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Abstract

Background: Ciguatera fish poisoning (CFP) is a significant public health problem due to dinoflagellates. It is responsible for
one of the highest reported incidence of seafood-borne illness and Groupers are commonly reported as a source of CFP due
to their position in the food chain. With the role of recent climate change on harmful algal blooms, CFP cases might become
more frequent and more geographically widespread. Since there is no appropriate treatment for CFP, the most efficient
solution is to regulate fish consumption. Such a strategy can only work if the fish sold are correctly identified, and it has
been repeatedly shown that misidentifications and species substitutions occur in fish markets.

Methods: We provide here both a DNA-barcoding reference for groupers, and a new phylogenetic reconstruction based on
five genes and a comprehensive taxonomical sampling. We analyse the correlation between geographic range of species
and their susceptibility to ciguatera accumulation, and the co-occurrence of ciguatoxins in closely related species, using
both character mapping and statistical methods.

Results: Misidentifications were encountered in public databases, precluding accurate species identifications. Epinephelinae
now includes only twelve genera (vs. 15 previously). Comparisons with the ciguatera incidences show that in some genera
most species are ciguateric, but statistical tests display only a moderate correlation with the phylogeny. Atlantic species
were rarely contaminated, with ciguatera occurrences being restricted to the South Pacific.

Conclusions: The recent changes in classification based on the reanalyses of the relationships within Epinephelidae have an
impact on the interpretation of the ciguatera distribution in the genera. In this context and to improve the monitoring of
fish trade and safety, we need to obtain extensive data on contamination at the species level. Accurate species
identifications through DNA barcoding are thus an essential tool in controlling CFP since meal remnants in CFP cases can be
easily identified with molecular tools.
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Introduction

Large carnivorous fishes associated with coral reefs are

frequently contaminated by toxins responsible for ciguatera fish

poisoning (CFP) in tropical and subtropical waters [1,2]. CFP is a

food-borne disease contracted by the consumption of finfish that

have accumulated lipid-soluble toxins produced by microalgae

(dinoflagellates) of the genus Gambierdiscus in their flesh and

viscera. Dinoflagellates produce gambiertoxins which are first

accumulated in the viscera of herbivorous fish and are further

accumulated and converted to ciguatoxins in the flesh of larger

carnivorous species. For the purposes of this report, we define

ciguateric as possessing the ability to accumulate ciguatoxins and

cause ciguatera fish poisoning. At least three groups of ciguatoxins

have been identified: Pacific (P-CTX), Indian Ocean (I-CTX) and

Caribbean (C-CTX) [3,4]. While the gambiertoxin precursors for

P-CTX have been identified, the corresponding precursors for I-

CTX and C-CTX have yet to be identified, let alone a thorough

examination of which dinoflagellates produce them. This disease

produces several gastrointestinal, neurological and cardiac symp-

toms a few minutes to a few hours after ingestion of contaminated

seafood [5]. Although there are reports of symptom amelioration

with some interventions (e.g. IV mannitol), no efficient treatment

exists so far [6]. It is a significant public health problem, especially

in the South Pacific but also in the United States, where it is

responsible for one of the highest reported incidence of seafood-

borne illness [1]. Although CFP was historically restricted to

tropical and sub-tropical regions, case reports are increasingly seen

in higher latitudes with escalating global trade and movement of

seafood products [1,7]. The incidence of ciguatera, as well as the
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species of fish that are potentially poisonous, vary from region to

region [2]. Precise information about the distribution of ciguatera-

carrying species can be obtained from epidemiological data

collected by research and health organisations in each country

or region, but this depends heavily on correct species identification

and is highly dependent on the intensity of data collection. An

additional problem pointed out by several authors is the role of

recent climate change on harmful algal blooms (HAB), including

Gambierdiscus ssp. [1,8,9]. The abundance of G. spp. correlates

positively with elevated sea surface temperature [8]. CFP cases

might therefore become more frequent and more geographically

widespread as an indirect consequence of climate change (review

in [1]). Moreover, coral reefs perturbations, such as hurricanes or

bleaching events, also free up space for microalgae to colonize.

Even human activities altering the environment such as petroleum

production platform building can contribute to the HAB [10].

Therefore, populations from developing countries, already facing

these disturbances, appeared to be particularly exposed to the

intensification of CFP.

Since there is no appropriate treatment for CFP (for a review,

see [6]), the most efficient solution is to regulate fish consumption

[11,12]. Lewis [13], and more recently Clua et al. [11]

recommended banning some specific species and sizes from fish

markets. However, such a strategy can only work if the fish sold

are correctly identified and labelled, and it has been repeatedly

shown that misidentifications and species substitutions commonly

occur in fish markets [14–16].

