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Abstract
With more than 15 000 described marine species, fishes are a conspicuous, diverse and
increasingly threatened component of marine life. It is generally accepted that most largebodied fishes have been described, but this conclusion presumes that current taxonomic
systems are robust. DNA barcoding, the analysis of a standardized region of the cytochrome
c oxidase 1 gene (COI), was used to examine patterns of sequence divergence between
populations of 35 fish species from opposite sides of the Indian Ocean, chosen to represent
differing lifestyles from inshore to offshore. A substantial proportion of inshore species
showed deep divergences between populations from South African and Australian waters
(mean = 5.10%), a pattern which also emerged in a few inshore/offshore species (mean =
0.84%), but not within strictly offshore species (mean = 0.26%). Such deep divergences,
detected within certain inshore and inshore/offshore taxa, are typical of divergences
between congeneric species rather than between populations of a single species, suggesting
that current taxonomic systems substantially underestimate species diversity. We estimate
that about one third of the 1000 fish species thought to bridge South African and Australian
waters actually represent two taxa.
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Introduction
Many marine fishes are thought to have broad geographical distributions, but for most species, this conclusion
rests primarily on morphological congruence rather
than upon hard evidence of gene exchange. Studies
of population differentiation conducted to date are often
limited in scope, only considering part of a species range
and focusing on well-recognized taxa. Tagging studies
provide the strongest basis for population connectedness
on a large scale (Block et al. 2001; Bonfil et al. 2005), revealing
that adults of some pelagic predators undertake longdistance migrations in oceanic waters. However, many
other widely distributed species are shallow or mid-water
forms whose adults cannot easily move between populaCorrespondence: P. D. N. Hebert, Fax: 519-824-5703;
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tions on different continental shelves because they are
unknown to cross-abyssal regions. Many of these are bony
fishes with planktonic larval and juvenile stages that might
have the potential to bridge the abyssal divide, but studies
on a few reef species have revealed unexpectedly strong
site fidelity (Jones et al. 1999; Swearer et al. 1999). As a
consequence, larval and juvenile dispersal may be a
weaker force in maintaining cohesion across abyssal
barriers than generally assumed, setting the stage for
regional genetic divergence and ultimately speciation. In
short, because we cannot directly evaluate dispersal and
resultant gene flow, there is a need to examine patterns
of genetic divergence in fishes with apparently broad
distributions.
Here we analyse 35 commercially harvested species of
Indo-Pacific fish that occur in both Australian and South
African waters. Because of their economic importance,
fished species represent an assemblage whose taxonomic
status has been evaluated more critically than is the case for
most other marine fishes. Our study examines five species
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characteristic of the open oceans (offshore), nine inshore/
offshore species found in both coastal and offshore waters,
and 21 inshore species restricted to coastal habitats. The
7000-km breadth of the abyssal zone between Australia
and South Africa must be a substantial barrier to inshore
fishes, although gene flow in these species could, in principle,
be mediated either by direct dispersal of planktonic larvae
or by stepping-stone dispersal among populations scattered
along the 19 000-km coastal arc from Africa to Australia.
Our study employs DNA barcoding to provide a
standardized measure of sequence divergence within and
between Australian and South African populations of
35 selected species. Specifically, we examine the extent of
sequence diversity in the 648-bp region of the cytochrome
c oxidase 1 (COI) gene that has been adopted as the standard
barcode for members of the animal kingdom (Hebert et al.
2003a). Past studies have established two important facts
— the regular presence of substantial sequence divergence
between congeneric taxa and a relative dearth of variation
within species (Hebert et al. 2003a, b; Hebert et al. 2004a, b;
Hogg & Hebert 2004; Barrett & Hebert 2005; Smith et al.
2005; Ward et al. 2005; Hajibabaei et al. 2006). For example,
a study of barcode variation in > 200 Australian teleosts
and chondrichthyans revealed that intra-specific variation
averaged 0.39%, 25-fold less than the average congeneric
separation of 9.93% (Ward et al. 2005). A subsequent study
of > 200 chondrichthyans gave slightly lower averages of
0.37% and 7.48% respectively (Ward et al. 2008). Based on
these and similar results with other animal groups, we
examined patterns of CO1 divergence in 35 species found
in both Australian and South African waters. If their component populations consititute a single species, there
should be little sequence divergence between representatives from the two areas. Conversely, evidence of deep
genetic divergences between these regional populations
would suggest that current taxonomic systems overlook
species.

