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ABSTRACT

Aim More than 90 marine fish species in the Mediterranean have been determined to be alien species of Red Sea origin to date and therefore it is important to prioritize research into cataloguing their distribution and impacts. The
aims of this study were to establish a barcode library for alien Mediterranean
fishes of probable Red Sea origin and to initiate analyses of their invasion
dynamics.
Location Mediterranean Sea.
Methods Specimens of exotic fishes were collected directly from the Mediterranean Sea off the coast of Lebanon or obtained from fish markets in Lebanon.
Samples were first identified morphologically and later barcoded using the universal cytochrome c oxidase subunit I (COI) mitochondrial marker. Barcodes
were compared with GenBank and BOLD database entries and analysed using
genetic similarity indexes and neighbour-joining distance trees.
Results In total, 156 specimens were collected, corresponding to 43 species.
The sequence similarity between these sequences and their closest GenBank
and BOLD matches ranged between 100% and 83.5%. The 2% genetic distance
criterion, often used as a threshold for assigning positive species identification,
was met for 31 of 43 (72%) alien species. Sequences from the remaining species (28%) matched species in the databases that were either in the same genus
(congeneric) or in the same family (confamilial). In two cases, namely Plotosus
lineatus and Sargocentron rubrum, barcoding revealed a possible species complex (P. lineatus) and multiple unrecognized species existing in the Mediterranean Sea (S. rubrum).
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Main conclusions Our study presents a preliminary DNA barcode library,
useful for identifying correctly alien fish species of Red Sea origin in the
Mediterranean Sea. The results show that most species could be identified, yet
the data also uncovered some taxa with unresolved taxonomy and possible
cases of unrecognized or cryptic species invasions.
Keywords
cytochrome oxidase I, DNA barcoding, Lessepsian migration, marine
bioinvasions, Mediterranean, Red Sea

INTRODUCTION
In 1869, the opening of the Suez Canal facilitated one of the
greatest biological experiments of the contemporary world:
the introduction of Red Sea species into the Mediterranean
(Por, 1978, 2010). These species, commonly referred to as
Lessepsian migrants, represent the largest source of alien
ª 2015 John Wiley & Sons Ltd

species in the Mediterranean, by far the most invaded marine
system in the world (Edelist et al., 2013). From an estimated
700 marine exotic species recorded to date in the Mediterranean, about half are of Indo-Pacific origin, and these
include more than 90 Lessepsian fish species (Golani et al.,
2013; Galil et al., 2015). The ecological and economic consequences of Lessepsian invasion are enormous (Sala et al.,
http://wileyonlinelibrary.com/journal/jbi
doi:10.1111/jbi.12595
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2011; Galil et al., 2015) and huge efforts have been made to
understand the mechanisms allowing species of Red Sea origin to be successful in their new environment (Belmaker
et al., 2013; Azzurro et al., 2014).
Managing the risk posed by these species requires rapid,
accurate and cost-effective species identification (Darling &
Blum, 2007). Indeed, this is a critical aspect of monitoring
biological invasions (Armstrong & Ball, 2005) and an essential requirement for early detection systems. Nevertheless, in
some cases, this cannot be achieved using traditional (i.e.
morphological) approaches. Hence, Lessepsian species in
general, not just fishes, are often misidentified (McGlashan
et al., 2007; Galil, 2009; Golani et al., 2013). The history of
Lessepsian invasions broadly illustrates how species that are
difficult to identify frequently remain unrecognized or
misidentified (e.g. Azzurro et al., 2015). DNA-based methods
represent a foundation for species-level diagnosis, and molecular tools are increasingly being applied to monitor invasive
species (Darling & Blum, 2007), including Lessepsian fishes
(e.g. Bucciarelli et al., 2002; Hassan et al., 2003; Hassan &
Bonhomme, 2005; Golani et al., 2007; Bariche & Bernardi,
2009; Tenggardjaja et al., 2014; Azzurro et al., 2015). The
case of the Lessepsian bioinvasion is unique in that the
source and the route of invasion, i.e. the Red Sea via the
Suez Canal, are known (Bernardi et al., 2010). Yet, remarkably, the genetic information necessary for identification is
known for fewer than 10% of the species (Bernardi et al.,
2010).
Among the variety of existing molecular approaches, DNA
barcoding is the technique most often applied for the identification of unknown specimens (Hebert et al., 2003a; Hebert
& Gregory, 2005). This method involves sequencing a short
DNA region from a specified ‘barcode’ region of the genome
that is particularly suitable for distinguishing the species
(Blaxter, 2004; Hebert & Gregory, 2005). The discriminatory
power of DNA barcodes is predicated on the demonstration
that divergence within species is smaller than between species
(Kochzius et al., 2010). This technique is particularly useful
in studies aimed at identifying species transported from different geographical locations (Bergsten et al., 2012). For this
and other practical reasons, barcoding is the most widely
used molecular technique for exotic species recognition
(Armstrong & Ball, 2005; Darling & Blum, 2007; Cross et al.,
2011). It facilitates the identification of individuals of unconfirmed identity and also supports the monitoring of exotic
species in many other ways, such as detection in environmental samples (Takahara et al., 2013), assessing the invasion
potential (Gaither et al., 2013; Jackson et al., 2015), localizing the sources of introduction (Tenggardjaja et al., 2014),
distinguishing between single and multiple introductions
(Porco et al., 2012), assessing propagule pressure (Darling &
Blum, 2007) and recognizing multiple species in complex
samples (e.g. for the identification of the invasive fish diet,
as in C^
ote et al., 2013).
Many potential barcode regions have been proposed and
are in use; the mitochondrial cytochrome c oxidase subunit I
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(COI), suggested as a standard system for cataloguing most
forms of life, is the most widely used (Hebert et al., 2003a;
Ebach & Holdrege, 2005; Radulovici et al., 2010), with some
notable exceptions, such as, for example, cnidarians (McFadden et al., 2011). COI sequences often show a high interspecific and low intraspecific divergence, allowing efficient
species identification (Hebert et al., 2003b; Ward et al., 2005,
2009).
The most frequent problem with DNA identifications is
the absence of reference sequences (Darling & Blum, 2007).
Recently, almost complete barcode coverage has been provided for fishes of the central (Landi et al., 2014) and eastern Mediterranean (Keskın & Atar, 2013) but there is
incomplete coverage for exotic fishes invading the Mediterranean.
How invading species cross the Suez Canal remains poorly
understood and several alternatives have been proposed
(Shefer et al., 2004). However, before addressing this question, an introduced species, its route of invasion and its origin, must first be identified. Whereas most Indo-Pacific
species found in the Mediterranean are assumed to be the
result of Lessepsian migration (i.e. crossing the Suez Canal),
some cases are very probably pet releases. For example, the
Mediterranean presence of the clown triggerfish, Balistoides
conspicillum and the yellow tang, Zebrasoma flavescens, both
unknown in the Red Sea but common in the aquarium
trade, are almost certainly the result of inadvertent releases
(Weitzmann et al., 2015). A comparison of the DNA
sequence of an exotic fish in the Mediterranean with DNA
sequences from various native biogeographical regions could
potentially identify the method of introduction (e.g. Lessepsian migration, human transport or mariculture) of the studied species. DNA barcoding of exotic fish species would also
provide the baseline information needed to study the frequency of entry into the Mediterranean, to distinguish
between a single founding event, episodic entry or continuous entry of a species (e.g. Bucciarelli et al., 2002; Hassan
et al., 2003; Hassan & Bonhomme, 2005; Golani et al., 2007;
Bariche & Bernardi, 2009). From a practical point of view,
our ability to identify invaders is a vital step in mitigating
the risk they pose (Bickford et al., 2007), and DNA barcodes
are an essential identification tool for when other methods
prove unreliable. This is particularly important for the traceability and safety of food (Galimberti et al., 2013), for example Lagocephalus spp. are highly toxic Lessepsian fishes that
should not be consumed (Bentur et al., 2008).
We sequenced a c. 63-base pair (bp) fragment of the COI
for Lessepsian fish species in the eastern Mediterranean with
the aim of generating a reference DNA barcode library. We
set out to test the feasibility of using DNA barcodes for
tracking Lessepsian species, exploring both the potential and
limitations of this approach. We focused on fish species
because they are relatively easy to identify and their invasion
can be tracked over time. The number of alien fishes
encountered in the eastern Mediterranean (c. 90) was also
feasible for a reasonably comprehensive analysis.
Journal of Biogeography 42, 2363–2373
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The aim was to collect samples (fin clips) from five individuals per exotic species found in Lebanon, either directly by
net or spear, or purchased from the local fish market. All
specimens were identified based on morphometric and
meristic characteristics, and fin clips were removed and fixed
in 95% ethanol.