Groupers (Epinephelidae: rockcods, coralgroupers, hinds, and

lyretails) are one of the families most commonly reported as a

source of ciguatera poisoning [11]. Some grouper species, like

Plectropomus laevis and Cephalopholis argus, are known to be

especially contaminated by ciguatera toxins [17–19]. Large

individuals are generally more toxic than small ones since

ciguatoxins accumulate in fish via the food chain [11,20]. For

instance, specimens belonging to the potentially ciguatoxic fish

species Epinephelus fuscoguttatus and Variola louti are considered

dangerous only if they weigh more than 13 and 1.7 kg respectively

[20]. Because they are widely distributed in warm and temperate

shore waters, from surface to deep-sea, and adults of some species

reach 3 m in length and 400 kg [18], groupers represent a

considerable economic value in tropical and subtropical regions

and most particularly in south-east Asia [21–24]. They are a major

component of the artisanal fisheries resource especially in the

south Pacific [18]. Global capture fisheries production has

increased from approximately 214,000 tons in 1999 to more than

275,000 tons in 2009 [25]. Grouper aquaculture was first

introduced in the early 1970s and is now widely practised

throughout Southeast Asia [21]. Global grouper aquaculture

production has increased tremendously due to increasing demand,

from 60,000 tons in 1990 to 200,000 tons in 2007. The premium

price of groupers can reach US$ 100/kg in the Chinese live fish

markets [21].

Although groupers are large fish and supposedly easily

identifiable, comprehensive and reliable species identification tools

are rare and a good taxonomic framework is also necessary. Even

when intact adult specimens are available (which is generally not

the case for food-borne poisoning cases) the morphological

characters used to discriminate species can be subtle, making

identification difficult even for trained taxonomists. Moreover,

accessing the historical literature and assessing the validity of

species with a controversial taxonomic history are challenging

tasks, even for experts [26].

Some rapid and reliable species identification tools such as DNA

barcoding have been developed to facilitate species identification

[26–30]. Given the estimated $US200 billion annual value of

fisheries worldwide, the Fish Barcode of Life campaign (FISH-

BOL) initiative, as a part of the International Barcode of Life

Project (iBOL; http://www.ibolproject.org), is addressing socially

relevant questions concerning market substitution and quota

management of commercial fisheries (http://www.fishbol.org),

with a special focus on developing countries [31]. However,

species identification tools require complete and reliable databases.

Indeed, DNA databases play a key role for the species

identification of groupers, and more generally, for seafood, as

non-specialists use essentially those databases to identify species for

which they often have access to tissue samples only. The

Epinephelidae comprise about 163 species [32] among which

106 are recorded in BOLD (942 public sequences in February

2014). The incompleteness of the reference datasets is a well-

identified problem for species identification [33], which can be

slightly alleviated if the marker used for identification is also

relevant for phylogeny. In such a case, and if the taxonomic

framework is accurate, species not represented in the database

might still be assigned to clades or higher rank groups, like genera.

Completing the largest molecular identification dataset (the

cytochrome oxidase 1 of the Barcode of Life project), combined

with an accurate study of the relationships of groupers, will help

the management of grouper diversity through easier and more

accurate identifications. Much remains to be done on both of these

aspects, as the phylogenetic framework of the group has

undergone many changes recently, and is yet incomplete.

The relationships of the Epinephelidae, recently raised to family

rank by Smith and Craig [34], are indeed not yet totally resolved.

Epinephelidae were previously a subfamily (Epinephelinae)

included with Serraninae and Anthiinae among Serranidae

[18,35]. The relationships within the former Serranidae, as well

as the composition of the family, have been the object of much

discussion. Two molecular studies including the Serranidae

showed the non-monophyly of the family [34,36]. Smith and

Craig [34] grouped Serraninae and Anthiinae in the Serranidae

and raised the subfamily Epinephelinae to the family rank

Epinephelidae. On the other hand, Lautrédou et al. [36] showed

the polyphyly of Serranidae (with the Serraninae – Anthiinae

composition), while recovering an Anthiinae and Epinephelidae

clade. Craig et al. [32] defined four subfamilies in Epinephelidae:

Diploprioninae, Epinephelinae, Grammistinae and Liopropomi-

nae, corresponding to the four previous tribes Diploprionini,

Epinephelini, Grammistini, Liopropomini. In their molecular

phylogeny, Craig and Hastings [37] attempted to resolve the

phylogeny of the Epinephelidae using an almost complete species

sampling within the genus Epinephelus, and several specimens of

other subfamilies, using two mitochondrial and two nuclear

markers. They proposed taxonomic changes for species of the

subfamily Epinephelinae to reflect their phylogenetic position. For

instance, they included Cromileptes altivelis and Anyperodon
leucogrammicus in Epinephelus and they moved Epinephelus
septemfasciatus and E. ergastularius to Hyporthodus. However,

many nodes of their phylogeny lacked robustness. Because of the

absence of morphological differences between the genera Any-
perodon, Cromileptes and Epinephelus, Craig et al. [32] retained

the monotypic genera Anyperodon and Cromileptes.
To further the study of the relationships between the genera, we

sequenced five markers, two mitochondrial, Cytochrome Oxidase

Subunit I (COI) and 16S ribosomal RNA (16S) and three nuclear,

Rhodopsin (Rh), Titin-like protein (TMO-4C4) and Polycystic

kidney disease 1 protein (Pkd1). We choose to include the

reference barcoding marker COI to provide a simple and reliable

tool for species identification to the non-specialist community

Phylogenetics and Ciguatera in Groupers
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(fisheries, governmental organisations, etc.). As ciguatera occur-

rence has not yet been studied with regard to the evolutionary

relationships of the ciguateric fish replaced in their evolutionary

context, the second aim of this paper is to map the high risk species

for ciguatera fish poisoning into the phylogeny using published

information about ciguatera-prone species. We statistically test

whether high risk species are closely related and could therefore

have inherited their susceptibility to ciguatera from their common

ancestor.

