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(Lagocephalus spadiceus and L. guentheri), both reported as Lessepsian
invasive species, whose actual presence in the Mediterranean is debated
within the scientific community. In this study, the reliability of the
genetic databases GenBank and BOLD in supporting the discrimination of L.
spadiceus and L. guentheri was assessed as it has been already debated in
literature. Twenty Mediterranean specimens of L. guentheri were collected
and morphologically identified. COI and cytb reference sequences were
then produced and included in two separate analyses (one for each gene)
together with corresponding online sequences of L. spadiceus and L.
guentheri from all the available localities. A high percentage of
sequences with non-valid taxonomic identification was observed, involving
32.5% of the COI and 43.7% of the cytb sequences from GenBank and 30% of
the COI sequences from BOLD. The majority of sequences deposited under L.
spadiceus, mostly of Mediterranean origin, were genetically confirmed to
be misidentified L. guentheri. Outcomes highlighted two main
shortcomings: 1) Errors by some contributors to official sequence
databases, due to misidentification of the species from which these
sequences have been obtained, thus attributing sequences to a wrong
species when submitting their sequences ; (ii) a significant
underestimation of L. guentheri presence in the Mediterranean Sea. This
study, therefore, underlines the necessity to improve the methods which
need to involve careful scientific morphological identification of the
voucher specimens prior to DNA sequence submissions. In this specific



case, accuracy is even more important, as different species may have
different toxicity and effects to potential accidental consumers.
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Abstract

Faxenemical-Taxonomic identification of marine speeies-organisms is sometimes hindered by
morphological similarities and utilization of wrong criteria. Therefore, the morphological approach
often requires the support of molecular tools which usually rely on a comparison te—of DNA
sequences available in free publicly-accessible databases. However, the process can be affected by
wrongly deposited sequences and—which lead to specimens’ misidentification;—eenseguenthy
velving—h—gaps—on—the—marine—environmental-status. This is the case of two toxic pufferfish
species (Lagocephalus spadiceus and L. guentheri), both reported as Lessepsian invasive species,
whose actual presence in the Mediterranean is debated within the scientific community. In this
study, the reliability of the genetic databases GenBank and BOLD in supporting the discrimination

of L. spadiceus and L. guentheri was assessed_as it has been already debated in literature. Twenty

Mediterranean specimens of L. guentheri were collected and morphologically identified. COI and

cytb reference sequences were then produced and included in two separate analyses (one for each
gene) together with corresponding online sequences of L. spadiceus and L. guentheri from all the
available localities. A high percentage of sequences with non-valid taxonomic identification was
observed, involving 32.5% of the COI and 43.7% of the cytb sequences from GenBank and 30% of
the COI sequences from BOLD. The majority of sequences deposited under L. spadiceus, mostly of
Mediterranean origin, were genetically confirmed to be misidentified L. guentheri. Outcomes

highlighted two main shortcomings: i) Errors by some contributors to official sequence databases,

due to misidentification of the species from which these sequences have been obtained, thus

attributing sequences to a wrong species when submitting their sequences a—lew—taxonomic

aceuracy—of-official-databases; (ii) a significant underestimation of L. guentheri presence and-a

possible—absence—of-L—spadiceus-in the Mediterranean Sea. This study, therefore, underlines the

necessity to improve the methods which need to involve careful scientific morphological

identification of the voucher specimens prior to DNA sequence submissionsthe-databases-accuracy
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n-term-of-deposited-segquencesreliabHity. In this specific case, accuracy is even more important, as

different species may have different toxicity and effects to potential accidental

consumerseenst

Keywords: toxic pufferfish, Lagocephalus guentheri, Lagocephalus spadiceus, Mediterranean

environment, genetic databases

1. Introduction
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According to the last update of the World Register of Marine Species database - WORMS

(http://www.marinespecies.org/index.php), more than 240,:000 accepted species namesspecies are

known to be glebathydistributed in the marine environment. Acquainting_with biodiversity and
identifying species is fundamental to sustain the marine ecosystem, aHewing—te—guard against
worldwide threats such as climate change, pollution, overfishing, illegal fishing, habitat destruction,

and invasive species (Duffy et al. 2013; Coll et al. 2014; Bunholi et al. 2018). It even acquires

fundamental importance in the prevention of phenomena of counterfeiting and adulteration that
entail economic loss for consumers and potentially have a damaging effect on public health if toxic
species accidentally enter in the seafood chain.

Species identification usually requires the expertise of taxonomists and has been conventionally
based on morphological observations and measurements. However, in some cases these practices
are inadequate for their purpose (Wheeler et al. 2004). For instance, the morphological approach
may not be applicable to species identification in early life history stages (eggs and larvae), as well
as to the detection of cryptic species (Pampoulie and Danielsdottir, 2008; Trivedi et al. 20163).