2-parameter (K2P) distance model. GenBank and BOLD
(hereafter called databases) sequences within a sequence divergence of 5% with our own sequences were selected and used to
infer phylogenetic relationships, to avoid including too many
sequences in the analyses. For those cases where there were no
matches within 5% of our sequences, we expanded the search
to 10% sequence identity. We then looked at potential relationships using a neighbour-joining (NJ) approach generated
in R (R Core Team, 2013) using the ape package (Paradis
et al., 2004).

Molecular analyses

RESULTS

MATERIALS AND METHODS
Specimen collections

Fin clips were digested overnight at 55 °C with proteinase K
in lysis buffer [10 mm Tris-HCl pH 8.0, 400 mm NaCl,
2 mm ethylene diamine tetraacetic acid (EDTA) and 1%
sodium dodecyl sulfate (SDS)]. DNA was purified using
chloroform extraction and isopropanol precipitation. The
DNA extract was resuspended in 100 lL ultrapure water and
stored at 20 °C. Four primers designed by Ward et al.
(2005) were used together to amplify a 655-bp fragment of
the mitochondrial COI gene: FishF1–50 -TCA ACC AAC CAC
AAA GAC ATT GGC AC-30 , FishF2–50 -TCG ACT AAT CAT
AAA GAT ATC GGC AC-30 , FishR1–50 -TAG ACT TCT GGG
TGG CCA AAG AAT CA-30 and FishR2–50 -ACT TCA GGG
TGA CCG AAG AAT CAG AA-30 . Each polymerase chain
reaction (PCR) reaction of 25 lL contained 10–100 ng DNA
template (0.5–2 lL), 100 nm each of the four primers,
200 lm each dNTP, 2.5 mm MgCl2, 50 mm KCl, 10 mm
Tris-HCl pH 8.3 at 25 °C and 1 unit of Taq polymerase
(prepared according to Engelke et al., 1990). The reaction
was amplified using the following programme: one cycle at
95 °C for 2 min; 35 cycles at 94 °C for 30 s, 54 °C for 30 s,
72 °C for 1 min; one cycle at 72 °C for 10 min. The PCR
products were visualized on 1% agarose gels. PCR products
were purified using commercial kits (illustra DNA and Gel
Band Purification Kit, GE Healthcare, Sunnyvale, CA, USA).
Each amplified DNA product was sequenced with a combination of FishF1 and FishF2 primers.
Assignments and identifications
Sequences were edited and aligned using Geneious (Drummond et al., 2010) and characterized by the absence of stop
codons, insertions or deletions. Sequence data were deposited
in the Barcode of Life Data system (BOLD) database, corresponding to accession numbers BLESF001-15–BLESF054-15.
Species assignments and identifications were made both by
estimating genetic distances with known sequences and by
placing them in distance trees in order to gain a better
understanding of their potential relationships with known
sequences.
The barcode sequences obtained were compared with
sequences present in GenBank using blast (Altschup et al.,
1990) and with the BOLD database (Ratnasingham & Hebert,
2007). Pairwise distances were estimated using the Kimura
Journal of Biogeography 42, 2363–2373
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Species data set
We obtained a total of 156 samples (fin clips), representing
43 marine fish species (all fish nomenclature used in this
study follows Froese & Pauly, 2015). Although the original
aim was to collect five individuals per species, an average of
only 3.73 sequences per species was achieved because of the
availability of specimens and sequencing success. We initially
distinguished the 43 species from the 156 sampled individuals based on morphological identifications (Table 1). This
group of species represented our reference dataset. Although
some Lessepsian fishes were common (e.g. Siganus spp.)
others were very rare (e.g. Heniochus intermedius), and this
lack of sample series challenged their use as representatives
of the species. Morphological assignments of such species
tend to cluster with previously described Lessepsian species,
often with the assumption that previous identifications are
correct, thus potentially perpetuating early mistakes. Consequently we assigned the 43 species to the known and
described Lessepsian fish species, acknowledging that
misidentifications were possible.
Species identification by DNA sequence matching
After reviewing the quality of the sequencing traces (electropherograms), a final consensus sequence was produced for
each species. The reported sequences ranged from 522–598
bases for three species to 602–655 bases for 40 species. We
found that the sequence similarity between our own
sequences and their closest database match ranged between
83.5% and 100% (Table 2). As expected, we found an
increase in genetic distance between species, genus and family levels (Fig. 1, Table 2), as found by other barcoding studies (Hubert et al., 2008; Landi et al., 2014). Overall, 24 out
of 43 (55.8%) species assignments showed a perfect match
between our identification and the databases (Table 2). The
2% genetic distance often used as a coarse threshold for positive identification assignment (e.g. Landi et al., 2014) was
met for 31 out of 43 (72.1%) Lessepsian species. Within
those 31 species, 22 corresponded to GenBank and BOLD
entries that matched our own morphological identifications,
including Ostorhinchus fasciatus, which matched its synonym
Apogon quadrifasciatus (Eschmeyer, 2013). For the remaining
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Table 1 Fish samples of Mediterranean Lessepsian bioinvaders from Lebanon. The number of samples (n), number of haplotypes (nH),
length of polymerase chain reaction (PCR) fragment (bp), location of natural range and date of first Mediterranean record are shown.
Nomenclature of fish follows Froese & Pauly (2015).
Species

