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A total of 60 morphometric traits and nucleotide sequences of the entire mtDNA NADH

dehydrogenase subunit 2 (ND2) gene [1047 base pair (bp)] in 23 individuals of blackmouth, Galeus

melastomus, and 13 individuals of sawtail catsharks, Galeus atlanticus, caught in Southern

Portugal, were examined to test the validity of these two taxa. These sharks closely resemble

each other, have overlapping geographical ranges and are difficult to identify by morphological

characters. Non-metric multidimensional scaling of morphometric variables indicates a clear

separation between the two species, with 10 characters each contributing 2�12–2�45% of the total

variability between species. Maximum likelihood, parsimony and neighbour-joining trees revealed

two major mtDNA haplotype clades, corresponding to the two species, with an average corrected

sequence divergence between them of 3�39 � 0�56%. Within species divergences between

haplotypes averaged 0�27 � 0�18% in G. melastomus and 0�12 � 0�08% in G. atlanticus. A total

of 35 diagnostic nucleotide site differences and four restriction fragment length polymorphism

recognition sites in the ND2 gene can be used to distinguish the two species. # 2007 The Authors

Journal compilation # 2007 The Fisheries Society of the British Isles
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INTRODUCTION

The family Scyliorhinidae is the most speciose family of Elasmobranchii, with
at least 15 genera (Apristurus, Halaelurus, Scyliorhinus and Galeus among the most
representative) and over 100 species (Compagno & Niem, 1999). The genus
Galeus is widely distributed and currently includes 17 described species
(Compagno et al., 2005). The earliest fossil record for this genus dates to the early
Miocene of France (Musick et al., 2004). The blackmouth, Galeus melastomus
Rafinesque 1810, and Atlantic sawtail, Galeus atlanticus Vaillant 1888, catsharks
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closely resemble each other and occur sympatrically over parts of their ranges.
Their morphological similarity and geographic overlap have made species iden-
tifications difficult, and some authors have considered synonymizing G. atlanti-
cus under G. melastomus (Compagno, 1984). Muñoz-Chapuli & Ortega (1985),
however, resurrected G. atlanticus as a valid species, and Rey et al. (2006) rede-
scribed G. atlanticus on the basis of field markings. The blackmouth catshark is
widely distributed over the North-eastern Atlantic from the Faeroe Islands and
Trondheim, Norway to Senegal and Mediterranean Sea, while the Atlantic saw-
tail catshark appears to have a more restricted distribution in the Mediterra-
nean Spanish coasts, Atlantic waters off Portugal and Morocco.
Taxonomic confusion between the two species distorts the by-catch fishery

statistics, as blackmouth and Atlantic sawtail catshark catches are often re-
corded only as blackmouth catshark (Erzini et al., 2002; Coelho et al., 2005;
Pawson & Ellis, 2005). The blackmouth catshark is managed as a single
population, in which ‘pseudo/metapopulation segments can be distinguished
and treated as management units’ (Pawson & Ellis, 2005). Local aggregations
in these species are also typical of other Scyliorhinid species (Musick et al.,
2004). Like other elasmobranchs, these fishes are particularly susceptible to pop-
ulation declines because slow growth rates, late maturity, low fecundity and
longevities of several years make them vulnerable to direct or indirect fishing
pressure. Depleted populations may take several decades to recover (Stevens
et al., 2000). In Portuguese waters, for instance, a major impediment to imple-
menting species-specific conservation and management has been the difficulty in
accurately identifying individuals to species, a problem common to morpholog-
ically similar sharks exploited in multispecies fisheries (Abercrombie et al.,
2005).
In addition to the traditional use of morphology to distinguish species, molec-

