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Abstract: Ciguatera poisoning (CP) is a common seafood intoxication mainly caused by the
consumption of fish contaminated by ciguatoxins. Recent studies showed that Caribbean ciguatoxin-1
(C-CTX1) is the main toxin causing CP through fish caught in the Northeast Atlantic, e.g., Canary
Islands (Spain) and Madeira (Portugal). The use of liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) combined with neuroblastoma cell assay (N2a) allowed the initial
confirmation of the presence of C-CTX1 in contaminated fish samples from the abovementioned areas,
nevertheless the lack of commercially available reference materials for these particular ciguatoxin
(CTX) analogues has been a major limitation to progress research. The EuroCigua project allowed
the preparation of C-CTX1 laboratory reference material (LRM) from fish species (Seriola fasciata)
from the Madeira archipelago (Portugal). This reference material was used to implement a liquid
chromatography coupled to high-resolution mass spectrometry (LC-HRMS) for the detection of
C-CTX1, acquisition of full-scan as well as collision-induced mass spectra of this particular analogue.
Fragmentation pathways were proposed based on fragments obtained. The optimized LC-HRMS
method was then applied to confirm C-CTX1 in fish (Bodianus scrofa) caught in the Selvagens
Islands (Portugal).

Keywords: ciguatoxins; HRMS; Q-TOF; ciguatera poisoning; C-CTX1; fragmentation pathways

Key Contribution: LC-Q-TOF-MS in full-scan MS and MS/MS mode permitted successful acquisition
of C-CTX1 spectra. Fragmentation pathways are presented. C-CTX1 was confirmed in a barred
hogfish (Bodianus scrofa) from the Selvagens Islands (Portugal).

1. Introduction

Ciguatera poisoning (CP) is a food intoxication mainly related to the consumption of fish
contaminated with ciguatoxins (CTXs) [1]. Ciguatoxins (CTXs) are lipophilic cyclic polyethers,
which are stable to temperature and accumulate in seafood. CP is endemic in temperate waters
of the Pacific Ocean and Caribbean Sea and was recently detected in the Northeast Atlantic [2–6].

Toxins 2020, 12, 267; doi:10.3390/toxins12040267 www.mdpi.com/journal/toxins
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A main difficulty in advancing CP research is the lack of reference materials of these toxins and
the numerous toxic analogues present in the toxic samples [7,8]. This lack of reference materials
limits progress in method development and identification of CTX analogues responsible for the CP.
Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) is considered the most
adequate approach for CTX detection, not only due to the ability for the separation of the different
analogues involved in the contamination but also for their sensitive detection by monitoring their
mass-to-charge ratio. Several LC-MS/MS methods have been developed for CTX analysis [4,9–11].
Research on Caribbean CTXs and in particular on Caribbean ciguatoxin-1 (C-CTX1) as the main
toxin responsible for CP in the Caribbean Sea and the Northeast Atlantic has been limited [12,13].
Despite this limitation, efforts have been recently made to implement LC-MS/MS methods for the
detection of CTXs, particularly in the areas of concern [14,15]. Alternative approaches such as the
combination of neuroblastoma cell assay (N2a) with LC-MS/MS have also been used as a powerful tool
for the confirmation of C-CTX1 and different C-CTX congeners [16].

The potential for confirmation provided by high-resolution mass spectrometry (HRMS) makes this
approach necessary, in particular when the availability of reference materials is limited. Nevertheless,
the lack of sensitivity is a challenge that compromises its applicability as concentrations of CTXs are
typically low. The complexity of the matrix and the difficulty in the ionization of CTXs also jeopardizes
the applicability of LC-HRMS for the detection of CTXs. Despite this, the applicability of HRMS
has been demonstrated in particular for CTX1B and CTX3C as the main toxins responsible of CP
in the Pacific Ocean, the fragmentation pathways have been identified, increasing the knowledge
on how these complex toxins fragment in the mass spectrometer [17–19]. Recent studies published
by Kryuchkov et al. [20] reported strategies for the structure elucidation of Caribbean ciguatoxin
analogues (C-CTX3 and C-CTX4).

This study responds to one of the objectives included in the EUROCIGUA project, which focused
on the risk characterization of ciguatera food poisoning in Europe, and it is partially funded by the
European Food Safety Authority (EFSA). One of the objectives of the project is the confirmation
by HRMS of the CTX analogues previously detected by LC-MS/MS in fish samples from selected
areas in the EU. To accomplish this objective, an LC-HRMS method was developed to obtain C-CTX1
fragmentation pathways, which will allow the characterization of the C-CTX1 molecule. The method
was subsequently applied to confirm the presence of C-CTX1 in a contaminated fish sample from
the Northeast Atlantic (Selvagens Islands, Madeira archipelago, Portugal), previously identified by
LC-MS/MS.