n

nH

bp

Natural range

Date first
introduction

Abudefduf vaigiensis
Alepes djebaba
Atherinomorus forskalii
Callionymus filamentosus
Champsodon vorax
Crenidens crenidens
Decapterus russelli
Dussumieria elopsoides
Equulites klunzingeri
Etrumeus golanii
Fistularia commersonii
Hemiramphus far
Heniochus intermedius
Herklosichthys punctatus
Jaydia queketti
Jaydia smithi
Lagocephalus spadiceus
Lagocephalus sceleratus
Lagocephalus suezensis
Liza carinata
Lutjanus argentimaculatus
Nemipterus randalli
Ostorhinchus fasciatus
Oxyurichthys petersi
Parupeneus forsskali
Pempheris rhomboidea
Platycephalus indicus
Plotosus lineatus
Pomadasys stridens
Pterois miles
Sargocentron rubrum
Saurida undosquamis
Scarus ghobban
Scomberomorus commerson
Siganus luridus
Siganus rivulatus
Sillago suezensis
Sphyraena chrysotaenia
Stephanolepis diaspros
Terapon puta
Torquigener flavimaculosus
Upeneus moluccensis
Upeneus pori

1
5
4
2
1
1
4
1
4
5
5
4
1
2
1
6
10
5
1
3
1
4
7
6
1
5
2
4
2
2
5
2
2
5
5
5
5
1
5
4
7
5
5

1
1
2
1
1
1
1
1
1
1
1
1
1
1
1
2
2
1
1
1
1
1
2
2
1
1
1
1
1
1
1
1
1
1
1
2
1
1
1
1
2
1
1

545
657
641
598
615
631
646
639
626
652
652
587
622
522
617
651
649
645
638
629
577
636
644
652
642
652
641
652
633
571
651
602
652
652
629
626
634
568
653
654
631
651
632

Indo-Pacific
Indo-Pacific
Red Sea
Indo-Pacific
Indo-Pacific
West Indian Ocean
Indo-Pacific
Indo-Pacific
West Indian Ocean
Red Sea
Indo-Pacific/TEP
Indo-Pacific
W. Indian Ocean
Red Sea
West Indian Ocean
Indo-Pacific
Indo-Pacific
Indo-Pacific
Red Sea
West Indian Ocean
Indo-Pacific
West Indian Ocean
Indo-Pacific
Red Sea
Red Sea/Gulf of Aden
Indo-Pacific
Indo-Pacific
Indo-Pacific
West Indian Ocean
Indian Ocean
Indo-Pacific
Indo-Pacific
Indo-Pacific/TEP
Indo-Pacific
West Indian Ocean
Red Sea/Gulf of Aden
Indo-Pacific
Indo-Pacific
Red Sea/Arabian Gulf
Indo-Pacific
West Indian Ocean
Indo-Pacific
Red Sea/Gulf of Oman

1959/1997
1927
1902
Before 1953
2010
1970
2005
1949
1931
1961
2000
1927
2002
Before 1943
2004
2007
1950
2004
1977
1924
1977
2005
2008
1982
2012
1978
1953
2001
1969
1991
1945
1952
2001
1935
1955
1927
1977
Before 1931
1927
1973
1987
Before 1946
1942

nine sequences that were within the 2% genetic distance
threshold (Decapterus, Equulites, Hemiramphus, Heniochus,
Liza, Nemipterus, Siganus, Stephanolepis and Upeneus), database assignments and our identifications showed matching
genera but different species.
Our data also showed that for the remaining cases (12 out
of 43; 30.2%), the Lessepsian fishes displayed sequence identities that matched database sequences by more than the 2%
threshold (less than 98% similarity). Of those 12, three had
matching identifications, meaning that the species we identified and the database species were identical, although their
2366

genetic similarity ranged from only 92.3% to 96.8% (Fig. 1,
Table 2) The remaining nine species had matching genera
(eight species, if Jaydia is considered to be the current
nomenclature for Apogon) or did not match either genus or
species (one species, Herklotsichthys punctatus). In this latter
case, the closest database match belonged to the same family
(Clupeidae). Finally, the closest database matches for three
Lessepsian species were congeneric species: Decapterus russelli
– Decapterus maruadsi, Hemiramphus far – Hemiramphus
archipelagus and Siganus luridus – Siganus sutor. For those
three species, databases did include the species we originally
Journal of Biogeography 42, 2363–2373
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Table 2 Barcoding sequence characteristics of Lessepsian invading fishes from Lebanon, Mediterranean Sea. The left column shows the
species identified morphologically (nomenclature follows Froese & Pauly, 2015). The next four columns correspond to GenBank entries
(Same indicates that they matched the left column), percentage similarity, the natural range of the species and the accession number.
The four right-hand columns correspond to GenBank and BOLD entries that matched the left column but were not the closest match,
or were individual specimens also collected in the Mediterranean.
Species

GenBank

%ident

Locality

Accession
number

Fistularia commersonii
Pterois miles
Scarus ghobban
Scomberomorus commerson
Sphyraena chrysotaenia
Upeneus moluccensis
Abudefduf vaigiensis
Callionymus filamentosus
Equulites klunzingeri

Same
Same
Same
Same
Same
Same
Same
Same
Equulites
leuciscus
Same
Same
Hemiramphus
archipelagus
Siganus sutor
Same
Same

100.0
100.0
100.0
100.0
99.1
99.5
99.8
99.8
99.8

Japan
Madagascar
Persian gulf
South Africa
South Africa
Philippines
India
Red Sea
Madagascar