Materials and methods
Approximately one-quarter of the sequences considered in
this study derive from earlier work on Australian fishes
(Ward et al. 2005); the remainder represent new records
(Table S1, Supporting information). Sampling strategies
followed traditional barcoding objectives of analysing five
individuals per species where possible. However, sometimes
only one or two individuals per region could be collected.
This limited sampling precludes accurate calculations of
population parameters (e.g. gene flow, regional variation
metrics), but is highly unlikely to have affected the main
conclusions of this study aimed at testing species limits.
A total of 229 individuals from 35 species were examined.
Each specimen was expertly identified as an accurate
representative from regional populations of each fish

species and linked to a voucher specimen deposited at
institutions in both South Africa and Australia. Voucher
specimens for all South African specimens, excepting the
largest species, were deposited in the South African
Institute of Aquatic Biodiversity in Durban. The Australian
samples derive from the tissue repository at the Commonwealth Scientific and Industrial Research Organization
(CSIRO) Marine Laboratory in Hobart with one or more
voucher specimens per species deposited in the Australian
National Fish Collection. Taxonomic assignments follow
FishBase (Froese & Pauly 2006).
DNA extraction, polymerase chain reaction (PCR), and
sequencing were performed at the University of Guelph or
the CSIRO Marine Laboratory following standard DNA
barcoding methods (Hajibabaei et al. 2005). Total DNA was
extracted from frozen or ethanol-preserved muscle or gill
samples using Chelex dry release (Hajibabaei et al. 2005).
Approximately 648 bp were amplified from the 5′ region of
the COI gene using various combinations of the fish-specific
primers described in Ward et al. (2005): FishF1-TCAACCAACCACAAAGACATTG-GCAC, FishF2-TCGACTAATCATAAAGATATCGGCAC, FishR1-TAGACTTCTGGGTGGCCAAAGAATCA, FishR2-ACTTCAGGGTGACCGAAGAATCAGAA. The 25-μL PCR mixes included 18.75 μL
of ultrapure water, 2.25 μL of 10× PCR buffer, 1.25 μL of
MgCl2, 0.25 μL of each primer (0.1 mm), 0.125 μL of each
dNTP (0.05 mm), 0.625 U of Taq polymerase, and 0.5–2.0 μL
of DNA template. The thermal regime consisted of an
initial step of 2 min at 95 °C followed by 35 cycles of
0.5 min at 94 °C, 0.5 min at 54 °C, and 1 min at 72 °C,
followed in turn by 10 min at 72 °C and then held at 4.0 °C.
Products were labelled using the BigDye Terminator
version 3.1 Cycle Sequencing Kit (Applied Biosystems,
Inc.) and sequenced bidirectionally using the ABI 3730
capillary sequencer following manufacturer’s instructions. Sequences, electropherograms and primer sequences
are available in the completed project file ‘Overlooked
Fishes in Marine Settings’ on the Barcode of Life Data System
(BOLD, www.barcodinglife.org). All sequences have
also been deposited in GenBank (Table S1). A Kimura 2parameter (K2P) distance metric was employed for
sequence comparisons (Kimura 1980), including genetic
distance calculations and neighbour-joining (NJ) analysis
(Taxon ID tree; Table S2, Supporting information), using
the BOLD Management and Analysis System.
We employed a sequence divergence of 3.5% as a screening
threshold for overlooked species. This metric was based on
the recommendation by Hebert et al. (2004b) that an appropriate screening threshold for flagging provisional species
is 10× that of the average intra-species variation for a focus
group. Three and a half per cent approximates 10× the
average within-species COI sequence typical of marine
fishes (Ward et al. 2005; Ward et al. 2008; Steinke et al. 2009;
T. Zemlak and R. Ward, unpublished data), and is a
© 2009 Blackwell Publishing Ltd
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Fig. 1 Within-species COI sequence divergence (K2P) for 35 marine fishes collected on either side of the Indian Ocean (collection locations
indicated by yellow triangles).