2. Results and Discussion

2.1. LC-HRMS Analysis in Full-Scan MS Mode of C-CTX1

A laboratory reference material (LRM) of C-CTX1 isolated from amberjack, Seriola fasciata, was
analyzed by LC-HRMS. The use of aqueous methanol as mobile phase was dismissed due to the
formation of highly stable [M +Na]+ and the difficulty in its fragmentation. For this reason, the LC
and ion source conditions proposed by [15] for C-CTX1 confirmation monitoring water losses and
specific fragments in the presence of aqueous acetonitrile were followed.

LC-HRMS in full-scan MS acquisition mode detected C-CTX1 at a retention time of 7.8 min
with an ion pattern where the predominant ion was the first water loss m/z 1123.6184 (−4.5 ppm)
[M + H - H2O]+ followed by the sodium adduct m/z 1163.6106 (−1.6 ppm) [M + Na]+. The protonated
molecule [M + H]+ as well as ammonium [M + NH4]+ and potassium adducts [M + K]+ were present
but with a lower intensity and with higher mass differences (>10 ppm) (Figure 1A). The assigned
positive HRMS ion species and their corresponding mass errors (ppm) are presented in Figure 1A.

2
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2.2. LC-HRMS Analysis in Targeted MS/MS Mode of C-CTX1

C-CTX1 fragmentation pathways were proposed based on HRMS/MS spectra in positive targeted
MS/MS mode with a range of six collision energies (from 20 to 70 eV). In HRMS spectra (Figure 1A),
the protonated ion [M + H]+ was not the predominant ion cluster; so due to its high intensity, the first
water loss m/z 1123.6200 [M + H - H2O]+ was selected as precursor ion to be fragmented.

MS/MS spectra of C-CTX1 selecting m/z 1123.6200 [M+H-H2O]+ were characterized by the
detection of successive water losses at m/z 1105.6094 [M+H−2H2O]+, m/z 1087.5989 [M + H - 3H2O]+,
and m/z 1069.5883 [M +H - 4H2O]+ (Figure 1B and Figure S1, Table S1). As with CTX3C and CTX1B [17],
the opening of the G- and H- rings allowed the formation of the ion at m/z 563.3220 followed by
water losses at m/z 545.3115, m/z 527.3009, and m/z 509.2903, these fragments were also detected in [20]
(Figure 1B and Figure S1, Table S1). Fragmentation in K-, L-, M-, and N-rings gave rise to several
fragments with water losses at m/z 253.1439 and m/z 235.1333 as reported in [20] and m/z 181.1229 as
well as the fragment m/z 147.1021 followed by the loss of a –CH2 group m/z 133.0865. A-, B-, C-, and
D- rings were also prone to fragmentation showing ions with water losses and the loss of a –CH2

group at m/z 209.1178, m/z 191.1072, m/z 153.0916, m/z 103.0759, m/z 89.0603, and m/z 59.0497 (Figure 1B
and Figure S1, Table S1). LC-HRMS allowed to confirm the exact mass as well as the fragmentation
pathway of C-CTX1 fragments previously detected in LC-LRMS [15,21].

These results confirmed that the C-CTX1 molecular ion with theoretical m/z 1141.6306 [M +H]+

tends to be fragmented in the source compromising its detection. Therefore, the first water loss
m/z 1123.6200 [M + H - H2O]+ is the highest intense ion formed in C-CTX1 ionization when using
acetonitrile with aqueous ammonium formate and formic acid as mobile phase. This is in agreement
with previous studies where C-CTX1 first water loss is selected as precursor ion in SRM (selected
reaction monitoring) or MRM (multiple reaction monitoring) mode [4,15].

2.3. Analysis of a Naturally Contaminated Sample from Selvagens Islands (Madeira Archipelago, Portugal)

Barred hogfish (Bodianus scrofa) from Selvagens Islands (Madeira, Portugal) was extracted and
purified following the conditions described by [15]. The presence of C-CTX1 was confirmed by
LC-HRMS under the conditions described in this work. C-CTX1 was detected at the same retention
time as the C-CTX1 LRM (7.8 min) (Figure S2). Ion pattern confirmed the detection of C-CTX1 with
the first water loss m/z 1123.6214 (+1.2 ppm) [M + H - H2O]+ and the sodium adduct at m/z 1163.6138
(+1.1 ppm) [M + Na]+ (Figure S3). Despite the detection of C-CTX1 by LC-HRMS and the good mass
accuracy obtained in full-scan MS mode, sensitivity was not enough to obtain MS/MS spectra.