ular markers can be used to estimate the extent of evolutionary divergence
between taxa. These markers have been used to resolve phylogenetic relation-
ships among species in several shark groups and include allozymes (Smith &
Benson, 2001), restriction fragment length polymorphisms (RFLPs) (Heist &
Gold, 1999; Pank et al., 2001) and multiplex polymerase chain reaction (PCR),
including species-specific primer assays (Shivji et al., 2002, 2005). Species identi-
fications by DNA sequence analysis are also widely used to discriminate between
species. Recently, Greig et al. (2005) and Ward et al. (2006) were able to success-
fully distinguish several shark species with a 1400 base pair (bp) mtDNA
sequence spanning the 12S rDNA, 16S rDNA, tRNA-val and cox1 (655 bp)
genes. MtDNA sequences have also been useful for resolving higher level rela-
tionships among the Carcharhiniformes and Lamniformes, among Sphyrnidae
and Triakidae (Greig et al., 2005) and Batoidea (Douady et al., 2003).
In the present study, sequences of the entire NADH dehydrogenase subunit

2 (ND2) gene (1047 bp) and 60 morphometric measurements were examined in
the two catshark species to test their validity. The ND2 gene has been used
for phylogenetic analysis in several groups of organisms, including sharks
(Naylor et al., 1997). The results here provide evidence for two genetically
well-differentiated catshark species. Single nucleotide polymorphisms (SNPs)
within the ND2 gene provide several species markers for the unambiguous
identification of individuals.
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MATERIALS AND METHODS

SAMPLING

Individuals were captured in Autumn 2003 by the commercial fishing vessel ‘Branca
de Sagres’ with deep-water longlines targeting the wreckfish, Polyprion americanus
(Bloch & Schneider, 1801). Specimens of catsharks were caught southwest of the Cape
São Vicente (36°509 N; 9°059 W), off the southwest tip of the Iberian Peninsula, at 550–
590 m. Specimens of G. melastomus ranged in total length (LT) from 345 to 527 mm,
and specimens of G. atlanticus ranged from 336 to 440 mm. Samples of both species
included both sexes.

MORPHOLOGICAL CHARACTERIZATION

Sixty morphological measurements were made on 33 specimens (20 G. melastomus
and 13 G. atlanticus), following measurements in Compagno (2001). Measurements
larger than 100 mm were made with 1 mm precision, and measurements smaller than
100 mm were made with 0�01 mm precision using an electronic dial calliper. Paired
structures, such as pectoral and pelvic fins, were measured on only the left side of a
specimen. Measurements were standardized by the LT of a specimen, and morpholog-
ical traits were expressed as minimum and maximum percentages of LT.

MULTIVARIATE ANALYSIS

A multivariate analysis of the morphological characteristics was carried out with
PRIMER 6 (Clarke & Warwick, 2001). Morphological measurements were standard-
ized by LT and used to calculate a matrix of Euclidean distances (Clarke & Warwick,
2001). Non-metric multidimensional scaling (MDS) of distances in this matrix was used
to evaluate differences between the two species.

Analysis of similarities (ANOSIM) tests were used to determine whether the differ-
ences in the MDS plots were significant (Clarke & Warwick, 2001). This test was also
used to search for sexual dimorphism in each species. A similarity of percentages anal-
ysis was used to calculate the percentage contribution of each morphological measure-
ment to the overall difference between species (Clarke & Warwick, 2001).

MOLECULAR METHODS

Taking into account the multivariate morphometric results, the authors have ran-
domly chosen 10 individuals from each of the two putative species found to sequence
the protein-coding ND2 gene. Additionally, two specimens of G. atlanticus collected
from the Alboran Sea during the Mediterranean International Trawl Survey cruise in
April 2003 identified by field markings by Rey et al. (2006) were used in the present
work as ‘voucher’ specimens: these specimens were carefully identified by experts. Also
a single individual from Mauritania (where only G. melastomus has been described)
caught in 2005 was included in the work. Samples were preserved in 96% ethanol solu-
tion and stored at �20° C. Total genomic DNA was extracted from white muscle using
an Invitrogen Micro-tissue Extraction Kit�. A 1047 bp segment of the entire ND2 mito-
chondrial gene was sequenced. PCR amplifications were performed in a total 25 ml reac-
tion volume of 2�5 ml 10� buffer, 4 mM MgCl2, 0�2 mM deoxynucleotide triphosphates,
1�5 units Taq DNA polymerase and 0�3 mM of each primer ND2-Ile 59-CCGGAT-
CACTTTGATAGAGT-39 (Naylor et al., 1997) and ND2-Asn 59-CGCGTTTAGC-
TGTTAACTAA-39 (Kocher et al., 1995). PCRs consisted of 40 cycles of 1 min at
94° C, 1 min at 45° C and 45 s at 72° C. Negative controls were included in each set
of reactions. Amplifications were checked by electrophoresis in a 1% agarose gel and
sequenced by Macrogen Inc, Seoul. Each individual was sequenced in both directions
with the above primers.
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STATISTICAL ANALYSIS

