
losses of placentatrophy among the triakids it is unnecessary to postulate an independent origin for the globular
placenta of Leptocharias, thus the observed variation is suggestive of modiWcations from a common ancestral condition in the evolution of carcharhiniform placental
viviparity. In this respect it is interesting to consider that
Leptocharias is characterized by both a distinct placental
morphology and a signiWcantly higher rate of molecular
substitution than other carcharhiniforms.
3.6. The unassigned specimens
Mitochondrial DNA sequences from the previously
unidentiWed specimens of Hemitriakis collected around the
Ryukyu Island of Japan in the same region inhabited by H.
japanica lend weight to the argument that these specimens
represent a distinct taxon not previously documented.
These specimens of were collected and examined by Takahashi and Nakaya (2004), who determined that they did not
Wt the diagnostic characteristics of any known species of
Hemitriakis (summarized in Compagno and Stevens, 1993).
The specimens from Japan can be distinguished from the
Australian species of Hemitriakis by diVerences in vertebral
counts, morphometrics and color pattern in the young. The
DNA sequences of these specimens diVer from those of H.
japanica by more than 4%. Also, it may be signiWcant that
the specimens from Japan and the Australian species of
Hemitriakis are each parasitized by diVerent species of
copepods of the genus Lernaeopoda (M. Takahashi, pers.
comm.). The molecular evidence suggests that these
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specimens represent a genetically distinct unit. The taxonomic sample in the present study is insuYcient to reach
conclusions regarding relationships among the species of
Hemitriakis.
The specimens of Iago from the Philippines also seem to
belong to a previously unreported taxon that is closely
related to Iago omanensis. Field identiWcation of these specimens indicated that they do not represent individuals of I.
garricki, which was described from the surroundings of
Vanuatu and may extend to northwestern Australia
(Compagno, 1984; Fourmanoir and Rivaton, 1979). The
mitochondrial sequences of these two taxa show greater
divergence (9.5%) than that observed between some triakid
genera (e.g., 9.3% between Furgaleus and Hemitriakis) but
they are invariably supported as sister taxa. Compagno
(1984) noted that specimens of Iago from this region,
although similar to I. garricki probably correspond to an
undescribed species. Our species sample did not include
specimens of I. garricki therefore we cannot determine with
certainty the relationships between that species and the
specimens from the Philippines, however together with the
distinct morphological characteristics of these individuals,
the sequence data supports Compagno’s (1984) report of an
undescribed species from the area.
3.7. Conclusions
The most signiWcant Wndings of this study are: (1) the
rejection of the hypotheses of monophyly of the triakid
genera Mustelus (paraphyletic) and Triakis (polyphyletic)
as they are currently deWned; (2) the correspondence
between the two clades formed by the species of Mustelus,
Cazon, and Scylliogaleus and the reproductive mode of
their member species; and (3) the inference of at least two
independent losses of placental viviparity among triakid
lineages. The combination of (a) the consistency and
robustness of the results concerning Mustelus, Triakis and
Scylliogaleus; (b) the correspondence of the ‘mustelus’
clades with reproductive traits; and (c) Compagno’s (1984)
statements on the aYnities of the subgenera of Triakis and
of Scylliogaleus point to the need for a revision of the taxonomy of these taxa. Lastly, the data we present fails to
reject the monophyly of the Triakidae but at the same time
it does not provide clear evidence to support it. None of the
optimal or consensus trees from our analyses contain a
monophyletic Triakidae.
The distribution of reproductive modes on the phylogeny depicted in Fig. 6 suggests that placental viviparity is
the ancestral condition for the ‘higher carcarhinoid’ clade
(e.g., Leptochariidae, Triakidae, Carcharhinidae, Hemigaleidae, and Sphyrnidae). The widely varying placement of
several triakid lineages prevents a conWdent reconstruction
of the events that led to the diversity of reproductive modes
within this clade. However, consensus between diVerent
analyses implies at minimum two changes between placental viviparity and aplacental gestation among triakids (i.e.,
in the asterias clade of ‘mustelus’ and Galeorhinus galeus).
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Because these two changes are implied by parts of the tree
topology that are robustly and consistently supported, we
consider it unlikely that further tests of carcharhiniform
phylogeny will support a single loss of placental reproduction among triakids. Therefore, the study of the evolution
of this reproductive mode in the Triakidae has the potential
to improve our understanding of the parallel loss of relatively complex biological traits. Future eVorts should focus
on better deWning the placement of the other aplacental
carcharhiniform lineages to test the hypothesis that placentatrophy in these sharks shares a common origin.
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