Methods

Taxonomic sampling
Sequencing fresh material collection. Fishes collected

from different localities (Table 1) in 2009–2011 were dead at the

time we acquired them for study, having been commercially

caught, and available for purchase at the Nouméa fish market.

Each individual was morphologically identified according to

Heemstra & Randall [18], measured, weighed, and photographed,

and a tissue sample was collected and preserved in absolute

ethanol until DNA extraction. Several specimens per species were

sequenced to evaluate intraspecific variation and to corroborate

identification (data not shown). Additional fish tissues were

obtained from colleagues (see acknowledgements) or bought at

fish markets, and also preserved in absolute ethanol. For these

tissues, no photograph was available; the identification of these

tissues was checked by a BLAST search in BOLD [38] followed by

a thorough evaluation of the results. Samples and results not

corresponding to a higher sequence and identification quality

standard were discarded.

Publicly available sequences. All available COI, 16S and

TMO-4C4 sequences of Epinephelidae and some outgroup

sequences were downloaded from public sequence databases

(Barcode of life Database, GenBank Nucleotide). All sequences

were controlled for contamination, indels, and stop-codons

indicating possible pseudogenes [39]. We followed the classifica-

tion of Craig and Hastings [37]. When necessary, we amended the

species name to agree with the genus gender (Cephalopholis rogaa,

Mycteroperca canina and M. marginata) as per the recommenda-

tions of the International Code of Zoological Nomenclature

(Fourth Edition).

Problems were identified within both GenBank and BOLD

sequences, and some sequences available in those databases were

therefore not integrated in our dataset. Database sequences

presented either: (i) taxonomic problems, such as high genetic

divergence within species or erroneous species identification and

(ii) nomenclatural problems like the use of invalid species names.

The specimen identification for some sequences was problem-

atic. While there were often several specimens attributed to a

species in the databases, high intraspecific variability for COI

between specimens was observed for some of them. For instance,

the species E. macrospilos and E. tauvina have a COI genetic

divergence within species of 7.4 and 6.2% respectively, values very

largely above what is known of fish intraspecific diversity for this

marker [40]. These species, and some others, were represented by

multiple, disjoint clusters. For example, for Epinephelus tauvina
one cluster of database sequences included our seven E. tauvina
sequences, while another cluster matched with our eleven

sequences of E. coioides. The species E. akaara, E. amblycephalus,
E. diacanthus, E. longispinis, E. macrospilos, E. sexfasciatus and

Variola louti were especially subject to such high intraspecific

divergence, a well-known indication of misidentification or

unresolved taxonomic issues. These reliability problems are all

the more important when the molecular identification has medical

applications, such as determining whether a sample can come

from a ciguateric species. In order to select the more reliably

identified specimens, we checked the supplementary information

(voucher, geographic information) to corroborate the identification

of the specimens. Moreover, in case of relatively high COI

intraspecific variability within species (.1%), we selected the

specimen collected closest to the type-locality to minimize

taxonomic misidentifications and errors linked to possible cryptic

species.

Second, the databases use some invalid names. While spelling

errors are relatively straightforward to identify, like the use of

Cephalopholis miniatus instead of C. miniata or Pseudogramma
polyacanthum instead of P. polyacantha, nomenclaturally invalid

names were also present in the databases. For instance, E. ‘fario’
(Thunberg, 1793), represented by eight specimens in GenBank

including two COI sequences, has been pointed out by Heemstra

and Randall [18] as a synonym of E. longispinis (Kner, 1864) and

as a nomen dubium. Randall and Heemstra [41] also regarded this

species as unidentifiable. We did not include these sequences in

our dataset.

Ethics statement
Fish were dead at the time we acquired them for study, having

been commercially caught, and available for purchase at the

Nouméa fish market; no permits were required for the described

study, which complied with all relevant regulations.

Table 2. List of the primers used in this study; Tu of hyb: temperature of hybridisation used to amplify the marker.

Gene Fragment size Name Primers T6 of hyb Sources

COI <650 bp FishF1 59-TCAACCAACCACAAAGACATTGGCAC-39 48uC [30]

FishR1 59-TAGACTTCTGGGTGGCCAAAGAATCA39 [30]

16S <410 bp 16SarL 5’-CGCCTGTTTATCAAAAACAT-3’ 54uC [75]

16SbrH 5’-CCGGTCTGAACTCAGATCACGT-3’ [75]

Rhodo <720 bp Rh193 5’-CNTATGAATAYCCTCAGTACTACC-3’ 52uC [76]

Rh1039r 5’-TGCTTGTTCATGCAGATGTAGA-3’ [76]

Pkd1 <850 bp Pkd1F62 5’-CATGAGYGTCTACAGCATCCT-3’ 50uC [77]

Pkd1R952 5’-YCCTCTNCCAAAGTCCCACT-3’ [77]

TMO-4C4 <540 bp TMOF1 59-CCTCCGGCCTTCCTAAAACCTCTC-39 55uC [78]

TMOR1 5’-CATCGTGCTCCTGGGTGACAAAGT-39 [78]

doi:10.1371/journal.pone.0098198.t002
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DNA extraction, amplification, and sequencing
DNA was extracted from tissue samples using NucleoSpin 96

tissue kit (Macherey-Nagel, Düren, Germany) and five genes were

amplified (Table 2).