AP005987
JQ350295
HQ149928
HM007791
JF494556
KF009674
FJ237570
JQ796948
DQ028034

99.8
99.8
99.7

South Africa
Red Sea
Persian gulf

GU804948
KJ020196
HQ149857

99.7
99.7
99.6

Madagascar
Red Sea
Red Sea

JQ350368
KF434772
AB849032

Decapterus
maruadsi
Heniochus
acuminatus
Nemipterus
mesoprion
Same
Same
Same

99.5

Malaysia

JX261150

99.5

Sri Lanka

FJ583541

99.5

India

EF609557

99.5
99.5
99.4

Madagascar
India
South Africa

JX488177
KC774675
JF493720

Same
Same
Stephanolepis
auratus
Same
Upeneus guttatus
Same
Same

99.4
99.4
99.4

Unknown
Unknown
South Africa

JQ681800
JQ681801
KF025727

99.1
99.1
99.0
99.0

Malaysia
South Africa
Persian gulf
Unknown

HQ560999
KF489799
HQ149908
JQ681843

Liza klunzingeri
Same
Same
Etrumeus teres

98.8
98.7
98.6
97.9

India
South Africa
India
California

JX983355
JF493279
EU014224
GU440512

97.9

Unknown

JX390736

96.8
96.3

India
Persian gulf

EU148553
HQ149894

94.5

South Africa

JF493109

Saurida undosquamis

Sargocentron
seychellense
Same
Parupeneus
heptacanthus
Champsodon
capensis
Same

92.7

India

FJ347931

Lutjanus argentimaculatus
Sillago suezensis
Jaydia smithi

Same
Sillago indica
Apogon ellioti

92.3
92.0
90.9

Philippines
China
South China Sea

KF970482
KM186884
JQ681488

Ostorhinchus fasciatus
Pempheris rhomboidea
Hemiramphus far
Siganus luridus
Siganus rivulatus
Atherinomorus forsskali
Decapterus russelli
Heniochus intermedius
Nemipterus randalli
Platycephalus indicus
Terapon puta
Lagocephalus guentheri
Lagocephalus sceleratus
Lagocephalus suezensis
Stephanolepis diaspros
Alepes djebaba
Upeneus pori
Pomadasys stridens
Torquigener
flavimaculosus
Liza carinata
Crenidens crenidens
Dussumieria elopsoides
Etrumeus golanii
Sargocentron rubrum
Plotosus lineatus
Parupeneus forsskali
Champsodon vorax
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Species

%ident

Locality

Accession
number

Same
Same

100.0
100.0

BOLD
BOLD

Private
Private

Same

100.0

BOLD

Private

Hemiramphus far

95.2

Philippines

KF714951

Siganus luridus

92.5

Madagascar

JQ350366

Atherinomorus
lacunosus
Same

99.5

BOLD

Private

99.1

South Africa

JF493352

99.4

Madagascar

JF435030

100.0

Israel-Med.

KF564308

Same
Lagocephalus
spadiceus
Same
Same
Same

100.0
100.0

BOLD
BOLD

Private
Private

100.0
100.0
100.0

BOLD
BOLD
BOLD

Private
Private
Private

Same
Same

100.0
100.0

BOLD
Israel-Med

Private
JQ741326

Etrumeus
golanii
Sargocentron
rubrum
Same

100.0

Israel-Med.

KF564305

95.2

Turkey-Med

JQ623980

100.0

BOLD

Private

Saurida
macrolepis

100.0

Israel-Med.

KF564314

Sillago sihama
Apogon smithi

100.0
100.0

Israel-Med.
BOLD

FJ155363
Private

Heniochus
diphreustes
Same
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Table 2 Continued
Species

GenBank

Oxyurichthys petersi

Oxyurichthys
ophthalmonema
Apogon carinatus
Ethmidium
maculatum

Jaydia queketti
Herklotsichthys
punctatus

within species

within genus

Locality

Accession
number

90.7

South Africa

JF494033

89.3
83.5

South China Sea
Japan

JQ681489
AP011602

%ident

within family

Species

Locality

Accession
number

99.5

Israel-Med.

KF564310

99.2
100.0

Israel-Med.
BOLD

KF564297
Private

%ident

Oxyurichthys
petersi
Apogon queketti
Same

rubrum sequence from Turkey, which was present in GenBank (Keskın & Atar, 2013), perfectly matched other database S. rubrum sequences (suggesting that this was probably
a bona fide S. rubrum) but was not the closest match to our
sequence (Table 2, Fig. 2d).
Distance trees

Figure 1 Distribution of Kimura 2-parameter (K2P) genetic
distances within different taxonomic categories of fish collected
from Lebanon, Mediterranean Sea.

identified as Lessepsians (D. russelli, H. far, S. luridus).
Genetic similarity between our own Lessepsian species and
those database entries varied between 92.5% and 99.1%, as
shown in Table 2. This probably means that either our
sequences or the database entries had been misidentified.

Distance trees allowed the discrepancies between our identifications and the GenBank data set to be placed within a
broader context (see Appendix S1 in the Supporting Information for more information). As mentioned above, the
majority of the sequences had genetic similarities with database entries greater than 98%, as shown, for example, by Ostorhinchus fasciatus and Scarus ghobban (Fig. 2a,b). We also
found cases where no close matches were found, for example
Jaydia queketti and Jaydia smithi (Fig. 2a). In these cases,
phylogenetic reconstructions helped visualize the closest relatives of the focal species (Apogon carinatus and Apogon ellioti
respectively). Out of 42 species, 35 identified Lessepsian species matched database entry identifications. Phylogenetic
reconstructions showed that the remaining seven species
were closely related to species belonging to the same genus
or family (Appendix S1).

High intraspecific genetic distances
As expected, intraspecific divergence for the COI marker was
generally very low, with few species (seven out of 43) showing more than one haplotype (Table 1) and, when present,
haplotype differences involved a single base pair. We also
found that six species that were sequenced from neighbouring countries perfectly matched our own sequences
(Table 2), indicating that little variation within the COI marker was present.
Two species showed distances with presumed conspecifics
(as determined by GenBank entries) greater than 2%, namely
Plotosus lineatus (3.2%) and Sargocentron rubrum (4.8%).
Distance trees of P. lineatus showed that genetic distances
within this group were very large and probably indicated the
presence of more than one species (Fig. 2c). This was supported by the presence, within this species complex, of a
newly described species, Plotosus japonicus (Yoshino & Kishimoto, 2008). The situation for the other species, Sargocentrum ‘rubrum’, is more intriguing. The closest match to our
own sequence was an entry identified as Sargocentrum seychellense (Table 2, Fig. 2d). Surprisingly, a Mediterranean S.
2368

Origin of the Lessepsian species
Fishes of Red Sea origin collected in the Mediterranean are
assumed to be the result of Lessepsian migration from the Red
Sea via the Suez Canal. We therefore expected matching database species to originate from that region but also from the
Indian Ocean, because many of these species are widely distributed across the Indo-Pacific. That was usually the case,
bearing in mind that barcoding efforts are not geographically
evenly distributed (Table 1). One interesting case was for the
species we identified as Abudefduf vaigiensis, which perfectly
matched A. vaigiensis individuals from India (Andamans in
the eastern Indian Ocean) and the Philippines (Pacific Ocean)
and other BOLD individuals presumably sampled in the
Indian and Pacific Oceans. Although A. vaigiensis is an IndoPacific species and was identified in the Mediterranean relatively early (Tardent, 1959; Goren & Galil, 1998; Vacchi & Chiantore, 2000), later evidence, based on both morphological
(Azzurro et al., 2013; Deidun & Castriota, 2014) and molecular (Tsadok et al., 2015) traits, showed that Atlantic Abudefduf
saxatilis was also present in the western, central and eastern
Journal of Biogeography 42, 2363–2373
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JQ839578 Scarus rubroviolaceus (5,5)
0.02