3
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Figure 1. (A) Positive electrospray ionization (ESI+) full-scan MS spectra of Caribbean ciguatoxin-1
(C-CTX1) laboratory reference material (LRM) (estimated to 123 ng/mL); (A1) zoom of C-CTX1 m/z
1123.6149 [M + H - H2O]+; (A2) zoom of C-CTX1 m/z 1163.6106 [M + Na]+ (rectangles in red represent
the theoretical isotope abundance and spacing of C-CTX1). (B) ESI+ targeted MS/MS spectra of C-CTX1
LRM (estimated to 123 ng/mL) selecting C-CTX1 m/z 1123.6200 [M + H - H2O]+ at an average collision
energy of 30, 50, and 70 eV.
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3. Conclusions

The results obtained in this study show the potential of LC-HRMS for the confirmation of the
presence of C-CTX1 in fish from the European Atlantic coasts. C-CTX1 full-scan MS and MS/MS spectra
were successfully obtained and fragmentation pathways showed a similar fragmentation pattern
compared to CTX3C and CTX1B, with fragmentation, not only in the ends of the molecule but also in
the G- and H- rings. The confirmation of C-CTX1 by LC-HRMS is in agreement with previous studies
carried out by combination of N2a and LC-MS/MS in which C-CTX1 had been confirmed as the main
compound responsible for the CTX contamination in EU Atlantic Coasts. The relevance of the results
obtained in this study are justified not only by the accomplishment of an important objective of the
EUROCIGUA project in which the authors of this work are involved, but also for having contributed
to the characterization of CP in areas where this contamination is being considered an emerging issue.

4. Materials and Methods

4.1. Reference Materials and Samples

C-CTX1 LRM (estimated to 123 ng/mL) purified from amberjack S. fasciata from Madeira
archipelago (Portugal) was prepared at the University of Vigo, in the framework of the Specific
Grant 4 of the project EuroCigua (the preparation of these materials is fully described on a manuscript
in preparation, by Gago Martínez and coauthors). C-CTX1 in the LRM was identified by comparison
with authentic C-CTX1 kindly provided by Robert W. Dickey (previously, U.S. Food and Drug
Administration) via Ronald Manger (Fred Hutchinson Cancer Research Center, Seattle, WA, USA).

Barred hogfish (B. scrofa) was captured in the marine protected area of Selvagens Islands (Madeira,
Portugal) under the EUROCIGUA framework agreement in September 2018. A portion of flesh tissue
was dissected and stored raw at −20 ◦C until use.

4.2. Reagents

Acetone, water, methanol, hexane, diethyl ether, and ethyl acetate used for sample preparation
were HPLC grade (Merck KGaA, Darmstadt, Germany).

Water, acetonitrile, formic acid, and ammonium formate used to prepare mobile phases were
of LC-MS grade. All these chemicals were purchased from Sigma Aldrich (Saint Quentin Fallavier,
France).

4.3. Sample Pretreatment

Barred hogfish was extracted and purified following the conditions proposed by [15].

4.4. LC-HRMS and HRMS/MS (Q-TOF 6550 iFunnel)

LC-HRMS analyses were carried out using a UHPLC system 1290 Infinity II (Agilent Technologies,
Santa Clara, CA, USA) coupled to a HRMS quadrupole/time-of-flight (Q-TOF) mass spectrometer,
i.e., Q-TOF 6550 iFunnel (Agilent Technologies, Santa Clara, CA, USA). Chromatographic separation
was performed using a Kinetex C18 column (100 Å, 1.7 μm, 100 × 2.1 mm, Phenomenex, Le Pecq,
France) at 40 ◦C with 5 mM ammonium formate and 0.1% formic acid in water (A) and acetonitrile (B).
The flow rate was set at 0.4 mL/min and the injection volume was 5 μL. Gradient of mobile phase was
carried out as follows: 35% B was kept for 1 min increasing to 80% B in 15 min, 95% of B in 16 min
keeping for 5 min, and returning to the initial conditions in 0.1 min equilibrating the column for 4.9 min
prior to the next injection.