Each PCR reaction was performed in a 20 ml final volume,

containing 2 ng of DNA, 1X reaction buffer, 0.26 mM dNTP,

0.8 mM of each primer, 5% DMSO and 1.5 units of Taq

polymerase (Qiagen). Thermocycles consisted of an initial

denaturation step at 94uC for 29, followed by 37–55 cycles of

denaturation at 94uC for 300, annealing at 48–55uC for 400

(Table 2) and extension at 72uC for 19. The final extension was

conducted at 72uC for 109. Purification and cycle-sequencing

reactions were performed at the Génoscope (Évry, France), using

the BigDye Terminator version 3 sequencing kit, the GeneAmp

PCR System 9700 and a capillary ABI3730 DNA Analyser, all

from Applied Biosystems. Sequences were edited and assembled

using Sequencher 4.9 (Gene Codes Corporation, Ann Arbor, MI,

USA). Sequences for this study were deposited in GenBank

(Table 1).

Phylogenetic analyses and mapping
All markers were sequenced for both directions to confirm

accuracy for each individual specimen. However, a few sequences

could not be obtained (Table 1). Sequences were aligned using

ClustalW as implemented in BioEdit version 7.0.5.3 [42] or by

eye. The accuracy of automatic alignments was assessed by eye.

16S sequences were aligned manually and two portions (between

positions 240–300 and 347–450) were removed from the

alignment due to hypervariable regions that could not be aligned

reliably.

94 species of Epinephelidae were included in our analyses, 2

species for Diploprioninae, 81 species for Epinephelinae, 8 species

for Grammistinae and 3 species for Liopropominae.

To study (i) the monophyly of the Epinephelidae (i.e according

to traditional classification Epinephelinae minus Niphon) and (ii)

the relationships within this family, outgroups were chosen in the

sub-families of Serranidae, the Serraninae and the Anthiinae [34].

We also included multiple, non-monophyletic outgroups: speci-

mens from Perciformes (Cirrhitidae, Harpagiferidae, Niphonidae,

Percidae, Trachinidae) and from Scorpaeniformes (Congiopodi-

dae, Cyclopteridae, Scorpaeninae, Sebastinae, Synanceinae)

placed as close relatives of Epinephelidae in the study of

Lautrédou et al. [36].

Phylogenetic analyses of the Epinephelidae
All markers were first analysed separately, tested for incongru-

ence and, since none was detected, concatenated in two different

datasets. The combined and separate analyses have three different

aims (i) obtaining the most robust phylogenetic reconstruction

while including a maximal species representation, i.e. including

downloaded sequences (dataset 1), (ii) maximising the number of

markers, even if it includes less species (dataset 2), and (iii) best

representing the diversity of the Epinephelidae with the COI gene

alone (dataset 3). Dataset 1 included the concatenated COI, 16S

and TMO-4C4 sequences. Dataset 2 included all five concate-

nated markers, i.e. COI, 16S, TMO-4C4, Rhodopsin and Pkd1

sequences.

The best-fitting models of nucleotide evolution for each gene

and for the concatenation were determined based on the Akaike

Information Criterion (AIC) implemented in ModelTest 2.3 [43]

in conjunction with PAUP 4.0b10 [44]. The GTR + I + C model

was selected for each marker and for the two datasets.

Trees were inferred using two probabilistic approaches:

maximum likelihood with a non-parametric bootstrap (BP) using

RAxML 7.2.8 [45,46] and Bayesian Inference [47]. Maximum

likelihood (ML) analyses were carried out online on the CIPRES

Science Gateway (The CIPRES Portals. URL: http://www.phylo.

org/sub_sections/portal) with RAxML-HPC BlackBox (7.2.7)

[45]. Datasets were partitioned by codon position for each marker

(except 16S) and by marker and by codon position for datasets 2

and 3. BI analyses were performed with MRBAYES version 3.2.1

[47] using 75,000,000, 75,000,000, and 30,000,000 generations

for datasets 1, 2 and 3 respectively, with sampling every 1,000

generations and four Metropolis-coupled Markov chains Monte

Carlo (MCMCMC). The parameter estimates and convergence

were checked using Tracer version 1.4 [48]. The first 25% of

sampled trees were considered burn-in trees, and discarded prior

to constructing a 50% majority rule consensus trees. Posterior

probabilities (PP) (Bayesian analysis) and Bootstrap probabilities

(BP) were used as indicators of node credibility; P95% was

considered significant [49]. Two independent analyses were

conducted to check for convergence of the results.

Mapping of potential ciguatera poisonous species
Potentially ciguatera affected species were mapped onto the

phylogenetic tree inferred from all the available reliable sequences

for the COI fragment. Although several relationships were not

resolved compared to the combined analyses, the COI topology is

congruent with the combined analyses topologies, and moreover

best represents the diversity of the Epinephelidae.