Sequences were aligned with Geneious (Drummond et al., 2006) and checked manu-
ally. DnaSP 4 (Rozas et al., 2003) was used to estimate nucleotide diversity and genetic
distances. The monophyly of each species was assessed in phylogenetic trees constructed
with maximum parsimony (MP) with PAUP* 4.0b10 (Swofford, 2002) using a heuristic
search with random taxon addition and TBR branch swapping. Maximum likelihood
(ML) trees were constructed with PHYML (Guindon & Gascuel, 2003) and with the
HKY85 model of mutation (Hasegawa et al., 1985) selected by Modeltest 3.7 (Posada
& Crandall, 1998). The significances of nodes in trees were assessed with 1000 bootstrap
resamplings (Felsenstein, 1985). Haplotype genealogies were constructed with a statisti-
cal parsimony network using TCS 1.21 (Clement et al., 2000).

EnzymeX 3 (Griekspoor & Groothuis, 2006) was used to locate polymorphic nucleo-
tide sites in RFLPs that were present in only one species for use in species identification.

RESULTS

MORPHOLOGICAL CHARACTERIZATION

Minimum and maximum standardized values of 60 morphological characters
displayed some overlap between the two species (Table available from last
author upon request). Prepelvic-fin length showed the least amount of overlap
between species, ranged from 36�3 to 38�6% of LT in G. atlanticus and from
38�3 to 41�9% of LT in G. melastomus. Other characters, including nostril width,
exhibited almost complete overlap ranging from 1�8 to 2�4% of LT in G. atlan-
ticus and from 1�6 to 2�5% of LT in G. melastomus.

MULTIVARIATE ANALYSIS

A multivariate analysis of morphological differences between individuals
showed clear separation between G. melastomus and G. atlanticus (ANOSIM,
P < 0�05) (Fig. 1). The 10 most informative morphological characters

FIG. 1. Non-metric multidimensional scaling (MDS) of Galeus melastomus and Galeus atlanticus based on

60 morphologic measurements. In both species, M refers to males and F to females. The stress value

(0�17) reflects the error created when multidimensional data are plotted in two axes.
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accounted for 23�04% of the total variation, with individual traits contributing
2�12 to 2�45% to the total (Table I). Head and snout characters standardized
by total length contributed most to differences between species. These characters
included head length, preorbital length, prebranchial length, prenarial length and
preoral length, all of which were larger in G. melastomus. Prepelvic-fin and
preanal fins length also tend to be greater in G. melastomus. The position of
the second dorsal fin and the length of the caudal peduncle (dorsal caudal-fin
space) were generally larger in G. atlanticus.

MOLECULAR GENETICS

A total of 35 transitions and 17 transversions defined 13 ND2 haplotypes in
23 individuals of Galeus (GenBank accession numbers DQ902834 to
DQ902846) (Table II). These sequences were aligned to homologous ND2
sequences from Scyliorhinus canicula (Linnaeus) (GenBank accession number
NC001950) and contained no indels or stop codons. The 1047 bp Galeus se-
quences included 51 (4�9%) polymorphic sites, of which 38 (3�6%) were parsi-
mony informative. Six haplotypes, defined by three transitions and two
transversions at five polymorphic sites, appeared in 12 individuals of G. atlan-
ticus. In G. melastomus, seven haplotypes were defined by seven transitions and
five transversions at 12 polymorphic sites. A total of 35 (3�3%) fixed nucleotide
substitutions appeared between species, and 16 (1�5%) of these substitutions
represent amino acid replacements (Table II).
The two voucher individuals of G. atlanticus grouped both in haplotype 1,