EF607318 Apogon quadrifasciatus (3,1)
0.01

Ostorhinchus fasciatus 2
EU148585 Apogon quadrifasciatus (5,1)

Scarus ghobban

HQ149928 Scarus ghobban (7,4)

Ostorhinchus fasciatus 1

FJ237699 Chlorurus gibbus (1)
HQ945869 Apogon quadrifasciatus (3,2)

EF609452 Scarus ghobban (2,2)

JQ681489 Apogon carinatus (1)
Jaydia queketti

GU225431 Scarus iseri (35, many)
JQ681488 Apogon ellioti (1)

FJ619271 Scarus forsteni (3,2)
Jaydia smithi 2
Jaydia smithi 1

(a)

JQ432104 Scarus niger
g (4,2)
( )

JF952819 Plotosus lineatus (1)
0.01

0.01

(b)

JX390736 Sargocentron seychellense (1)

Sargocentron rubrum
AP012020 Plotosus japonicus (1)

JX390735 Sargocentron praslin (1)
EF607324 Plotosus lineatus (6,3)

HM034261 Sargocentron melanospilos (1)

JQ623980 Sargocentron rubrum (10,5)

JF494189 Plotosus lineatus (4,1)

FJ237589 Sargocentron cornutum (4,1)
EU148553 Plotosus lineatus (2,2)

HM034274 Sargocentron spiniferum (6,3)

Plotosus lineatus

(c)

HM034257 Sargocentron caudimaculatum

(d)

Figure 2 Phylogenetic relationships of example taxa collected from Lebanon, Mediterranean Sea. Neighbour-joining relationships of
Apogonidae (a), Scarus ghobban (b), Plotosus lineatus (c) and Sargocentron rubrum (d). GenBank sequences are preceded by their
accession numbers. Numbers in parentheses indicate the number of sequences available in GenBank (first number), and the number of
independent entries (second number).

Mediterranean. Our results suggest that both species might be
present in the Mediterranean. The case of the lionfish, Pterois
miles, was also carefully scrutinized because of its potential to
be a successful and devastating invader (Albins & Hixon, 2008;
Albins, 2012). The closest match to our sequence was indeed
P. miles and not Pterois volitans, confirming previous observations (Bariche et al., 2013). In addition, we found that three
GenBank entries perfectly matched our own sequences for this
species. One individual was collected in the Mediterranean, in
the Strait of Messina (GenBank KJ709588), another was a
BOLD entry of unknown locality (GenBank FJ584026, BOLD
TZAIB378-06), and the third was from Sri Lanka (GenBank
FJ584029), thus consistent with an Indian Ocean origin for
this Mediterranean invader.
DISCUSSION
DNA barcode-based assignments
The majority of Lessepsian migrant fishes are probably
derived from populations present in the northern Red Sea.
Journal of Biogeography 42, 2363–2373
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Species deposited in gene databases may have been sampled from anywhere in the Indo-Pacific region (and are
unlikely to have been sampled in the northern Red Sea),
so it is important to recognize that even for the same species there might not be a 100% sequence match between
Mediterranean and gene database sequences because of
intraspecific variation and population structure across the
Indo-Pacific (Hubert et al., 2011). With this caveat in
mind, we present a test case for the DNA barcode-based
identification of 43 putative marine fish species collected
in one of the most invaded regions of the world. Approximately 56% of the query sequences were identical to reference barcodes. Unambiguous species assignments were
obtained in the majority of cases (72%), where matching
sequences of the same species were available in the reference data set.
However, because there was only partial overlap between
the reference and query species, a number of sequences could
not be identified at the species level, resulting in 23% of the
species with a sequence match of less than 97.9%. Nevertheless,
for those species, a match at genus or family level was possible.
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Mismatches and ambiguities in species assignments
The relatively high percentage (23%) of barcodes discussed
above that showed a matching sequence identity of less than
97.9% should not necessarily be regarded as a failure of the
DNA barcodes to discriminate among species. Notably, we did
not find any case in our marine fish species data set in which
COI did not allow us to recognize taxa among closely related
species. For example, congeneric species such as Lagocephalus
sceleratus, L. guentheri and Lagocephalus suezensis were easily
distinguished. For potential species complexes, such as Plotosus, barcodes indicate which taxa require particular attention.
In fact, most mismatches probably resulted from morphology-based misidentifications (either by ourselves or the
authors of the sequences already deposited in gene databases)
or from the lack of extensive barcoding efforts in the source
region. For example, for Etrumeus golanii, a newly described
species (DiBattista et al., 2012), no COI sequences were
found in the reference database. Interestingly, this Lessepsian
species has long been misidentified with its closest GenBank
match, Etrumeus teres. Taxonomical difficulties in species
identification are a serious challenge for research of bioinvasion and management, given the sharp decline in the number
of taxonomists (Wheeler et al., 2004). Indeed, some fish species that have invaded the Mediterranean Sea belong to morphologically homogeneous groups that make their proper
identification very difficult (e.g. Azzurro et al., 2015). One
practical reason for these oversights is that when an exotic
species is first detected and incorrectly identified, subsequent
studies can perpetuate the taxonomic error.
Several studies examining DNA barcodes of the fish fauna
from other oceanic regions have found similar mismatches
and ambiguities between DNA barcode data and current taxonomic knowledge (Landi et al., 2014). In many of these
cases, we cannot ascertain the identification of species with
barcoding but we can indicate where taxonomic research
efforts should be directed in the future, an example being
the case of Lessepsian fishes with unresolved taxonomy, such
as Herklosichthys punctatus, Saurida undosquamis and
Champsodon vorax.
Intraspecific variability
Deep divergences within traditionally recognized species are
quite common in barcoding studies aimed at building up a
reference library (e.g. Puckridge et al., 2013). They have been
documented largely in marine ecosystems (Geller et al.,
2010) but also in most types of habitats, for species ranging
from plants to microbes to mammals (Bickford et al., 2007).
We found high levels of intraspecific genetic diversity (above
the 2% threshold) for Plotosus lineatus and Sargocentron
rubrum, probably indicating the presence of species complexes for these two invaders or the possibility of taxonomic
errors. The different lineages should be sought and identified
in both the invading populations and in the Red Sea.
The only plotosid in the Red Sea is currently identified as
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P. lineatus (Golani & Bogorodsky, 2010). Future molecular
studies could ascertain the source of this genetic variability
and clarify whether a cryptic invasion has occurred or not.
This would not be surprising given that the prevalence of
cryptic species complexes in the tropics has probably been
underestimated (Bickford et al., 2007). The situation of Sargocentron rubrum is different, because eight species of squirrelfish belonging to the genus Sargocentron (including S.
rubrum) are reported from the Red Sea (Golani & Bogorodsky, 2010). The Mediterranean sequence from Turkey is a
good match with several other GenBank sequences identified
as S. rubrum, so there is no reason to suspect a misidentification for that record. Our own sequence clusters with a
sequence from the morphologically similar S. seychellense,
but both species belong to the same Sargocentron clade
(Dornburg et al., 2012). Considering the high morphological
resemblance of these fishes, clearly more than one species of
Sargocentron have entered the Mediterranean from the Red
Sea, but hitherto have remained unrecognized.
Origin of Lessepsian migrants
When geographical variability is present, DNA barcode data
may highlight information below the species level, making it
possible to identify the source of the introduction and the
pathways followed by the exotic species to enter a new
region. These two related questions have very important
applied implications (Mack et al., 2000) because they are of
prime importance for preventing and managing invasions
(Mack et al., 2000; Gozlan et al., 2010). The source of introduction of Lessepsian species is by definition the Red Sea,
but the existence of alternative or additional routes of introduction remain possible for many of these species. Deep
intraspecific divergences are common in invasive populations
originating from more than one native source (admixed populations). For example, molecular studies have revealed distinct lineages of haplotypes in Brachidontes pharaonis (a
bivalve), an acclaimed Lessepsian migrant that thrives along
the eastern Mediterranean coast (Shefer et al., 2004). These
distinct lineages probably reflect different source populations
for repeated invasions from the Red Sea. Similarly, for some
putative Lessepsian fish species such as A. vaigiensis and P.
miles, it is possible that alternative routes, or anthropogenic
transport, have contributed to the introduction.
ACKNOWLEDGEMENTS
This research was funded by the University Research Board
(URB) of the American University of Beirut (DDF 111030/
688107).
REFERENCES
Albins, M.A. (2012) Effects of invasive Pacific red lionfish Pterois volitans versus a native predator on Bahamian coral-reef
fish communities. Biological Invasions, 15, 29–43.
Journal of Biogeography 42, 2363–2373
ª 2015 John Wiley & Sons Ltd