A large number of studies on ciguatera were reviewed to

establish a list of ciguatera affected species [7,11,12,19,20,50–59].

However, there were very few publications where species names

were precisely indicated. We ended up by using five

[11,20,53,54,58], as well as the available ciguatera data in

Fishbase database [17]. To detect a potential pattern in the

evolution of the occurrence of ciguatera in Epinephelinae, we

quantified the strength of phylogeny-trait association. The

MrBayes phylogeny from the dataset 3 was used as an input in

the BaTS software [60], with the occurrence of the ciguatera

coded as absent/present. 10.000 trees from the posterior set of

trees from MrBayes analysis were randomly selected after

removing the first 7.5 million generations as a burnin according

to Tracer [48], and re-rooted using the outgroups and a custom-

made R script [61] (script available on request). BaTS estimates

several statistics: the parsimony score (PS), the association index

(AI) and the monophyletic clade (MC) and tests their significance

against a null distribution (obtained by reshuffling 100 times the

ciguatera states on the tips). A strong phylogeny-trait association is

identified by low PS and AI scores and a high MC score.

Evolution of the ciguatera fish poisoning (CFP)
Ancestral character state reconstructions for ciguatera fish

poisoning were conducted using the maximum-likelihood method

implemented in Mesquite 2.75 [62]. Recognized species were

assigned different states (following a bibliographic survey, see

above): absence (0) and presence (1) of CFP. Ancestral states were

reconstructed for all Bayesian trees retained from the analysis of

the combined data set and their mean likelihood was then plotted

on the maximum clade credibility tree.

Results

Phylogenetic relationships within Epinephelidae
Dataset length and number of variable sites are reported in

Table 3. 47 and 58 sequences were obtained for the mitochondrial

markers COI and 16S, respectively. 54 sequences were obtained

for TMO-4C4, 50 for Rhodopsin and 50 for Pkd1.
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The concatenated phylogeny (Fig. 1A) based on the three

markers with the largest sampling (COI, 16S and TMO-4C4)

recovered the monophyly of Epinephelidae comprising the four

subfamilies, Diploprioninae, Epinephelinae, Grammistinae, and

Liopropominae with a weak support. The Grammistinae was

monophyletic. The three species of the genus Liopropoma of the

Lioprominae were grouped. The Diploprioninae and the Epine-

phelinae were together not monophyletic because of the inclusion

of Belonoperca chabanaudi within Epinephelinae. However, to the

exception of the insertion of B. chabanaudi, all Epinephelinae

specimens were grouped. In the Epinephelinae, the genera Variola
and Plectropomus were together monophyletic with a strong

support. Saloptia was sister-group to Plectropomus. Cephalopholis
was monophyletic but divided in two robust groups with the

inclusion of C. colonus and C. rogaa (earlier combinations:

Paranthias colonus and Aethaloperca rogaa). Epinephelus leuco-
grammicus and E. altivelis (earlier combinations: Anyperodon
leucogrammicus and Cromileptes altivelis, both monotypic genera)

were included within the clade Epinephelus. Mycteroperca was

sister-group to Epinephelus and monophyletic with a strong

support. D. dermatolepis was sister-group to Hyporthodus,
Mycteroperca and Epinephelus. The subfamily Grammistinae

was sister-group to the Liopropominae and Diploprion bifasciatum
from the Diploprioninae.

The concatenated phylogeny (Fig. 1B) based on all five markers

(COI, 16S, TMO-4C4, Rhodopsin and Pkd1) confirmed the

monophyly of Epinephelinae as well as the three subfamilies

Epinephelinae, Grammistinae and Liopropominae. No specimen

from the subfamily Diploprioninae was available for the Rhodop-

sin and Pkd1 markers; the monophyly of this subfamily cannot be

evaluated with this second dataset.

Within Epinephelinae and as suggested by dataset 1, the

monophyly of Mycteroperca, Plectropomus and Variola were well

supported. Cephalopholis also constituted a robust monophylum

with two clades, one containing C. argus and C. boenak and the

other the rest of the species (as observed with the previous tree).

Epinephelus was monophyletic with a weak support. D. derma-
tolepis was sister-group to a clade including Epinephelus and

Mycteroperca.

Although several relationships were not resolved compared to

the combined analyses (Fig. 1), the COI topology (Figure S1) is

congruent with them, and has a much larger species sampling.

The subfamilies Grammistinae and Liopropominae are mono-

phyletic.

With the exception of the insertion of the species Epinephelus
poecilonotus and E. haifensis included in the genera Mycteroperca
and Hyporthodus respectively, all Mycteroperca and Hyporthodus
species were grouped.

Like in the concatenated analyses (Figs. 1A-B), the monotypic

genera Anyperodon and Cromileptes were together included in

Epinephelus. The subfamily Diploprioninae including the three

genera Beloperca, Diploprion and Aulacocephalus was not

monophyletic, with the exclusion of Beloperca chabanaudi.
Diploprion bifasciatum and Aulacocephalus temminckii constituted

a robust clade.