In view of thisWith—this—+espeet, DNA-based methods are nowadays increasingly used to

revealferrevealing new non-indigenous species, as well as serving to accurately identify and detect

species in seafood products. Sequencing techniques are currently the most applied and, as a rule,
rely on comparisons of DNA sequences from publicly available reference libraries. GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) is a comprehensive database that contains nuclear and
mitochondrial nucleotide sequences for more than 400,000 named organisms, obtained primarily
through submissions from individual laboratories and batch submissions from large-scale
sequencing projects (Benson et al. 2018). Moreover, the Barcode of Life Data system - BOLD
(http://www.boldsystems.org/) has gained worldwide popularity with the development and the

success of DNA Barcoding, based on the use of a partial sequence of the mitochondrial cytochrome
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c oxidase subunit 1 (COI) gene as a target region for species identification and discrimination
(Hebert et al. 2003), and includes nowadays sequences from more than 270,000 organisms.
However, pitfalls in both online-depositories are related to the fact that many of the available
sequences lack validation in the form of voucher information (Zanzi and Martinsohn, 2017).
Therefore, DNA sequences obtained from specimens that were not properly vouchered may belong
to misidentified species, leading to a worrisome decrease in database reliability and to a consequent
unavoidable presence of gaps and imprecisions in the knowledge of the marine environmental
status.

The spreading of the invasive alien pufferfish species in the Mediterranean Sea initiated an
emerging concern for public health, considering their poisonous viscera and flesh (Rambla-Alegre
et al. 2017). In fact, they naturally harbour a heat-stable neurotoxin, called tetrodotoxin (TTX),
which is potentially lethal if ingested in sufficient quantities (Bane et al. 2014). Nevertheless,
pufferfish are known to possess varied levels of texieslogytoxin, thus it is important to confirm
their exact identification for assessing and managing the risk related to their accidental fishing and
subsequent entering in the seafood chain. With this regard, previous studies have especially
highlighted problems in discriminating two pufferfish species from the genus Lagocephalus: L.
spadiceus (Richardson, 1845) and L. guentheri Miranda Ribeioro, 1915, both morphologically and
genetically similar (Matsuura-et-al-2011TFuney,-2016:-Vella et al. 2017).

Unti-new,tThe available scientific literature has reported them as invasive ‘Lessepsian species’
that is;+e-; originated from the Red Sea (El-Haweet et al. 2016; Farrag et al. 2016; Turan et al.
2017). Hewever,—€Considering the morphological resemblance between the two species and their
recent revision (Matsuura et al. 2011; Psomadakis, 2015), it has been hypothesized that many of the
old Mediterranean records of L. spadiceus could have been erroneously identified_(Vella et al.
2017). The debate has gone so far that the real occurrence of L. spadiceus is reputed to be
questionable (Vella et al. 2017). Moreover, although both the species are reported as “harmful” on

the official finfishes’ database (www.fishbase.org), L. spadiceus is described in literature as
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occasionally poisonous (Chulanetra et al. 2011) and therefore represents an actual health risk if
accidentally by-caught during commercial fishing. In this light, solving the issues hindering the
proper discrimination between the aforementioned species might be essential for both clarifying the
actual status of Mediterranean Sea in term of toxic species presence and assessing the consumers’
risk exposure.

In this study, the accuracy of GenBank and BOLD databases regarding the deposited sequences
of L. spadiceus and L. guentheri was in-depth evaluated. The taxonomic classification of the
specimens from which the public sequences belong was revised after performing a phylogenetic
analysis using reference sequences of L. guentheri produced in this study and problems related to
database accuracy in identification of toxic species were discussed. Moreover, the Mediterranean
records of the two species were re-evaluated in the light of the molecular results.

2. Materials and Methods

2.1 Collection of L. guentheri specimens and reference sequences production

2.1.1 Specimens collection and morphological identification. Twenty specimens were collected
from the Israeli Mediterranean waters, and have been weighted, measured, and identified
morphologically as L. guentheri according to the key features proposed by Matsuura et al. (2011)
and Psomadakis (2015). The samples were then labelled with an internal code (Table 1) and stored
at -20°C until further analysis.

2.1.2 Total DNA extraction, amplification and sequencing. Total DNA extraction was performed
starting from ~50 mg of muscle tissue following the protocol described by Armani et al. (2014).
Each DNA sample was stored at -20 °C until further analysis.