Barcoding Lessepsian fishes
Albins, M.A. & Hixon, M. (2008) Invasive Indo-Pacific
lionfish Pterois volitans reduce recruitment of Atlantic
coral-reef fishes. Marine Ecology Progress Series, 367,
233–238.
Altschup, S.F., Gish, W., Miller, W., Myers, E.W. & Lipman,
D.J. (1990) Basic local alignment search tool. Journal of
Molecular Biology, 215, 403–410.
Armstrong, K.F. & Ball, S.L. (2005) DNA barcodes for biosecurity: invasive species identification. Philosophical Transactions of the Royal Society B: Biological Sciences, 360,
1813–1823.
Azzurro, E., Broglio, E., Maynou, F. & Bariche, M. (2013)
Citizen science detects the undetected: the case of Abudefduf saxatilis from the Mediterranean Sea. Management of
Biological Invasions, 4, 167–170.
Azzurro, E., Tuset, V.M., Lombarte, A., Maynou, F., Simberloff, D., Rodrıguez-Perez, A. & Sole, R.V. (2014) External morphology explains the success of biological
invasions. Ecology Letters, 17, 1455–1463.
Azzurro, E., Goren, M., Diamant, A., Galil, B. & Bernardi, G.
(2015) Establishing the identity and assessing the dynamics
of invasion in the Mediterranean Sea by the dusky sweeper, Pempheris rhomboidea Kossmann & R€auber, 1877. Biological Invasions, 17, 815–826.
Bariche, M. & Bernardi, G. (2009) Lack of a genetic bottleneck in a recent Lessepsian bioinvader, the blue-barred
parrotfish, Scarus ghobban. Molecular Phylogenetics and
Evolution, 53, 592–595.
Bariche, M., Torres, M. & Azzurro, E. (2013) Pterois miles in
the Mediterranean Sea. Mediterranean Marine Science, 14,
292–294.
Belmaker, J., Parravicini, V. & Kulbicki, M. (2013) Ecological
traits and environmental affinity explain Red Sea fish
introduction into the Mediterranean. Global Change Biology, 19, 1373–1382.
Bentur, Y., Ashkar, J., Lurie, Y., Levy, Y., Azzam, Z.S., Litmanovich, M., Golik, M., Gurevych, B., Golani, D. &
Eisenman, A. (2008) Lessepsian migration and tetrodotoxin poisoning due to Lagocephalus sceleratus in the eastern Mediterranean. Toxicon: Official Journal of the
International Society on Toxinology, 52, 964–968.
Bergsten, J., Bilton, D.T., Fujisawa, T., Elliott, M., Monaghan, M.T., Balke, M., Hendrich, L., Geijer, J., Herrmann, J., Foster, G.N., Ribera, I., Nilsson, A.N.,
Barraclough, T.G. & Vogler, A.P. (2012) The effect of geographical scale of sampling on DNA barcoding. Systematic
Biology, 61, 851–869.
Bernardi, G., Golani, D. & Azzurro, E. (2010) The genetics
of Lessepsian bioinvasions. Fish invasions of the Mediterranean Sea: change and renewal (ed. by D. Golani and B.
Applebaum-Golani), pp. 71–84. Pensoft Publishers, SofiaMoscow, Russia.
Bickford, D., Lohman, D.J., Sodhi, N.S., Ng, P.K.L., Meier,
R., Winker, K., Ingram, K.K. & Das, I. (2007) Cryptic species as a window on diversity and conservation. Trends in
Ecology and Evolution, 22, 148–155.
Journal of Biogeography 42, 2363–2373
ª 2015 John Wiley & Sons Ltd