Mapping of potentially ciguatera affected species on the
COI tree

Twenty nine ciguateric species were found in a review of the

literature. Most of the species affected by ciguatera belong to the

subfamily Epinephelinae (Fig. 2). Only two species, outside the

Epinephelinae, Grammistes sexlineatus and Rypticus saponaceus
are ciguateric. Within Epinephelinae, three genera contain

multiple ciguateric species. All species included in the genera

Plectropomus (4) and Variola (2) are ciguateric. In the genus

Epinephelus, four species out of seven are ciguateric in one clade

(E. fasciatus, E. hexagonatus, E. melanostigma, E. merra, E.
retouti, E. spilotoceps and E. tauvina) (Fig. 2). In another, three

species out of four are ciguateric (E. quoyanus, E. macrospilos, E.
howlandi and E. rivulatus). The other ciguateric species are

dispersed in clades where most species are not known to be

affected. Within the other genera of Epinephelinae, Mycteroperca
and Hyporthodus, only one species is ciguateric, M. bonaci.

The analysis of the presently available data on presence or

absence of ciguatera fish poisoning (CFP) for each species mapped

the absence of CFP as the ancestral state of Epinephelidae. The

ancestral state analysis underlines the multiple appearances of CFP

in this group with at least 10 events in the subfamily Epinephelinae

(Fig. 2).

The Bayesian analysis of the phylogenetic signal (Table 4)

revealed the occurrences of ciguatera in groupers species have a

moderate non-random association with phylogeny; only the MC

statistic for the occurrence of ciguatera shown significant P-value

(p = 0.04), whereas the PS statistic shown a marginally significant

P-value (p = 0.080). Both the AI statistic and the MC value for the

ancestral state were not significant (p = 0.24 and p = 0.55,

respectively).

Table 3. Dataset composition, marker size and information.

Dataset Number of species Markers Length (bp) Conserved sites Variable sites

1 102 COI 651 372 279

16S 410 254 156

TMO-4C4 511 271 240

2 60 COI 651 382 269

16S 410 278 132

TMO-4C4 536 330 206

Pkd1 861 422 439

Rhodopsin 723 470 253

3 112 COI 651 371 280

doi:10.1371/journal.pone.0098198.t003
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Discussion

Systematics and taxonomy within Epinephelidae
As in Craig and Hastings [37] (but contradicted by Craig et al.

[32], because of the absence of morphological synapomorphy), our

result show the inclusion of Epinephelus leucogrammicus and E.
altivelis (previous combinations Anyperodon leucogrammicus and

Cromileptes altivelis) within Epinephelus but also the inclusion of

Cephalopholis rogaa and C. colonus within Cephalopholis (previous

combinations Aethaloperca rogaa and Paranthias colonus).

Figure 1. Phylogenetic relationships within the Epinephelidae. Bayesian inference phylogram obtained from phylogenetic analyses of the
dataset 1 (A) based on the concatenation of three genes, COI, 16S and TMO-4C4, and the dataset 2 (B) obtained with the concatenation of five genes,
COI, 16S, TMO-4C4, Rhodopsin and Pkd1, both under the GTR + I + C model. Epinephelidae are highlighted in colour (pink and blue). Each sub
families are shown in alternate blue and pink colours. Values at nodes indicate Bayesian posterior probabilities (PP) and maximum likelihood
bootstrap percentages (BP). Black circles indicate nodes supported by posterior probability $95% and ML bootstrap probability $75%.
doi:10.1371/journal.pone.0098198.g001
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Craig and Hastings [37] included in the genus Mycteroperca
several species usually considered as members of Epinephelus.
Based on our results, we confirm these new combinations. In

addition, we proposed to transfer E. poecilonotus (Temminck and

Schlegel, 1842) in Mycteroperca as M. poecilonota.

They also observed a monophyletic lineage distinct from the

remaining species of Epinephelus and from Mycteroperca, for

which they resurrected the oldest available generic name

Hyporthodus. Our topologies corroborate this lineage, which

includes at least two species, H. septemfasciatus and H. haifensis
(previously Epinephelus haifensis).

Figure 2. Ancestral ciguatera fish poisoning (CFP) reconstruction of Epinephelidae. Bayesian cladogram of the COI dataset with maximum
likelihood estimates of ancestral CFP states. Pie charts correspond to average likelihoods for each state. Percentage values are given for nodes of
interest.
doi:10.1371/journal.pone.0098198.g002
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The relationships between Belonoperca chabanaudi, Diploprion
bifasciatum and Aulacocephalus temminckii in Figure S1 question

the monophyly of the Diploprionini. In Figure 1A where A.

temminckii was not represented, B. chabanaudi is included in the

subfamily Epinephelinae (PP = 0.96, BPML = 54). D. bifasciatum
constituted, with a weak support, the sister-group of the

Grammistinae with the Liopropominae. Since the support for

several deeper clades is low at least for maximum likelihood

analyses, we prefer not to discuss further the phylogeny of these

groups.

Within Epinephelidae, there is no modification of the subfam-

ilies Grammistinae and Liopropominae. The Epinephelinae now

include only twelve genera (minus Anyperodon, Cromileptes and

Paranthias vs. 15 previously). In our results (Fig. 1), Variola and

Plectropomus-Saloptia are in basal position relative to the other

Epinephelinae genera.

Ciguatera fish poisoning
In the studies on ciguatera reviewed, most were fairly unhelpful

to establish a list of ciguatera-affected species with scientific names.