The primer pair Glu-PUF (5’-AACCACCGTTGTGATTCHACTACAA-3’) and THR-PUF (5°-
CGGCATCCGGYTTACAAGAC-3’), designed by modifying the primer pair proposed by Sevilla
et al. (2007), was used to amplify 1134 bp of the cytb gene. The following PCR protocol was
applied: 20 pl reaction volume containing 2 pl of a 10X buffer (BiotechRabbit GmbH, Berlin,

Germany), 100 mM of each dNTP (Euroclone Spa, Milano), 200 nM of forward primer, 200 nM of
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reverse primer, 1.0 U PerfectTaq DNA Polymerase (BiotechRabbit GmbH, Berlin, Germany), 100
ng of DNA and DNase free water (Euroclone Spa, Milano) with the following cycling program:
denaturation at 95 °C for 3 min; 40 cycles at 95 °C for 30 s, 57 °C for 30 s, and 72 °C for 50 s; final
extension at 72 °C for 7 min. In case of amplification failures, DNA samples were reamplified by
coupling the primers Glu-PUF and THR-PUF with the primers 4R and 7F (Sevilla et al. 2007),
respectively, to finally obtain the required full cytb fragment. PCR protocol followed Sevilla et al.
(2007). Moreover, the standard ~655 bp COI barcode (Hebert et al. 2003) was amplified for three
specimens of L. guentheri with the universal primer pair proposed by Handy et al. (2011) using the
same PCR protocol and with the following cycling program: denaturation at 94°C for 3 min; 45
cycles at 94°C for 30 s, 53°C for 30 s, 72°C for 35 s; final extension at 72°C for 7 min. Five pl of
each PCR products were inspected by gel electrophoresis on a 2% agarose gel. The successful PCR
products were then purified with EuroSAP PCR Enzymatic Clean-up kit (EuroClone Spa, Milano)
and sequenced by the Ictiopathology and Aquaculture Laboratory of the Istituto Zooprofilattico
Sperimentale del Lazio e della Toscana (Pisa, Italy). Only three COIl reference sequences were
produced given the satisfactory number of L. guentheri COIl sequences (n=40) available on the
official databases (Table 2). Contrariwise, as only one L. guentheri cytb sequence (JQ681891) was
available (Table 3), the cytb gene was sequenced from all the twenty specimens collected in this
study to perform a fullest possible phylogenetic analysis as well as to contribute to the updating of
the official database. All the sequences were then deposited in GenBank.

2.2 Sequences retrieval from databases and phylogenetic analysis

2.2.1 Sequences retrieval from databases. All the COIl and cytb sequences belonging to
specimens identified as L. spadiceus and L. guentheri, along with their corresponding sampling
information, were retrieved from Genbank (https://www.ncbi.nlm.nih.gov/genbank/) and BOLD
(http://www.boldsystems.org/), in the case of COI gene. The sequences belonging to the species L.
wheeleri were also collected and treated as L. spadiceus according to Matsuura (2010). Sequences

were then grouped into Mediterranean/Red—Sea (M/R), —er—extra-Mediterranean (EM)_or not



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

reported (NR) origin according to the available information. Sequences that lacked information for
their locality were also included in our analyses, in order to maximize the assessment of the
databases reliabilities. The entire inventory used for COI and cytb are listed in Table 2 and Table 3,
respectively.

2.2.2 Phylogenetic analysis. The sequences produced in this study (Table 1) were combined with
the previously published COI or cytb sequences of L. guentheri and L. spadiceus (Table 2 and Table
3) and were aligned and trimmed in two separate datasets. Genetic analysis was chosen for each
dataset based on the amount of sequences involved: the large aligned assemblage of COI sequences
was screened for population structure through haplotype diversities and frequencies, and a graphic
median-joining un-rooted network was constructed using NETWORK v.4.6.1.2 (http://www.fluxus-

engineering.com/sharenet.htm). The smaller size cytb assemblage was used to produce a neighbour-

‘ joining dendrograms (Saitou and Nei, 1987) using 266-500 iterations of the Kimura 2-parameter

(K2P) model (Kimura, 1980) in MEGA version 7.0 (Kumar et al. 2016). Pairwise comparisons of
genetic distances were computed for both genes using the K2P model with 206-500 bootstrap re-
samplings. Finally, the taxonomical classification of the specimens used in this study was revised in
the light of our outcomes.

2.3 Collection of Mediterranean records of L. spadiceus and L. guentheri

Reports of the invasive L. spadiceus and L. guentheri in Mediterranean waters were obtained
from the online databases FishBase (www.fishbase.org), the European Alien Species Information
Network (EASIN)(https://easin.jrc.ec.europa.eu/Services/SpeciesSearch), and previously published
scientific articles available on Web of Science, PubMed (https://www.ncbi.nIm.nih.gov/pubmed/)
and Google scholar (https://scholar.google.it/). The search has used different combinations of the
following keywords: Mediterranean Sea, pufferfish, Tetraodontidae, Lagocephalus, Lagocephalus
spadiceus, Lagocephalus guentheri, Lessepsian species, alien fish species. Records from 1990 to

date were reported in S1 Table. The following informative parameters were considered: year of
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report, collection area, identification method (morphological or molecular) and classification
criteria. Records were then re-evaluated in regard to the obtained molecular results.