Blaxter, M.L. (2004) The promise of a DNA taxonomy.
Philosophical Transactions of the Royal Society B: Biological
Sciences, 359, 669–679.
Bucciarelli, G., Golani, D. & Bernardi, G. (2002) Genetic
cryptic species as biological invaders: the case of a Lessepsian fish migrant, the hardyhead silverside Atherinomorus
lacunosus. Journal of Experimental Marine Biology and Ecology, 273, 143–149.
Carpenter, K.E., Krupp, F., Jones, D.A. & Zajonz, U. (1997)
FAO species identification guide for fishery purposes. Living
marine resources off Kuwait, Eastern Saudi Arabia, Bahrain,
Qatar, and the United Arab Emirates. FAO, Rome, Italy.
R Core Team (2013) R: a language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna.
C^
ote, I., Green, S., Morris, J., Akins, J. & Steinke, D. (2013) Diet
richness of invasive Indo-Pacific lionfish revealed by DNA
barcoding. Marine Ecology Progress Series, 472, 249–256.
Cross, H.B., Lowe, A.J. & Gurgel, C.F.D. (2011) DNA barcoding of invasive species. Fifty years of invasion ecology:
the legacy of Charles Elton (ed. by D. Richardson), pp.
289–299. John Wiley & Sons Ltd, Hoboken, NJ.
Darling, J.A. & Blum, M.J. (2007) DNA-based methods for
monitoring invasive species: a review and prospectus. Biological Invasions, 9, 751–765.
Deidun, A. & Castriota, L. (2014) First record of Abudefduf
cfr saxatilis Linnaeus, 1758 (Perciformes: Pomacentridae)
from the Maltese Islands (Central Mediterranean). BioInvasions Records, 3, 53–56.
DiBattista, J.D., Randall, J.E. & Bowen, B.W. (2012) Review
of the round herrings of the genus Etrumeus (Clupeidae:
Dussumieriinae) of Africa, with descriptions of two new
species. Cybium, 36, 447–460.
Dornburg, A., Moore, J.A., Webster, R., Warren, D.L., Brandley, M.C., Iglesias, T.L., Wainwright, P.C. & Near, T.J.
(2012) Molecular phylogenetics of squirrelfishes and soldierfishes (Teleostei: Beryciformes: Holocentridae): reconciling more than 100 years of taxonomic confusion.
Molecular Phylogenetics and Evolution, 65, 727–738.
Drummond, A.J., Ashton, B., Buxton, S., Cheung, M.,
Cooper, A., Heled, J., Kearse, M., Moir, R., Stones-Havas,
S., Sturrock, S., Thierer, T. & Wilson, A. (2010) Geneious
pro v4.7. Available from: http://wwwgeneiouscom.
Ebach, M.C. & Holdrege, C. (2005) DNA barcoding is no
substitute for taxonomy. Nature, 434, 697.
Edelist, D., Rilov, G., Golani, D., Carlton, J.T. & Spanier, E.
(2013) Restructuring the sea: profound shifts in the
world’s most invaded marine ecosystem. Diversity and
Distributions, 19, 69–77.
Engelke, D.R., Krikos, A., Bruck, M.E. & Ginsburg, D.
(1990) Purification of Thermus aquaticus DNA polymerase
expressed in Escherichia coli. Analytical Biochemistry, 191,
396–400.
Eschmeyer, W.N. (2013) Catalog of fishes: genera, species, references. Available at: http://researcharchive.calacademy.org/
research/ichthyology/catalog/fishcatmain.asp.
2371

M. Bariche et al.
Froese, R. & Pauly, D. (2015) FishBase. Available at: http://
www.fishbase.org (accessed April 2015).
Gaither, M.R., Bowen, B.W. & Toonen, R.J. (2013) Population structure in the native range predicts the spread of
introduced marine species. Proceedings of the Royal Society
B: Biological Sciences, 280, 20130409.
Galil, B.S. (2009) Taking stock: inventory of alien species in
the Mediterranean Sea. Biological Invasions, 11, 359–372.
Galil, B.S., Boero, F., Campbell, M.L., Carlton, J.T., Cook, E.,
Fraschetti, S., Gollasch, S., Hewitt, C.L., Jelmert, A.,
Macpherson, E., Marchini, A., McKenzie, C., Minchin, D.,
Occhipinti-Ambrogi, A., Ojaveer, H., Olenin, S., Piraino,
S. & Ruiz, G.M. (2015) ‘Double trouble’: the expansion of
the Suez Canal and marine bioinvasions in the Mediterranean Sea. Biological Invasions, 17, 973–976.
Galimberti, A., De Mattia, F., Losa, A., Bruni, I., Federici, S.,
Casiraghi, M., Martellos, S. & Labra, M. (2013) DNA barcoding as a new tool for food traceability. Food Research
International, 50, 55–63.
Geller, J., Darling, J. & Carlton, J. (2010) Genetic perspectives on marine biological invasions. Annual Review of
Marine Science, 2, 367–393.
Golani, D. & Bogorodsky, S.V. (2010) The fishes of the Red
Sea: reappraisal and updated checklist. Zootaxa, 2463, 1–
135.
Golani, D., Azzurro, E., Corsini-Foka, M., Falautano, M.,
Andaloro, F. & Bernardi, G. (2007) Genetic bottlenecks
and successful biological invasions: the case of a recent
Lessepsian migrant. Biology Letters, 3, 541–545.
Golani, D., Fricke, R. & Appelbaum-Golani, B. (2013) First
record of the Senegalese sole, Solea senegalensis
(Actinopterygii: Pleuronectiformes: Soleidae) from the
Mediterranean coast of Israel. Acta Ichthyologica et Piscatoria, 43, 319–321.
Goren, M. & Galil, B.S. (1998) First record of the Indo-Pacific coral reef fish Abudefduf vaigiensis (Quoy & Gaymard,
1825) in the Levant. Israel Journal of Zoology, 44, 57–59.
Gozlan, R.E., Andreou, D., Asaeda, T. et al. (2010) Pan-continental invasion of Pseudorasbora parva: towards a better
understanding of freshwater fish invasions. Fish and Fisheries, 11, 315–340.
Hassan, M. & Bonhomme, F. (2005) No reduction in neutral
variability of mitochondrial and nuclear genes for a
Lessepsian migrant, Upeneus moluccensis. Journal of Fish
Biology, 66, 865–870.
Hassan, M., Harmelin-Vivien, M. & Bonhomme, F. (2003)
Lessepsian invasion without bottleneck: example of two
rabbitfish species (Siganus rivulatus and Siganus luridus).
Journal of Experimental Marine Biology and Ecology, 291,
219–232.
Hebert, P.D.N. & Gregory, T.R. (2005) The promise of DNA
barcoding for taxonomy. Systematic Biology, 54, 852–859.
Hebert, P.D.N., Cywinska, A., Ball, S.L. & deWaard, J.R.
(2003a) Biological identifications through DNA barcodes.
Proceedings of the Royal Society B: Biological Sciences, 270,
313–321.
2372