whereas the individual caught in Mauritania constitutes haplotype 2.
Hierarchical likelihood tests identified the HKY model of mutation (Hasegawa

et al., 1985) as the best fit to the data. The transition/transversion ratio for

TABLE I. Cumulative list of the 10 morphologic characters contributing most to the
differences found between Galeus melastomus and Galeus atlanticus. Average value refers
to each character value as a percentage of total length (LT) and contribution differences
refer to the contribution, in percentage, that each morphologic character is giving to the

overall differences and the cumulative values to the successive sum of values

Measurement

Average value (%LT) Differences (%)

G. atlanticus G. melastomus Contribution Cumulative

Prepelvic-fin length 37�20 39�75 2�45 2�45
Head length 19�43 21�30 2�42 4�87
Preorbital length 6�91 7�90 2�41 7�28
Internarial space 2�26 2�75 2�36 9�64
Dorsal caudal-fin space 5�20 3�74 2�35 11�99
Prebranchial length 15�08 17�03 2�26 14�25
Prenarial length 4�38 5�19 2�24 16�49
Preoral length 7�44 8�37 2�24 18�73
Preanal-fin length 51�42 54�28 2�19 20�91
Spiracle length 1�10 0�82 2�12 23�04
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TABLE II. Variable sites in the 13 haplotypes identified, diagnostic characters (#) and changes in nucleotides that imply change of coding
amino acid (*), frequencies of haplotypes of Galeus atlanticus (Ga) and Galeus melastomus (Gm)

Nucleotide positions

Diagnostic
characters

# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #

Ga Gm

GenBank
accession
number

Change amino
acid

* * * * * * * * * * * * * * * *

Haplotypes

1 1
1 2 2 2 2 2 2 3 3 3 3 3 4 4 4 4 4 4 4 5 5 5 5 6 6 6 7 7 7 7 7 7 8 8 8 8 8 8 9 9 9 9 9 9 9 0 0

6 6 7 8 4 2 3 3 5 6 6 2 3 6 6 8 2 3 4 4 5 6 9 0 2 3 8 0 1 6 1 5 5 6 6 8 0 2 3 6 6 8 3 3 4 5 5 6 7 2 2
6 8 4 1 4 5 1 7 6 7 8 1 0 6 9 2 3 8 1 2 0 5 0 4 3 4 9 0 8 9 7 6 9 5 8 0 9 0 7 1 4 8 3 6 8 5 6 1 0 7 8

H1 T G A C C G T A T G C T A A C T T T C C C A A A T C T T A C C T G T C T T A A C A T G T A A C G C A T 3 — DQ902846
H2 � A � � � � � � � � � � � � � � C � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1 — DQ902842
H3 � � � A � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1 — DQ902845
H4 � � � � � � � � � � � � � � � � C � � � � � � � � � � � � � � G � � � � � � � � � � � � � � � � � � � 1 — DQ902844
H5 � � � � � � � � � � � � � � � � C � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 5 — DQ902843
H6 � � � � � � � � � � � � � � � � C � � � � � � � � � � � � � � � � � � C � � � � � � � � � � � � � � � 1 — DQ902841
H7 � � � � A A C G C A A C C G T C C C T A T G G G C T G C T T T � T A T � � G T T � � A � � T T A T G � — 1 DQ902834
H8 � � � � A A C G C A A C C G T C C C � A T � G G C T G C T T T � T A T � � G T T � � A � � T T A T G � — 3 DQ902837
H9 � � � � A A C G C A A C C G T C C C � A T � G G C T G C C T T � T A T � � G T T � � A � � T T A T G � — 1 DQ902839
H10 � � � � A A C G C A A C C G T C C C � A T � G G � T G C C T T � T A T � � G T T � � A � � T T A T G � — 1 DQ902840
H11 � � � � A A C G C A A C C G T C C C � A T � G G C T G C T T T � T A T � � G T T T � A C � T T A T G � — 1 DQ902835
H12 � � G � A A C G C A A C C G T C C C � A T � G G C T G C T T T � T A T � G G T T � G A � G T T A T G G — 1 DQ902838
H13 A � � � A A C G C A A C C G T C C C � A T � G G C T G C T T T � T A T � � G T T � � A � � T T A T G � — 1 DQ902836
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these sequences was 2�085, with equal substitution rates for all sites. Base
frequencies were estimated to be A ¼ 0�3150, C ¼ 0�2509, G ¼ 0�1040 and
T ¼ 0�3301. Corrected sequence divergences between haplotypes in G. atlanticus
averaged 0�12 � 0�08% but was 0�27 � 0�18% in G. melastomus. The level of
divergence between species was one order of magnitude higher at 3�39 �
0�56%.
The topology of the MP tree (Fig. 2) was the same as the topology of the