3. Results and Discussion

3.1 Specimens collection: distinguishing morphological characters of L. guentheri and L.
spadiceus

Recently, a taxonomic revision study involving Red Sea and the type specimens of L. guentheri
was conducted, describing its specific differences of the shape and colour of the caudal fin from the
closely-related L. spadiceus (Matsuura et al. 2011). In detail, L. guentheri has a slight posterior
medially extension that makes the caudal fin appear to be doubly emarginate (Fig 1) whereas

slightly more lunate in L. spadiceus. Moreover, in L. guentheri the caudal fin is dark brown or

almost black excepting the dorsal and ventral white tips, while in L. spadiceus the dorsal two-thirds

of the caudal fin are dark-yellow and the ventral one-third is white. Theseis characteristic was also

recently reported in the “FAO species identification guide for fishery purpose” by Psomadakis
(2015) and it is-thereferecan be considered as a reliable distinguishing character. As such, special
attention to the shape and colour of the caudal fin has been given to identify the twenty specimens
collected in this study. Overall, twenty-three reference sequences (twenty of cytb and three of COI
gene) of L. guentheri were then produced and deposited in GenBank (Table 1).

3.2 Sequences retrieval from databases and phylogenetic analysis

3.2.1 COI sequences retrieval from databases Eighty-eight sequences, 40 from L. guentheri and
48 from L. spadiceus, were retrieved from the official databases (Table 2). L. spadiceus comprised
34 sequences that were deposited under its valid nomenclature and 14 sequences deposited with its
synonym L. wheeleri. In three cases, the same sequences carried the valid taxon on BOLD and its
synonym on GenBank.

In 63 out of the total 88 sequences (71.6%) the specimen’s locality was reported, while this
information lacked in the other 25 sequences (28.4%); in detail, of the 31 out of 40 L. guentheri

sequences reporting the locality, 12 (38.7%) belonged to Mediterranean o+Red-Sea-specimens
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while the other 19 (61.3%) belonged to specimens from other areas (Table 2). Of the 33 out of 48 L.
spadiceus sequences reporting the locality, 21 (63.6%) belonged to the invasive Mediterranean
populations while the other 13 (39.4%) belonged to specimens from other areas. Of the 15 L.
spadiceus sequences not reporting the locality, 12 were considered as belonging to extra-
Mediterranean specimens (EM) as they were all deposited under the synonym L. wheeleri, that has
never been reported from the Mediterranean Sea. Summarizing the origins of the available COI
data, the specimens were grouped as follows: for L. guentheri, 12 M/R (30%), 19 EM (47.5%) and
9 NR (22.5%) sequences; for L. spadiceus, 21 M/R (43.7%), 24 EM (50%) and 3 NR (6.2%)
sequences (Table 2).

3.2.2 Cytb sequences retrieval from database. The available inventory of cytb included 15
sequences of L. spadiceus (four of which have been deposited under L. wheeleri), and a single
sequence of L. guentheri. Localities were reported for 11 out of the 16 total retrieved sequences
(68.7%) (Table 3). All the 11 sequences reporting the locality belonged to L. spadiceus: two
(18.2%) were sampled from the Mediterranean and nine (81.8%) from extra-Mediterranean
populations. Within the 4 L. spadiceus sequences not reporting the locality, 2 (AP009538 and
JQ681896) were considered as belonging to extra-Mediterranean (EM) specimens, as they were
deposited under L. wheeleri (according to section 3.2.1), while for the other 2 (KM667972 and
NC_026194) it was not possible to extrapolate information on the collection area (NR), as they
were associated to unpublished studies. Altogether, the available cytb data of L. spadiceus has been
grouped as follows: 2 M/R (13.3%), 11 EM (73.3%) and 2 NR (13.3%) sequences (Table 3). The
single L. guentheri sequence (JQ681891) was produced in the work of Santini et al. (2013) from the
same specimens used for the production of the COI gene (previous section) and thus considered as
EM as well (Table 3).

3.2.3 Population structure of COI sequences. The COI neighbour-joining network illustration
contained 43 L. guentheri and 47 L. spadiceus sequences, and a single L. sceleratus sequence as an