Most publications use vernacular names only, and many of these

designate several fish species (see [2,6]). Vernacular names might

be important for local communication and consumer warnings.

However, scientific names should be systematically associated to

them to enhance precision and communication between localities,

as vernacular name use varies with geography. Feedback

questionnaires [63,64] were provided to public health and fisheries

department staff to collect ciguatera poisoning data and then to

put more monitoring and research into place. Traceback

investigations of fish associated with outbreaks provide valuable

information regarding fishing areas associated with CFP. Howev-

er, in a weekly report, the Centers for Disease Control and

Prevention pointed to limitations in the personal feedbacks [65];

where physician reports were unavailable, the symptoms were

based entirely on self-report or second hand reports from family

members and may be wrong. Moreover, additional cases might

have occurred but were unrecognized because involved physicians

were not aware of the need to make an appropriate diagnosis and

to report, especially in countries where the public health network is

weakly organized.

With the limitations of our current knowledge in mind, 29

among 163 grouper species are considered ciguateric in the world.

While there is no correlation between the phylogeny and the

currently known ciguatera status of the species, some clades

include a higher number of possibly ciguateric species, and might

be interesting to investigate in order to determine the ciguateric

status of species where it has not been described yet. The recent

changes in classification based on the reanalyses of the relation-

ships within Epinephelidae ([37], this study) have an impact on the

interpretation of the ciguatera distribution in the genera. Multiple

species from the genus Epinephelus that were not reported to be

ciguateric belong in fact to other genera that have very few

ciguateric species (Hyporthodus and Mycteroperca). As for the

genera Plectropomus and Variola, the species included in our

datasets are all considered potentially ciguateric (4 and 2 species

respectively). In the three other species contained in the genus

Plectropomus, only one, P. oligacanthus, is ciguateric according to

FishBase.

In our study, even if the COI gene gives little support for deeper

nodes in phylogenetic analyses, it performs well in Epinephelidae

for interspecific relationships, as already observed for other

Teleosts and taxonomic groups [66,67]. Better phylogenetic

performance means that even if an identical sequence is not

available for identification in the database, the position of the

unknown sequence in a phylogenetic analysis can provide

information about the genus it belongs to, and which species it

is most closely related to. Consequently, samples from species that

cannot be readily identified, but fall within these groups in an

analysis might best be considered potentially ciguateric when

tested for ciguatera case suspicions. This, added to the large

dataset already available, and the more stringent guidelines of the

Barcode of Life project compared to other sequence databases,

makes it a very good choice for identification in the group.

Many questions remain to be answered pertaining to the

production and accumulation of ciguatoxins and the subsequent

occurrence of ciguatera fish poisoning. For example, why does

Ciguatera affect only some species in a given locality, why does

Ciguatera not affect species over their whole range? Explanations

might be found on the life history traits of groupers. The diet, the

location on the reef and the size of grouper species could explain

some of these ciguateric patterns. Yet no clear tendency based on

these data appears. On the other hand, some species like

Epinephelus macrospilos or Cephalopholis miniata are ciguateric,

for example, in New Caledonia (Fig. 2) but not in their whole

range. Richlen et al. [68] were some of the first authors to

correlate the geographic patterns of fish toxicity with the

preponderance of highly toxic strains of Gambierdiscus spp. They

showed that G. toxicus was not a single cosmopolitan species, but

instead was a species complex comprised of several distantly

related groups co-occurring across geography. Thus the range of

G. toxicus appears to be much smaller than the range of the fish

species, but this also depends on the correctness of our knowledge

about the systematics and distribution of the fish species. The

presence and relative abundance of the members of this species

Table 4. Results of the Bayesian phylogeny-trait association.

Statistic Observed Distribution Null Distribution P-value

observed mean 95% CI null mean 95% CI significance

AI 4.2 3.7–4.6 4.6 3.6–5.5 0.240

PS 23.7 23.0–24.0 26.3 23.3–28.7 0.080*

MC (absence of ciguatera) 6.6 6.0–9.0 6.1 4.1–7.9 0.550

MC (occurrence of ciguatera) 4.0 4.0–4.0 2.3 1.6–3.1 0.040**

Association index (AI), parsimony score (PS), and monophyletic clade (MC) and their significance. While AI and PS indices test for the overall phylogeny and all the
characters at once, MC is drawn to specifically quantify the phylogenetic signal for each specific character (occurrence of ciguatera contamination). Asterisk indicates
significant values (*: p#0.1; **: p#0.05).
doi:10.1371/journal.pone.0098198.t004
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complex among geographic regions may help explaining patterns

of ciguatera toxicity, particularly if differences in physiology and/

or toxin-producing capabilities also exist among these groups. In

addition, a better understanding of the three groups of ciguatoxins

produced by Gambierdiscus species will be very useful.

As suggested by several authors, due to recent climate change or

human activities, harmful algal blooms (HAB), including Gam-
bierdiscus spp. [1,8,9] might become more frequent and more

geographically widespread. A consequence would be that cigua-

tera starts affecting fish species in other localities in their range

where there was no previously recorded problem, affecting

populations that will be not aware of the ciguateric risk of fish

consumption. The first reports of consumer illness and detection of

ciguatoxic fish from the Canary Islands [55] seems to be consistent

with such a geographic expansion of ciguatera. Another recent

expansion of dinoflagellates, and subsequent incidences of CFP

illness, was recorded in the northern Gulf of Mexico, USA [10].