ML tree (not shown). In these trees, haplotypes were grouped into two clades
corresponding to the two species. The bootstrap value between the branches
leading to the two species was 100%, strongly supporting the monophyly of
haplotypes from each species.
Haplotype networks for each species (Fig. 3) displayed a star-like shape pat-

tern in which several low frequency haplotypes were located a few mutation
steps from a common central haplotype. However, the network for G. melasto-
mus included several hypothesized but unsampled intermediate haplotypes (six
unobserved for seven observed). The network for G. atlanticus contained no
intermediate unobserved haplotypes.
The identification of the two well-supported clades provides an opportunity

to estimate the time of their divergence. However, there are no mutation rate
estimations for ND2 in sharks to pursue this matter further.
Among the 35 diagnostic polymorphisms distinguishing these species from

each other, are four recognition sites within restriction enzyme cleavage sites.

0·001 changes

H6

H1

H2

H4

H5

H3

H7

H8

H11

H13

H9

H10

G. atlanticus

G. melastomus

H12
100

65

65

FIG. 2. Phylogenetic relationships inferred from a maximum likelihood tree of the ND2 gene sequences

(1047 bp) using a HKY model of evolution (transition/transversion ratio of 2�085, proportion of

invariable sites, I ¼ 0 and equal rates for all sites). Data were constructed by using PAUP* (MP tree)

and PHYML (ML tree), bootstrapped with 1000 replicates. Only bootstrap values over 50% are

shown.
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Recognition sites in only G. atlanticus included variable positions at sites 225
(enzyme Nmu CI – GTGAC), 256 (Asu HPI – GGTGAGTGAAGTT) and
759 (Bst EII – GGTTACC). Sequences for G. melastomus had one restriction
enzyme recognition site at position 768 (Eco NI – CCTCTCTCAGG).

DISCUSSION

Numerous studies of molecular markers in fishes have demonstrated the
presence of previously unrecognized distinct species in groups of taxa that
are often morphologically cryptic (Carreras-Carbonell et al., 2005; Gharrett
et al., 2006). Galeus atlanticus has had a long uncertain taxonomic history, after
it was originally described by Vaillant (1888). The name was considered a syn-
onym of G. melastomus, because of its morphological similarity (Compagno,
1984), but resurrected again based on small differences in morphological ratios
and meristic values (Muñoz-Chapuli & Ortega, 1985). Galeus atlanticus was
recently redescribed by Rey et al. (2006) based on field markings. Genetic data
is now presented completely validating the separation of G. atlanticus from G.
melastomus.
The analyses of morphological and genetic data in the present study provide

evidence for the taxonomic separation of G. atlanticus and G. melastomus spe-
cies and for the occurrence of G. atlanticus in Portuguese as well as in Maur-
itanian waters.
Although none of the individual morphological characters exhibit significant

differences between species, the analysis of 10 characters shows a clear separa-
tion between species. Vaillant (1888 in Compagno & Niem 1999) previously ex-
pressed a similar conclusion in the original description of G. atlanticus and
recognized the need to use several characters to discriminate between these
two catshark species. The result here, however, shows that G. melastomus tends
to have a longer head and wider snout than G. atlanticus. The use of multivar-
iate analysis is ideal for combining the small effects of individual characters
into an overall measure of morphological divergence.