outgroup. As shown in Fig 2, the sequences clustered into three haplogroups that we conventionally
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termed a(COIl), B(COI) and y(COl) clusters (Table 2). The a(COIl) cluster included 42 L. guentheri
sequences and 23 L. spadiceus sequences that belonged to 16 haplotypes; the B(COI) cluster
included the remaining 24 L. spadiceus sequences that belonged to five haplotypes; the y(COl)
cluster contained two closely-related singletons that were vouchered under L. spadiceus
(KP266858) and L. guentheri (JQ681796). Overall, this finding highlights issues associated with the
deposited sequences of L. spadiceus sequences, as their position in the a(COI) cluster seemed to be
associated with misidentified L. guentheri specimens. In this respect, 20 out of the 23 L. spadiceus
sequences (87%) from the a(COIl) cluster were obtained from specimens collected in Mediterranean
Sea (M/R), 1 from India_(EM) and 2 with unknewn-not reported erigin—(NR)_origin (Table 2).
Contrariwise, 22 out of 24 sequences of the B(COI) cluster (91.7%) belong to extra-Mediterranean
(EM) populations, while only 1 sequence (4%) has a confirmed Mediterranean origin (HQ167726).
However, it belongs to an unpublished study. Last, an identification error has been observed in two
sequences (JQ681796 and KP266858) belonging to the y(COI) cluster, showing a 11.4% genetic
divergence from the L. guentheri sequences of a(COI) cluster, but revealed an intra-specific genetic
resemblance of 0.3% with Lagocephalus cheesmanii (Clarke, 1897) or its recently synonymized
taxon Lagocephalus gloveri Abe & Tabeta, 1983 (Matsuura and Satoh, 2017).

3.2.4 Phylogenetic analysis of cytb gene sequences. The cytb neighbour-joining dendrogram was
produced with 15 sequences of L. spadiceus, 20 new L. guentheri sequences and a single sequence
of L. sceleratus as an outgroup. The unique available cytb sequences of L. guentheri retrieved from
the database (JQ681891) was instead-not included in the analysis as it was obtained from the same
individual used for producing the misidentified L. cheesmanii. Two haplogroups have been formed:
a(cytb) cluster with ten haplotypes that comprised the twenty newly produced sequences and six
sequences deposited as L. spadiceus; and P(cytb) cluster that contained a single shared haplotype
for the remaining nine L. spadiceus sequences (Table 3; Fig 3). In regard to the localities of the
different haplogroups, o(cytb) contained both Mediterrancan, Thailand and unknown localities;

B(cytb) contained only extra-Mediterranean localities (Table 3). Therefore, also in this case, it was
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possible to confirm that L. spadiceus sequences from the a(cytb) cluster are misidentified L.
guentheri specimens.

3.3 Database taxonomic inconsistencies

Online databases offer scientists the opportunity to easily access a wide variety of biologically
relevant data, including DNA sequences of an increasingly broad range of organisms (Baxevanis
and Bateman, 2006). Studies employing classical Forensically Informative Nucleotide Sequencing —
FINS (Bartlett and Davidson, 1992) or DNA Barcoding (Hebert et al. 2003) generally rely on
publicly available reference libraries deposited on NCBI GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) and, especially in the case of DNA barcoding, on BOLD
database (http://www.boldsystems.org/). These online depositories require therefore, an accurate
and updated taxonomic support, and more preferably vouchered specimens in official natural
history museums. While NCBI GenBank often contains unvouchered sequences with missing
information, the BOLD platform generally encourages vouchered sequences with a collateral data,
such as date, location of capture or; images of the sequenced specimen ane-mere (Ratnasingham and
Hebert, 2007). However, cases of poor accuracy of both databases still exist (Armani et al. 2015;

Costa et al. 2017; Vella et al. 2017), and may possesses unknown impacts on practical biological

investigations, in terms of redundancies and inconsistencies in taxonomic identifications. Over the
years, efforts have been carried out to improve the public data sources. Especially regardings fish
species, Zanzi and Martinsohn (2017) recently suggested the use of the database FishTrace
(https://fishtrace.jrc.ec.europa.eu/), that collects genetic data from specimens that have been
identified by taxonomists and stored in natural history museums. However, this database only
contains sequences from 200 fish species of commercial interest. Regarding these limitations,
morphologically-similar species may represent a continuous obstacle for correct taxonomical
identification and, consequently, increase the probability to deposit sequences from wrongly
identified species. In our findings, neither GenBank nor BOLD databases were proved as

sufficiently accurate, with a high percentage of not valid taxonomic identity in both databases
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(Table 2, Table 3 and S2 Table). Overall, 32.5% (25/77) of the COI sequences and 43.7% (7/16) of
the cytb sequences deposited on GenBank presented inaccuracy. Similarly, 30% (18/30) of the COI
sequences deposited in BOLD were inaccurate. Noteworthy, some of these sequences (KM538367;
KM538378; KM538379; KM53838179) were actually associated to pictures belonging to
misidentified specimens, since the morphology of the caudal fin was absolutely compatible with
that of L. guentheri.