Of the 29 ciguateric grouper species, 16 have a very large

distribution in the Indo-Pacific Ocean. The ranges extend from

the East of Africa to the West of America, including the Red Sea.

Current distribution areas might help us determine future changes

in the prevalence area of ciguatera.

Barcoding, a useful tool for various applications
As all our knowledge on ciguateric species hinges on correct

identification of the species involved in CFP, DNA barcoding is an

essential tool in controlling CFP, but also investigating mislabelling

of seafood or endangered species monitoring. Fishermen and

restaurant owners do not hesitate to sell fish of lower quality under

erroneous labelling [16], a problem compounded in groupers by

overfishing. Because of the very high price of live groupers, the

mislabelling of fishes and the dangers of ciguatera, accurate species

identification is part of what makes the quality of the fish meat

[16]. The misidentification of several species was largely discussed

by Stewart et al. [12]. They encountered nine misidentifications in

their molecular analyses, and remarked that eight of the nine

misnamed fish contain ciguatera toxins. While the authors did not

suggest deliberate substitutions, they wondered about this high

rate. Some confusions were not surprising in regard of the similar

morphology of the species (Spanish mackerel - Scomberomorus
commerson and Scomberomorus queenslandicus for instance).

However, they pointed out that selling the Spanish mackerel – a

ciguatera-prone species banned in Platypus Bay, Queensland – as

red snapper and swordfish, neither known to be problematic for

ciguatera, represents a potential risk of bypassing ciguatera

prevention strategies [12].

In such a case, DNA barcoding has proved to be a very useful

tool to quickly and easily identify seafood species sold on fish

markets or on restaurants, thus helping to avoid at least some of

the risky species. The mislabelling studies have also had a positive

effect on at least some parts of the retail sector [69]. Moreover,

meal remnants in CFP cases often cannot be identified without

molecular tools, where proper identification is critical for

improving the ciguatera affected species list and warnings.

DNA barcoding-based traceability procedures were implemented

in several U.S. state and federal laboratories [65]. As the

symptoms appear in minutes to hours after the ingestion of

contaminated seafood [13], recovery of samples for sequencing is

possible, at least in some cases. For most types of cooked seafood,

the full barcode can be obtained. For severely degraded or

heavily processed products (e.g. canned), the sequencing of

shorter sequences (i.e. Mini barcodes, see [70]), also works for

identification.

The key role of the public databases
For DNA barcoding to be a useful tool for identifying species, it

needs complete (or at least large) and reliable reference sequences

available in public databases. For an example of both the

usefulness of barcoding methods and the limits of the available

databases, a sample of fish tissue collected at the fish market in

Nouméa (New Caledonia) showed 100% identity in the databases

with those of two distinct species. Both are deep-sea species, as was

the grouper from the market according to the fishmongers. H.
ergastularius is not recorded from New Caledonia, but H.
octofasciatus was recorded, sometimes under other names [71].

Unfortunately, identical sequences for H. ergastularius and H.
octofasciatus in databases preclude an identification of this sample.

Currently, available grouper sequences contain several cases of

misidentification both in GenBank and in BOLD. The numerous

grey-brown species with dots (E. tauvina, E. akaara, E.
diacanthus, E. amblycephalus, E. longispinis, E. sexfasciatus and

E. macrospilos) are particularly affected, with the additional

problem that young specimens of some species resemble adults of

smaller species. This is not an isolated case. According to Vilgalys

[72] up to 20% of the named sequences in public databases may

be misidentified. Hassanin et al. [73] suggested to annotate

database sequences through an additional ‘‘external expertise’’

field, and there is indeed a possibility to add comments to data in

BOLD. However, a lot remains to be done before all available

identifications can be trusted, even with the additional geograph-

ical and voucher information required by BOLD. There is an

ongoing effort by the BOLD crew to flag dubious sequences. They

developed a system to grade the level of reliability of the

identification in BOLD [74], but it has not been applied to all

sequences yet. In the end, a morphological study of the voucher

specimen remains necessary, but this is not practical when fast

identification is needed such as for ciguateric sample identifica-

tions. While currently neither reliability nor comprehensivity are

at hand for Epinephelinae sequences, our study has added 47 COI

sequences for carefully identified and vouchered specimens.

Supporting Information

Figure S1 Phylogenetic relationships within Epinephe-
lidae. Bayesian inference phylogram obtained from phylogenetic

analyses of the COI under the GTR + I + C model. Values at

nodes indicate Bayesian posterior probabilities (PP) and maximum

likelihood bootstrap percentages (BP). Black circles indicate nodes

supported by posterior probability $95% and ML bootstrap

probability $75%.

(TIF)

Acknowledgments

Anne-Claire Lautrédou (MNHN, Paris), Paolo Galli (University of Milano,

Italy: material from Red Sea), Philippe Béarez (MNHN, Paris: Ecuador,

Philippines), Serges Planes (Moorea Biocode Project, French Polynesia),

Monica Mwale (SAIAB, South Africa), Dominique Ponton (IRD, Nouméa,
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