conservative threshold. We are confident that this approach
presents a reliable first approach to evaluating the species
status in marine fishes considering that surveys of COI
variation already corroborate very well with traditional
taxonomic assignments for several animal groups. In addition, most provisional species flagged by COI intraspecific
thresholds ultimately gain species-level status following
taxonomic revision (e.g. Hebert et al. 2004a, b; Ward et al.
2005, 2007; Kerr et al. 2007; Smith et al. 2008). Furthermore,
a recent review by Zink & Barrowclough (2008) corroborates
the power of mtDNA-based studies to accurately depict
patterns of population history and species limits, and
report that the signal from mtDNA loci is robust and rarely
contradicted by supplemental analyses at nuclear markers.

Results
On a regional scale, genetic variation at COI was low for
most taxa (Fig. 1). The one exception was the needlescaled
queenfish, Scomberoides tol, which included two lineages in
each region with 8.70% divergence. Intraspecific sequence
divergences were otherwise low — Australian populations
of the remaining 34 species averaged 0.28% (range 0–2.82%)
and South African populations averaged 0.21% (range
0–1.27%). Barring S. tol, within-region intraspecific variation
was typical of that expected among conspecific marine
fishes.
By contrast, comparisons between Australian and South
African populations varied dramatically, from a low of
0.05% to a high of 16.2% (Table 1). Species were allocated
to one of three habitat groups — inshore, inshore/offshore,
and offshore. While limited genetic divergence was detected
© 2009 Blackwell Publishing Ltd

for species in each group, the proportion of such species
varied widely among groups (Fig. 1). Inshore fishes had
the greatest number of exceptions, with eight out of 21
species comparisons between Australia and South Africa
exceeding the 3.5% sequence divergence threshold. These
high divergences ranged from Argyrops spinifer (5.30%) and
Lethrinus nebulosus (5.68%) to the more marked divergences
detected within Priacanthus hamrur (8.91%), Rhabdosargus
sarba (10.01%), Platycephalus indicus (11.03%), Bodianus
perditio (12.48%), Parupeneus heptacanthus (16.00%) and
Otolithes ruber (16.24%). A ninth species, Ariomma indica
(3.39%), also showed a high divergence. Inshore/offshore
species revealed fewer exceptions; seven of nine species
showed low divergence, but two, Sphyrna lewini (3.5%) and
Scomberomorus commerson (3.6%), showed much higher
divergence. All five oceanic species showed very limited
genetic divergence, ranging from less than 0.10% in the
tunas (Thunnus albacares, Euthynnus affinis) to a maximum
of 0.53% between individuals of opah (Lampris guttatus).
Overall, inshore fishes showed the highest average
divergence (5.10%), followed by an intermediate level
of variation among inshore/offshore taxa (mean = 0.84%),
and very limited divergences among offshore species
(mean = 0.26%).

Discussion
Our study has provided evidence for a substantial number
of overlooked species in commercially important fishes.
One of the 35 species targeted in our study, Scomberoides tol,
appears to represent a broadly distributed sibling species
pair whose distribution spans the Indian Ocean. However,
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Table 1 Pairwise intraspecific divergences between regions for specimens of species common to both South Africa and Australia
No. of individuals

Percentage of sequence divergence

Species

(Aus.)

(S.A.)

(X| ± SE)

I Inshore

Lutjanus rivulatus
Carcharhinus amboinensis
Cephalopholis miniata
Caranx ignobilis
Lethrinus rubrioperculatus
Chanos chanos
Lutjanus argentimaculatus
Parupeneus indicus
Chelidonichthys kumu
Epinephelus rivulatus
Cephalopholis sonnerati
Ariomma indica
Argyrops spinifer
Lethrinus nebulosus
Scomberoides tol*
Priacanthus hamrur
Rhabdosargus sarba
Platycephalus indicus
Bodianus perditio
Parupeneus heptacanthus
Otolithes ruber