105
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FIG. 3. Statistical parsimony network for ND2 haplotype of Galeus atlanticus (grey circles) and Galeus

melastomus (white circles). Each haplotype is defined by its corresponding number in Table III.

Unobserved intermediate haplotypes are indicated as black squares. The size of circles is pro-

portional to the haplotype frequency.
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Despite the low level of morphological differentiation, a substantial level of
mtDNA ND2 divergence (3�39%) indicates a large amount of evolutionary
divergence between these species of catshark. The level of divergence between
these taxa far exceeds the level of sequence divergence between intraspecific
haplotypes and provides a strong rationale for separating these species. These
two well-supported clades correspond to the cladistic haplotype aggregation
species definition (Brower, 1999; Sites & Marshall, 2003), which assumes that
monophyly of haplotypes at one locus can be used to define a species.
The level of molecular divergence between species also provides 35 diagnostic

SNP species markers suitable for the species identification of individual fish.
Although the number of fixed substitutions is likely to decrease with larger
samples, the ND2 gene still provides a substantial number of species markers.
In practice, this means that consistent and robust identifications of both species
can be made with DNA sequences or with SNP assays, such as PCR-RFLP.
Research vessels and fisheries organizations operating in the North-eastern
Atlantic area where blackmouth and Atlantic catsharks are present should
make provisions to sample tissue from by-catch individuals, as SNP scoring
is considerably cheaper when compared with other molecular techniques.
Corrected sequence divergences between haplotypes within G. melastomus

were more than double the haplotype divergences in G. atlanticus. It is uncer-
tain whether this reveals an underlying difference in the level of diversity within
each species or whether the difference is due to sample error from relatively
small sample sizes. However, sample sizes were similar for both species, as
was the number of observed haplotypes. Moreover, both haplotype diversities
in G. atlanticus (h ¼ 0�812) and G. melastomus (h ¼ 0�911) and nucleotide diver-
sities (yp ¼ 0�12 and 0�27%, respectively) are similar to those in other species of
shark (Table III). Haplotype diversities among the seven species listed in the
Table III range from 0�717 to 0�956, and nucleotide diversities range from
0�12 to 2�2%. Among the species listed in Table III, the white shark (Carchar-
odon carcharias) (Linnaeus) and scalloped hammerheads (Sphyrna lewini)
(Griffith and Smith) have a within-species nucleotide diversity that is an order
of magnitude larger than other species and similar to the values for both spe-
cies of Galeus combined. The white and the scalloped hammerhead sharks data
(Pardini et al., 2001; Duncan et al., 2006) were estimated on the basis of the
evolutionary and geographically deep lineages from worldwide samples, and
this fact may well explain the greater nucleotide diversities observed. The dif-
ference in diversity between the two Galeus species, if confirmed by subsequent
sampling, may be due to differences in mutation rate between species or due to
a longer evolutionary age or greater geographic subdivision in G. melastomus.
A likelihood ratio test did not reject the hypothesis of homogeneous evolution-
ary rates among branches of the trees for both species, indicating that different
mutation rates are unlikely to have produced the difference in diversity. An
alternative explanation is that the G. melastomus lineage is older than the line-
age leading to G. atlanticus. However, the differences in diversity may also be
due to the indirect effects of ecology and biogeography on genetic diversity.
Galeus melastomus is geographically more wide spread and populations of this
species may be more fragmented than those of G. atlanticus. This difference
could lead to greater levels of geographic diversity and hence greater diversity
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TABLE III. Summary genetic statistics for several shark species

Species Geographical range sampled Marker Haplotype diversity Nucleotide diversity Reference

Cetorhinus maximus Worldwide Control region 0�720 � 0�028 0�0013 � 0�0009 Hoelzel et al. (2006)
Carcharhinus limbatus Northwestern Atlantic