3.4 L. spadiceus and L. guentheri records in the Mediterranean waters

3.4.1 L. spadiceus records. While L. spadiceus presence in Mediterranean waters was not
reported on the European  Alien  Species Information Network -  EASIN
(https://easin.jrc.ec.europa.eu/Services/SpeciesSearch), the finfishes’ database (www.fishbase.org)
states L. spadiceus as Lessepsian invasive species throughout the waters of Israel, Lebanon, Cyprus
and Greece. According to the oldest literature, it seemed that its first record was from Iskenderun
Bay (Turkey), followed by Samos Island (Greece) and lIsrael coast through the years from 1930-

1940 (Tuncer et al. 2008), including multiple observations from the Aegean and Mediterranean

Turkish seas from the 1960s to the 1990s *69s-te-the—90s (Bilecenoglu et al. 2002). Throughout the
reports and until 1990, invalid nomenclature taxa such as Sphoeroides spadiceus or Tetrodon

spadiceus were often used in the literature, further hindering the reliability of the identifications.

Prior to the works of Matsuura et al. (2011) and Psomadakis (2015), the morphology and the colour
of the caudal fin, that is crucial to distinguish between L. spadiceus and L. guentheri, has not been
used and thus indicates a major flaw in the taxonomic verifications (S1 Table). In this study, we
further elucidate this flaw showing that in our collected 32 records, two (Bariche et al. 2015; Tuney,
2016) out of the only five specimens (40%) genetically identified as L. spadiceus were instead L.
guentheri (S2 Table).

3.4.2 L. guentheri records. Opposite from L. spadiceus, the presence of L. guentheri in the
Mediterranean Sea has never been reported on the finfishes’ database (www.fishbase.org). Actually,

no records of this species were highlighted in literature before 2004, except for one in Greece,
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reported on the European  Alien  Species Information Network -  EASIN
(https://easin.jrc.ec.europa.eu/Services/SpeciesSearch) and dating back to 1930. The only records of
L. guentheri in the Mediterranean waters were the eight ones listed in S1 Table, and almost all were
observed between 2011 and 2015 (Erguden et al. 2017). Noteworthy, in four out of the five records
detailing the morphological classification on which they relied, the key features proposed by
Matsuura et al. (2011) and Psomadakis (2015) were considered (S1 Table). Therefore, these records

could be overall stated as reliable, even though molecular tools have not always been used to

confirm the morphological identification. Our outcomes, corroborate those by Vella et al. (2017)

who indicated that a problem with the identification of L. spadiceus and L. quentheri in the

Mediterranean exists.Moreever—considering-the—outcomes—of-this—study—_In this case, especially

regarding the evidence of misidentification issues involving the databases, we could certainly affirm

that most of the L. spadiceus specimens recorded in Mediterranean prior to the current

morphological identification criteria were misidentified individuals of L. guentheri. Fhus,the-actual

3.4.3 Underestimation of L. guentheri and possible absence of L. spadiceus in the Mediterranean
Sea. The actual presence of the pufferfish L. spadiceus and L. guentheri in Mediterranean Sea
represent a recent debated topic (Akyol and Aydin, 2016; Vella et al. 2017). Through the
investigation in this study, we basically recognized an actual difficulty in taking an absolute stand.
It seems in fact that the turning point to solve this conundrum was solely represented by the
awareness that the two species only differ each other from the shape and colour of the caudal fin.
Therefore, it is clear that, on the one hand, all the current records and studies that had not
considered this feature should not be assumed as reliable. On the other hand, we can neither
unquestionably confirm they were wrong, as the key feature of the recorded whole specimens can
no longer be observed. The veracity of the theory that L. spadiceus has never been present in

Mediterranean waters and all its recorded were instead L. guentheri might be suggested by the fact
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that the European Alien Species Information Network - EASIN
(https://easin.jrc.ec.europa.eu/Services/SpeciesSearch), curated by the European Commission, only
reports L. guentheri as alien species. This hypothesis could not be confirmed in this study since one
sequence analysed (HQ167726) was proved to actually belong to a Mediterranean L. spadiceus
specimen_but —Hewever; the reliability of this sequence is regarded questionable as it was not
associated to voucher specimen or published study. However, by the outcomes of our molecular

analysis and the data from the collected records, jointly with the outcomes provided by Vella et al.

(2017), we could certainly state that the presence of L. guentheri in the Mediterranean Sea was
significantly underestimated.