1
2
2
1
1
3
5
3
5
1
5
3
5
4
2
3
5
5
4
5
1

3
1
2
2
2
2
2
3
3
6
3
3
2
3
3
2
3
1
2
1
2

II Inshore/Offshore

Carcharhinus obscurus
Galeocerdo cuvier
Hoplostethus mediterraneous
Carcharhinus limbatus
Pristipomoides filamentosus
Carcharodon carcharias
Pomatomus saltatrix
Sphyrna lewini
Scomberomorus commerson

2
2
4
5
3
1
5
2
5

2
3
4
3
3
2
1
1
1

III Offshore

Thunnus albacares
Euthynnus affinis
Xiphias gladius
Coryphaena hippurus
Lampris guttatus

5
5
5
5
5

5
3
3
5
1

0.05 ± 0.05
0.08 ± 0.08
0.09 ± 0.05
0.16 ± 0.16
0.40 ± 0.06
0.48 ± 0.01
0.59 ± 0.11
0.60 ± 0.14
1.12 ± 0.15
1.95 ± 0.28
2.00 ± 0.18
3.39 ± 0.09
5.30 ± 0.09
5.68 ± 0.04
8.70 ± 0.05
8.91 ± 0.08
10.01 ± 0.03
11.03 ± 0.07
12.48 ± 0.14
16.00 ± 0.04
16.24 ± 0.37
5.10 ± 0.37
0.00
0.00
0.13 ± 0.04
0.26 ± 0.02
0.34 ± 0.06
1.00 ± 0.03
1.35 ± 0.00
3.54 ± 0.00
3.55 ± 0.10
0.84 ± 0.15
0.08 ± 0.02
0.09 ± 0.03
0.31 ± 0.05
0.46 ± 0.05
0.53 ± 0.09
0.26 ± 0.03

*Omitted from calculations (see text).

all other cases of newly revealed diversity involve lineages
that share a species epithet, but show marked genetic
divergence between Australian and South African waters.
These cases of genetic subdivision appear linked to biological
attributes.
Five of the species (i.e. tunas, swordfish, opah, dolphinfish) that we examined spend most of their time in oceanic
habitats. Populations of these pelagic species showed
little or no genetic divergence between South Africa and
Australia. Seven of nine species typical of inshore/offshore
environments shared this lack of regional divergence, but
the scalloped hammerhead shark, Sphyrna lewini, and the

narrow-barred Spanish mackerel, Scomberomorus commerson,
possessed divergences equalling or greater than the
threshold value of 3.5%, suggesting that they too represent
a sibling species pair. Deep divergences within Sphyrna
lewini have recently been commented on, with one lineage
suspected to be a new species (Quattro et al. 2006); we
suspect that the Australian–South African divergence is consistent with there being yet another species of hammerhead.
Evidence for overlooked species was far more frequent
for inshore species with eight of 20 taxa (45%) showing
greater than 3.5% sequence divergence between Australian
and South African lineages, and a ninth species with 3.4%
© 2009 Blackwell Publishing Ltd
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divergence. Such deep divergences characterize congeneric
species rather than population differentiation within
species. This suggests that current taxonomic systems for
marine fishes substantially underestimate species diversity.
These newly revealed putative species undoubtedly have
population sizes that are smaller and ranges that are more
limited than those of their ‘parent’ taxa. Because these
overlooked species have long histories of independent
evolution and because they are commercially harvested,
this revelation of overlooked diversity raises a new layer
of conservation concerns. The low genetic divergences in
some inshore species likely reflect gene flow mediated
through short-distance dispersal events, a hypothesis that
could be validated through studies along the coastal arc
connecting Australia and South Africa.
Viewed collectively, our results reveal that many fishes
thought to be shared between South Africa and Australia
most likely represent different species. Our study has
examined only a small segment of the shared fauna —
nearly 1000 fish species are thought to occur in both South
African and Australian waters, 53% of which possess inshore
lifestyles (Froese & Pauly 2006). Based on our results, we
estimate that future DNA barcoding studies will reveal
deep genetic divergences in about 300 of these taxa, suggesting that they are actually species pairs. Moreover,
we expect further revelations of overlooked diversity as
barcode studies assess genetic divergences in fish species
currently thought to span other abyssal divides, investigations that will result from the ongoing effort to gather DNA
barcodes for all marine fishes (www.fishbol.org, see Ward
et al. 2009).
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