Hebert, P.D.N., Ratnasingham, S. & deWaard, J.R. (2003b)
Barcoding animal life: cytochrome c oxidase subunit 1
divergences among closely related species. Proceedings of
the Royal Society B: Biological Sciences, 270(Supplement),
S96–99.
Hubert, N., Hanner, R., Holm, E., Mandrak, N.E., Taylor, E.,
Burridge, M., Watkinson, D., Dumont, P., Curry, A., Bentzen, P., Zhang, J., April, J. & Bernatchez, L. (2008) Identifying Canadian freshwater fishes through DNA barcodes.
PLoS ONE, 3, e2490.
Hubert, N., Paradis, E., Bruggemann, H. & Planes, S. (2011)
Community assembly and diversification in Indo-Pacific
coral reef fishes. Ecology and Evolution, 1, 229–277.
Jackson, A.M., Tenggardjaja, K., Perez, G., Azzurro, E.,
Golani, D. & Bernardi, G. (2015) Phylogeography of the
bluespotted cornetfish, Fistularia commersonii: a predictor
to bioinvasion success? Marine Ecology, doi:10.1111/
maec.12249.
Keskın, E. & Atar, H.H. (2013) DNA barcoding commercially important fish species of Turkey. Molecular Ecology
Resources, 13, 788–797.
Kochzius, M., Seidel, C., Antoniou, A. et al. (2010) Identifying fishes through DNA barcodes and microarrays. PLoS
ONE, 5, e12620.
Landi, M., Dimech, M., Arculeo, M., Biondo, G., Martins,
R., Carneiro, M., Carvalho, G.R., Brutto, S.L. & Costa,
F.O. (2014) DNA barcoding for species assignment: the
case of Mediterranean marine fishes. PLoS ONE, 9,
e106135.
Mack, R.N., Simberloff, D., Lonsdale, W.M., Evans, H.,
Clout, M. & Bazzaz, F.A. (2000) Biotic invasions: causes,
epidemiology, global consequences, and control. Ecological
Applications, 10, 689–710.
McFadden, C.S., Benayahu, Y., Pante, E., Thoma, J.N., Nevarez, P.A. & France, S.C. (2011) Limitations of mitochondrial gene barcoding in Octocorallia. Molecular Ecology
Resources, 11, 19–31.
McGlashan, D.J., Ponniah, M., Cassey, P. & Viard, F. (2007)
Clarifying marine invasions with molecular markers: an
illustration based on mtDNA from mistaken calyptraeid
gastropod identifications. Biological Invasions, 10, 51–57.
Paradis, E., Claude, J. & Strimmer, K. (2004) APE: analyses
of phylogenetics and evolution in R language. Bioinformatics, 20, 289–290.
Por, F.D. (1978) Lessepsian migration: the influx of Red Sea
biota into the Mediterranean by way of the Suez Canal.
Springer-Verlag, Berlin.
Por, F.D. (2010) The new Tethyan ichthyofauna of the
Mediterranean: historical background and prospect. Fish
invasions of the Mediterranean Sea: change and renewal (ed.
by D. Golani and B. Appelbaum-Golani), pp. 13–33. Pensoft Publishers, Sofia-Moscow, Russia.
Porco, D., Deca€ens, T., Deharveng, L., James, S.W.,
Skar_zy
nski, D., Erseus, C., Butt, K.R., Richard, B. & Hebert, P.D.N. (2012) Biological invasions in soil: DNA barcoding as a monitoring tool in a multiple taxa survey
Journal of Biogeography 42, 2363–2373
ª 2015 John Wiley & Sons Ltd

Barcoding Lessepsian fishes
targeting European earthworms and springtails in North
America. Biological Invasions, 15, 899–910.
Puckridge, M., Andreakis, N., Appleyard, S.A. & Ward, R.D.
(2013) Cryptic diversity in flathead fishes (Scorpaeniformes: Platycephalidae) across the Indo-West Pacific
uncovered by DNA barcoding. Molecular Ecology Resources,
13, 32–42.
Radulovici, A.E., Archambault, P. & Dufresne, F. (2010)
DNA barcodes for marine biodiversity: moving fast forward? Diversity, 2, 450–472.
Ratnasingham, S. & Hebert, P.D.N. (2007) BOLD: the barcode of life data system (www.barcodinglife.org). Molecular Ecology Notes, 7, 355–364.
Sala, E., Kizilkaya, Z., Yildirim, D. & Ballesteros, E. (2011)
Alien marine fishes deplete algal biomass in the eastern
Mediterranean. PLoS ONE, 6, e17356.
Shefer, S., Abelson, A., Mokady, O. & Geffen, E. (2004) Red
to Mediterranean Sea bioinvasion: natural drift through
the Suez Canal, or anthropogenic transport? Molecular
Ecology, 13, 2333–2343.
Takahara, T., Minamoto, T. & Doi, H. (2013) Using environmental DNA to estimate the distribution of an invasive
fish species in ponds. PLoS ONE, 8, e56584.
Tardent, P. (1959) Capture d’un Abudefduf saxatilis
vaigiensis, Q. and G. (Pisces, Pomacentridae) dans le
Golfe de Naples. Revue Suisse de Zoologie, 66, 347–
351.
Tenggardjaja, K., Jackson, A.M., Leon, F., Azzurro, E.,
Golani, D. & Bernardi, G. (2014) Genetics of a Lessepsian
sprinter the bluespotted cornetfish, Fistularia commersonii.
Israel Journal of Ecology and Evolution, 59, 181–185.
Tsadok, R., Rubin-Blum, M., Shemesh, E. & Tchernov, D.
(2015) On the occurrence and identification of Abudefduf
saxatilis (Linnaeus, 1758) in the easternmost Mediterranean Sea. Aquatic Invasions, 10, 101–105.
Vacchi, M. & Chiantore, M.C. (2000) Abudefduf vaigiensis
(Quoy & Gaimard, 1825): a tropical damselfish in
Mediterranean Sea. Biologia Marina Mediterranea, 1, 841–
843.
Ward, R.D., Zemlak, T.S., Innes, B.H., Last, P.R. & Hebert,
P.D.N. (2005) DNA barcoding Australia’s fish species.
Philosophical Transactions of the Royal Society B: Biological
Sciences, 360, 1847–1857.

Journal of Biogeography 42, 2363–2373
ª 2015 John Wiley & Sons Ltd

Ward, R.D., Hanner, R. & Hebert, P.D.N. (2009) The campaign to DNA barcode all fishes, FISH-BOL. Journal of
Fish Biology, 74, 329–356.
Weitzmann, B., Mercader, L. & Azzurro, E. (2015) First
sighting of Zebrasoma flavescens (Teleostei: Acanthuridae)
and Balistoides conspicillum (Teleostei: Balistidae) in the
Mediterranean Sea: two likely aquarium releases. Mediterranean Marine Science, 16, 147–150.
Wheeler, Q.D., Raven, P.H. & Wilson, E.O. (2004) Taxonomy: impediment or expedient? Science, 303, 285.
Yoshino, T. & Kishimoto, H. (2008) Plotosus japonicus, a
new eeltail catfish (Siluriformes: Plotosidae) from Japan.
Bulletin of the National Museum of Natural Sciences, Series
A, S2, 1–11.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the
online version of this article:
Appendix S1 A distance tree of the alien Mediterranean
fishes based on neighbour-joining methods.
DATA ACCESSIBILITY
All sequences used in this work have been submitted to GenBank and BOLD.

BIOSKETCH
The authors’ interests are focused on understanding the ecology and evolution of alien species in the Mediterranean. By
combining taxonomic, ecological and genetic expertise, they
work together on Lessepsian bioinvasion dynamics.
Author contributions: M.B. conceived the idea, acquired
funds and collected the samples; M.T., C.S. and N.S. produced the DNA sequences; R.B. and G.B. analysed the data;
M.B., E.A. and G.B. interpreted the results and carried out
the writing.

Editor: Luiz Rocha

2373