Ocean, Gulf of Mexico
and Caribbean Sea

Control region 0�805 � 0�018 0�0021 � 0�0013 Keeney et al. (2005)

Carcharias taurus South Africa Control region 0�717 � 0�010 0�0030 � 0�0001 Stow et al. (2006)
Carcharodon carcharias South Africa, Australia

and New Zealand
Control region 0�956 � 0�028* 0�022 � 0�001* Pardini et al. (2001)

Sphyrna lewini Worldwide Control region 0�820 � 0�080 0�0130 � 0�0068 Duncan et al. (2006)
Galeus atlanticus South Iberia þ Mauritania ND2 0�812 � 0�082 0�0012 � 0�0009 Present study
Galeus melastomus South Portugal ND2 0�911 � 0�077 0�0027 � 0�0018 Present study
All Galeus South Iberia þ Mauritania ND2 0�929 � 0�033 0�0198 � 0�001 Present study

*Calculated from sequences GenBank Accession numbers: AY026196–AY026224.
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in the sample of G. melastomus examined in this study. Ecological or behaviou-
ral differences between species may also indirectly influence genetic diversity.
These hypotheses are difficult to test with the limited set of data available.
What ecological or palaeoclimate events may have led to the separation of

ancestral populations? One important feature of these species is the inclusion
of G. atlanticus within the geographical range of G. melastomus. Sympatry
can occur after allopatric isolation and subsequent migration after the removal
of a barrier. Another possibility is that one of these species is more closely
related to a species located elsewhere, perhaps in the South-eastern Atlantic.
The lack of a close outgroup taxon within the genus Galeus precludes a firm
assessment of sister-species status of the two species examined in this study.
Other species in the genus Galeus (Galeus polli [Cadenat, 1959] and Galeus mur-
inus [Collett, 1904]) with an eastern Atlantic distributions, which do not include
the present study area, are morphologically well differentiated from both black-
mouth and Atlantic catsharks (Compagno, 1984). It is therefore logical to
assume that the two species are sister taxa, and the sympatry of G. atlanticus
within the range of G. melastomus may reflect some form of ecological adaptive
speciation where similar environmental adaptive pressures have limited mor-
phological differentiation despite relatively large genetic distance between them.
Evolutionary isolation through ecological divergence has been implicated in

some instances, for example in Brazilian reef fishes (Rocha et al., 2005), and
may also be relevant to the origins of these catshark species.
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Muñoz-Chapuli, R. & Ortega, A. P. (1985). Resurrection of Galeus atlanticus (Vaillant,
1888) as a valid species from the NE-Atlantic Ocean and the Mediterranean Sea.
Bulletin du Mus�eum National d’Histoire Naturelle, Paris, 4e S�erie 7, 219–233.

Musick, J. A., Harbin, M. M. & Compagno, L. J. V. (2004). Historical zoogeography of
the Selachii. In Biology of Sharks and their Relatives (Carrier, J., Musick, J. A. &
Heithaus, M., eds), pp. 33–78. Boca Raton: CRC Press.

Naylor, G. J. P., Martin, A. P., Matisson, E. G. & Brown, W. M. (1997). The inter-
relationships of lamniform sharks: testing hypotheses with sequence data. In
Molecular Systematics of Fishes (Kocher, T. D. & Stepien, C. A. eds), pp. 199–214.
San Diego: Academic Press.

Pank, M., Stanhope, M., Natanson, L., Kohler, N. & Shivji, M. (2001). Rapid and
simultaneous identification of body parts from the morphologically similar sharks
Carcharhinus obscurus and Carcharhinus plumbeus (Carcharhinidae) using multi-
plex PCR. Marine Biotechnology 3, 231–240.