3.5 Toxic species and public health implications

The colonization of the Mediterranean by Indo-Pacific and Red Sea flora and fauna, known as a
Lessepsian migration, is an ongoing process that began in 1869, following the excavations of the
Suez Canal and it is one of the most potent mechanism and corridor for invasions by marine species
known worldwide (Galil et al. 2015). In the last years, special attention has been given to the
invasion success of the silver-cheekd toadfish L.agecephalus sceleratus (Gmelin, 1789), a highly
toxic Lessepsian species that has spread throughout most of the Mediterranean Sea, representing an
actual hazard for public health and a significant impact on the surrounding ecosystem (Guardone et
al. 2018; Kaligirou et al. 2012). Although not as investigated as L. sceleratus, the Indo-Pacific
congeners L. spadiceus and L. guentheri, are also reported as “Lessepsian migrators”, although
much more veteran in the Mediterranean. Considering their difficult morphological distinguishing
characters, the real occurrence of these species in the Mediterranean Sea is of paramount
importance to understand their specific impact on ecosystem and public health. This latter aspect is
primarily related to the possible toxicity that has been attributed to L. spadiceus: although
commonly known as harmless (www.fishbase.org), the study by Chulanetra et al. (2011) proved that
liver extracts may sometimes cause death in mice. Thus, even though no toxicological studies have

been conducted on Mediterranean specimens, it would be appropriate to consider it as a health
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hazard. It should even be noted that, since pufferfish act as hosts of TTX-producing bacteria that
live symbiotically in their bodies and are accumulated through the food chain, the toxicity degree of
a species is largely environment dependent (Noguchi et al. 2006). This aspect, coupled with the
actual lack of scientific literature, net—does not allow to establish the real toxicity level of
Mediterranean L. spadiceus, neither to exclude the presence of TTX in Mediterranean L. guentheri.
For this reason, a proper discrimination between the two species might facilitate target toxicological
studies, essential to further assess the risk.

4. Conclusions

Taxonomic accuracy within publicly-available genetic databases represents a key factor for the
reliability of the molecular analysis aimed at identifying marine species. Here, a case study
involving two pufferfish species has highlighted the pitfalls within the most commonly used
databases. The absence of implementing a taxonomic revision within this invasive species complex
led to underestimation of the occurrence of the invasive L. guentheri in the Mediterranean and to an
uncertainty regarding the actual invasive presence of L. spadiceus. This issue involves a
significative limit in marine environmental research field, as well as in the seafood inspection, as
the actual citizens’ risk exposure cannot be predicted. As a consequence, we recommend that the
taxonomic validity of the online sequences should be occasionally re-visited to assure correct
taxonomic and phylogenetic employments. Moreover, it is evident that maximal attention should be
given prior to sequences depositing, especially in cases where the veracity of the key morphological
features used for identification is specially needed. Last, we strongly recommend that scientists who
employ DNA-sequencing inventories in their studies will conduct a targeted preliminary analysis
concerning the reliability of the selected references.
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Supporting Information description

S1 Table. L. spadiceus and L. guentheri records in Mediterranean Sea. Studies that applied
molecular techniques using the identified specimens were highlighted in grey boxes and the relative
investigated gene was reported in the last right column; NR: not reported; N: specimens number; *
specimens’ number was not reported, so that a single specimen was assigned to the record; **
specimens’ number was not reported, but the available data suggested at least the record number
here reported; (a): Specimens were identified with criteria different from the classification by
Psomadakis (2015) and Matsuura et al. (2011); (b): Specimens were identified according to
Psomadakis (2015) and Matsuura et al. (2011); (-): The identification criteria were not reported.

S2 Table. COIl and cytb sequences proved as wrongly deposited on GenBank (G) and
BOLD (B) databases. AN: accession number; Un: Unpublished study.
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566  Figure captions
567 | Fig 1. Specimen of L. guentheri collected in this study. The presence of the characteristic caudal
568  fin’s medially extension is well appreciable.

569 Fig 2. Population structure of COI sequences. Graphic median-joining un-rooted network
570  constructed using 48 L. spadiceus and 43 L. guentheri COI sequences.
571 Fig 3. Neighbour-joining dendrograms obtained with 15 L. spadiceus and 20 L. guentheri
572 cytb sequences. All the retrieved sequences’ accession numbers were reported. Different species
573  clusters were highlighted in different coloured circles. Sequences produced in this study were
574  highlighted with empty circles. L. GUE: L. guentheri; L. SPA: L. spadiceus; (L. WHE): L. wheeleri
575  (synonymous of L. spadiceus).
576

577 Tables



578

Locality Date Sample Sequenced Accession no.
code gene(s)
cytb MG817087
L. GUE-L Col MG793381
oyt MG817088
10 May 2015 | L.GUE-2 o0 NPt
oyt MG817089
L. GUE-3 Col MG817099
L. GUE-4 oyt MG817090
Ashdod L. GUE oyt MG817091
L. GUE-6 oyt MG817092
L. GUE-7 oyt MG817093
23Jun 2015 e e oyth MG817094
L. GUE-0 oyt MG817095
L. GUE-10 oyt MG817096
L. GUE-11 oyt MG817097
18 Nov 2014 | L. GUE-20 oyt MG987173
L. GUE-12 oyt MH047219
L. GUE-13 oyt MH047220
L. GUE-14 oyt MHO047221
e 213u12017 | L GUE-15 oyt MHO047222
L. GUE-16 oyt MH047223
L. GUE-17 oyt MG987174
L. GUE-18 oyt MG87171
L. GUE-19 oyt MG87172

579  Table 1. Sampling information for Israeli specimens of L. guentheri collected for this study, with
580 their correspondent accession numbers from GenBank depository.