LC-HRMS analyses were carried out in full-scan and targeted MS/MS mode in positive ionization.
Full-scan analysis operated at a mass resolution of 40,000 full width at half maximum (FWHM) over a
mass-to-charge ratio (m/z) ranging from 800 to 1200 with a scan rate of 1 spectrum/s. Targeted MS/MS
was performed in a collision induced dissociation (CID) cell at 45,000 FWHM over the scan rage from
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m/z 50 to 1200 with a scan rate of 10 spectra/s and a scan rate of 3 spectra/s applying three different
collision energies in order to have a good fragmentation pathway. A reference mass of m/z 922.0099
(hexakisphosphazine) was continuously monitored during the entire run. Acquisition was controlled
by MassHunter software (Agilent technologies, CA, USA). Raw data were processed with Agilent
MassHunter Qualitative Analysis software (version B.07.00, service pack 1) using the Find by Formula
(FbF) algorithm screening with a Personal Compound Database and Library (PDCL) created by the
Phycotoxins Laboratory (IFREMER, Nantes, France).

Source conditions were as follows: gas temperature, 250 ◦C; gas flow, 16 L/min; nebulizer, 15 psi;
sheath gas temperature, 400 ◦C; sheath gas flow, 12 L/min; capillary voltage, 5000 V, and nozzle voltage,
1000 V. The instrument was calibrated, using the Agilent tuning mix, in positive ionization mode before
each analysis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/4/267/s1,
Figure S1. ESI+ Targeted MS/MS spectra of C-CTX1 LRM (123 ng/mL approx.) selecting C-CTX1 m/z 1123.6200
[M+H-H2O]+ at an average collision energy of 20, 40 and 60 eV; Figure S2. LC-HRMS chromatogram of (A)
C-CTX1 LRM (123 ng/mL approx.) at 7.8 min; (B) C-CTX1 detected at 7.8 min in a naturally contaminated
sample of barred hogfish (Bodianus scrofa) from Selvagens Islands (Portugal); Figure S3. (A) ESI+ Full scan MS
spectra of Barred hogfish (Bodianus scrofa) from Selvagens Islands (Portugal); (A.1) Zoom of C-CTX1 m/z 1123.6214
[M+H-H2O]+; (A.2) Zoom of C-CTX1 m/z 1163.6138 [M+Na]+;Table S1. Accurate mono-isotopic masses (theoretical
and measured) of C-CTX1 after ESI+ Targeted MS/MS analysis selecting [M+H-(H2O)]+ at m/z 1123.6200 with an
averaged collision energy of 20, 40 and 60 eV (A) and 30, 50 and 70 eV (B).
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Abstract: Over the last decade, knowledge has significantly increased on the taxonomic identity and
distribution of dinoflagellates of the genera Gambierdiscus and Fukuyoa. Additionally, a number of
hitherto unknown bioactive metabolites have been described, while the role of these compounds
in ciguatera poisoning (CP) remains to be clarified. Ciguatoxins and maitotoxins are very toxic
compounds produced by these dinoflagellates and have been described since the 1980s. Ciguatoxins
are generally described as the main contributors to this food intoxication. Recent reports of CP in
temperate waters of the Canary Islands (Spain) and the Madeira archipelago (Portugal) triggered
the need for isolation and cultivation of dinoflagellates from these areas, and their taxonomic and
toxicological characterization. Maitotoxins, and specifically maitotoxin-4, has been described as one
of the most toxic compounds produced by these dinoflagellates (e.g., G. excentricus) in the Canary
Islands. Thus, characterization of toxin profiles of Gambierdiscus species from adjacent regions appears
critical. The combination of liquid chromatography coupled to either low- or high-resolution mass
spectrometry allowed for characterization of several strains of Gambierdiscus and Fukuyoa from the
Mediterranean Sea and the Canary Islands. Maitotoxin-3, two analogues tentatively identified as
gambieric acid C and D, a putative gambierone analogue and a putative gambieroxide were detected
in all G. australes strains from Menorca and Mallorca (Balearic Islands, Spain) while only maitotoxin-3
was present in an F. paulensis strain of the same region. An unidentified Gambierdiscus species
(Gambierdiscus sp.2) from Crete (Greece) showed a different toxin profile, detecting both maitotoxin-3
and gambierone, while the availability of a G. excentricus strain from the Canary Islands (Spain)
confirmed the presence of maitotoxin-4 in this species. Overall, this study shows that toxin profiles
not only appear to be species-specific but probably also specific to larger geographic regions.