DIVERGENCE BETWEEN BLACKMOUTH & SAWTAIL CATSHARKS 357

# 2007 The Authors

Journal compilation # 2007 The Fisheries Society of the British Isles, Journal of Fish Biology 2007, 70 (Supplement C), 346–358



Pardini, A. T., Jones, C. S., Noble, L. R., Kreiser, B., Malcolm, H., Bruce, B. D., Stevens,
J. D., Cliff, G., Scholl, M. C., Francis, M., Duffy, C. A. J. & Martin, A. P. (2001).
Sex-biased dispersal of great white sharks – in some respects, these sharks behave
more like whales and dolphins than other fish. Nature 412, 139–140.

Pawson, M. G. & Ellis, J. R. (2005). Stock identity of elasmobranchs in the Northeast
Atlantic in relation to assessment and management. Journal of Northwest Atlantic
Fishery Science 35, 173–193.

Posada, D. & Crandall, K. A. (1998). Modeltest: testing the model of DNA substitution.
Bioinformatics 14, 817–818.

Rey, J., S�eret, B., Lloris, D., Coelho, R. & Gil de Sola, L. (2006). A new redescription of
Galeus atlanticus (Vaillant, 1888) (Chondrichthyes: Scyliorhinidae) based on field
marks. Cybium 30 (Suppl.), 7–14.

Rocha, L. A., Robertson, D. R., Roman, J. & Bowen, B. W. (2005). Ecological speciation
in tropical reef-fishes. Proceedings of the Royal Society of London B, Biological
Sciences 272, 573–579.

Rozas, J., Sánchez-DelBarrio, J. C., Messeguer, X. & Rozas, R. (2003). DnaSP, DNA
polymorphism analyses by the coalescent and other methods. Bioinformatics 19,
2496–2497.

Shivji, M., Clarke, S., Pank, M., Natanson, L., Kohler, N. & Stanhope, M. (2002).
Genetic identification of pelagic shark body parts for conservation and trade
monitoring. Conservation Biology 16, 1036–1047.

Shivji, M. S., Chapman, D. D., Pikitch, E. K. & Raymond, P. W. (2005). Genetic
profiling reveals illegal international trade in fins of the great white shark,
Carcharodon carcharias. Conservation Genetics 6, 1035–1039.

Sites, J. W. & Marshall, J. C. (2003). Delimiting species: a Renaissance issue in systematic
biology. Trends in Ecology and Evolution 18, 462–470.

Smith, P. J. & Benson, P. G. (2001). Biochemical identification of shark fins and fillets
from the coastal fisheries in New Zealand. Fishery Bulletin 99, 351–355.

Stevens, J. D., Bonfil, R., Dulvy, N. K. & Walker, P. A. (2000). The effects of fishing on
sharks, rays, and chimaeras (Chondrichthyans), and the implications for marine
ecosystems. ICES Journal of Marine Science 57, 476–494.

Stow, A., Zenger, K., Briscoe, D., Gillings, M., Peddemors, V., Otway, N. & Harcourt,
R. (2006). Isolation and genetic diversity of endangered grey nurse shark
(Carcharias taurus) populations. Biology Letters 2, 308–311.

Swofford, D. (2002). PAUP* Phylogenetic Analysis Using Parsimony (* and Other Methods).
Sunderland, MA: Sinauer Associates.

Vaillant, L. (1888). Poissons. In Exp�editions scientifiques du ‘‘Travailleur’’ et du ‘‘Talisman’’
pendant les ann�ees 1800–83, pp. 406. Paris: Masson.

Ward, R. D., Zemlak, T. S., Innes, B. H., Last, P. R. & Hebert, P. D. N. (2005). DNA
barcoding Australia’s fish species. In Philosophical Transactions of the Royal Society B,
Biological Sciences 360, 1847–1857.

Electronic References

Drummond, A., Kearse, M., Heled, J., Moir, R., Thierer, T. & Ashton, B. (2006).
Geneious. Available at http://www.geneious.com

Griekspoor, A. & Groothuis, T. (2006). Enzyme X. Available at http://mekentosj.com/
enzymex/

# 2007 The Authors

Journal compilation # 2007 The Fisheries Society of the British Isles, Journal of Fish Biology 2007, 70 (Supplement C), 346–358

358 R. CASTILHO E T A L .