581
Cluster | Deposition name n Locality Origin Accession no. Reference
| 1 Turkey: Antalya M/R KY176508" Un
BIMO026-13,
BIMO074-13,
_ . BIMO075-13,
| 6 Israel: Mediterranean MR BIM355-13 Un
BIM430-15,
BIM431-152
KU324611-
S Egypt MR KU324615" Un
1 Saudi Arabia EM KU170600" Un
HQ149858- Asgharian et
2 Iran: Bushehr, N EM
ran: Bushehr, Nayband HQ149850" al. (2011)
. South Africa: Tugela JF493720-
" L. guentheri 5 Banks EM JE493724* Un
KX675919,
, KX758092,
5 India EM KC409369- Un
KC409371"
. Kaleshkumar
1 Ind EM KF442241"
naia et al. (2015)
. . MSRRKO001-186,
2 India: Tamil Nadu EM MSRRK006-162 Un
1 India: Gujarat EM ANGEN229-15° Un
1 India, Tamil Nadu EM BDUMS006-132 Un
1 NR NR LC155439* Un
KP641410-
8 NR NR KP641417" Un




582
583
584
585
586

587

588
589
590

1 India EM FJ384711° Un
KM538365-
17 Israel M/R KM5383811 Un
L spadiceus 1 Greece M/R KY130423" Un
5P 2 Lebanon M/R KR861535- Bariche et al.
KR861536" (2015)
1 NR NR NC_026194" Un
1 NR NR KM667972" Un
L. spadiceus 1 Turkey M/R HQ167726" Un
. 1 Matsuura and
L. spadiceus 1 Japan EM LC155438 Satoh (2017)
. _ . 1 Zhang and
L. wheeleri 1 Japan: Nagasaki, Teguma EM JF952772 Hanner (2011)
L. spadiceus /.. | 4 Taiwan EM FJ434551 Un
wheeleri
L. spadiceus 2 Taiwan EM Egiggiil Lin et al. (2016)
B L. spadiceus 4 China: South China Sea EM Eggggiggl Zhang and
L. spadiceus 1 China: Guangdong EM EF607419" Hanner (2012)
: AP009538, Yamanoue et
L. wheeleri 2 NR EM NC_011637" al. (2008)
. 1 Matsuura and
L. wheeleri 1 NR EM KY514080 Satoh (2017)
. KP641418-
L. wheeleri 8 NR EM KP641425" Un
L. spadiceus 1 NR NR KM667972° Un
L. spadiceus /L. 1 Santini et al.
wheeleri 1 NR EM JQ681802 (2013)
L. spadiceus 1 China: South China Sea EM KP266858" Un
Y ; 1 Santini et al.
L. guentheri 1 NR EM JQ681796 (2013)

Table 2. COI accessions retrievals of Lagocephalus used for this study, clustered according to the
phylogenetic analysis. The “wrongly clustering” sequences are shaded. M/R: Mediterranean-o+Reéd
Sea specimen; EM: extra-Mediterranean specimen:; ! — GenBank retrievals; 2 — BOLD retrievals;
Un: unpublished study; NR: not reported. Cases of the same sequences deposited with different
nomenclature on GenBank and BOLD are specified with /

Cluster Species n Locality Origin | Accession no. Reference
1 Turkey M/R KP683378 Tuney (2016)
1 Greece M/R KY130422 Un
a L. spadiceus KM667972,
2 IR IR NC_026194 tin
2 Thailand EM KF781158-9 | Sangthong et al. (2014)
. . KT696359,
L. spadiceus 2 China EM KT833747 Chen et al. (2012)
L. spadiceus 3 Thailand EM KF781155-7 | Sangthong et al. (2014)
8 L. spadiceus * 1 Taiwan EM FJ823445 Un
L. spadiceus * 1 Taiwan EM AY128531 Hsieh et al. (2003)
. . AP009538/
L. spadiceus 1 NR EM NC_ 011637 (a) Yamanoue et al. (2008)
L. spadiceus * 1 NR EM JQ681896 .
» L guentheri | 1 NR EM Q681891 Santini et al. (2013)

Table 3. Cytb sequences retrieved from GenBank and used for the phylogenetic analysis.
Sequences were grouped according to the clusters obtained through the phylogenetic analysis. *
Originally deposited as L. wheeleri. The “wrongly clustering” sequences were highlighted in grey



591 | boxes. Un: unpublished study; M/R: Mediterranean-er-Red-Sea specimen; EM: extra-Mediterranean
592  specimen; NR: not reported.
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