Toxins 2020, 12, 305; doi:10.3390/toxins12050305 www.mdpi.com/journal/toxins
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ciguatera poisoning

Key Contribution: Metabolites were identified in several Gambierdiscus strains from the Balearic
Islands, Greece and the Canaries. High-resolution mass spectrometry confirmed the presence
of 44-methyl gambierone (MTX3) and did not detect maitotoxin-1 (MTX1), desulfo-MTX1 and
didehydro-desulfo-MTX1 above the detection limit in Mediterranean strains of G. australes.

1. Introduction

Ciguatera Poisoning (CP) is described as a food intoxication endemic in tropical and subtropical
areas of the world. The poisoning is caused by the consumption of fish or shellfish that accumulate
toxic compounds produced by benthic dinoflagellates of the genus Gambierdiscus and Fukuyoa [1].
The two main toxin groups produced by these dinoflagellates are ciguatoxins (CTXs) and maitotoxins
(MTXs) [2].

CTXs are considered the main toxins responsible for CP as their lipophilic character allows for
intestinal absorption and accumulation. They are cyclic polyether compounds of around 1100 Da being
classified as Pacific (P-CTXs), Caribbean (C-CTXs) and Indian (I-CTXs) ciguatoxins. Different CTX
analogues from these groups have been detected in fish tissue associated to a CP case, while only a few
P-CTXs were detected in Gambierdiscus extracts from the Pacific Ocean [3–7].

MTXs are water soluble cyclic polyethers containing one or two sulfate ester groups; these groups
are responsible for the intermediate polarity of MTXs, and their low intestinal absorption casts doubts
as to their involvement in CP [8]. Six MTX analogues have currently been identified: maitotoxin-1
(MTX1), maitotoxin-2 (MTX2), maitotoxin-3 (MTX3), maitotoxin-4 (MTX4), desulfo-MTX1 and didehydro-
demethyl-desulfo-MTX1, all of which were isolated from different strains of Gambierdiscus [9–12].

MTX1 is the most toxic marine compound and the largest natural non-biopolymer toxin consisting
on a ladder-shaped cyclic polyether compound containing two sulfate groups [9]. MTX2 was
isolated from an Australian Gambierdiscus strain from Queensland [10]. Its structure has not yet
been elucidated and it showed a lower potency than MTX1 by intraperitoneal injection in mice.
MTX3 (44-methylgambierone) was first characterized by [10], but it was not until recently that its
structure had been elucidated by its isolation from G. belizeanus and G. australes, being identified
as a gambierone homologue [13–15]. MTX3, which is about one third the molecular weight of
MTX1, showed a biological activity similar to CTX3C but with much lower potency, indicating that
despite being grouped in the MTX group, this compound exhibits CTX-like activity rather than
MTX-like activity [13]. MTX4 was recently isolated from G. excentricus extracts from the Canary Islands
(Spain) [11]. Its structure is not yet elucidated but it has ion clusters and molecular mass in a similar
range as MTX1, as well as sulfate esters; it was reported to exhibit a similar toxic effect of MTX1 in
neuroblastoma cells detecting a high cytotoxicity and Ca2+ influx [11]. Other large but mono-sulfated
MTXs were recently elucidated by their isolation from Gambierdiscus spp. from the Caribbean Sea, i.e.,
desulfo-MTX1 from G. belizeanus and didehydro-demethyl-desulfo-MTX1 from G. ribotype-2, showing
the wide variety of MTXs that seem to be produced by these dinoflagellates [12] (Table 1). Furthermore,
Gambierdiscus and Fukuyoa have shown to produce non-structurally related cyclic polyether compounds
such as gambierol, gambieric acids, gambieroxide and gambierone [15–18].
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Table 1. List of the maitotoxins isolated from dinoflagellates of the genus Gambierdiscus and Fukuyoa.

MTX Congener Chemical Formula Monoisotopic Mass (Da) Reference

MTX1 C164H258O68S2 3379.6171 for the free acid form [9]
MTX2 Unknown 3298 for the mono-sodium salt [10]
MTX3 C52H78O19S 1038.4858 for the free acid form [13,14]
MTX4 Unknown 3292.486 for the free acid form [11]

desulfo-MTX1 C164H258O65S 3299.6603 for the free acid form [12]
didehydro-demethyl-desulfo-MTX1 C163H254O65S 3283.6290 for the free acid form [12]

Most of these compounds can be classified depending on their mechanism of action into two
groups: (i) MTX-like compounds, associated with a massive Ca2+ influx causing a rapid cell death,
including MTX1, MTX2 and MTX4; and (ii) CTX-like compounds, which create a disequilibrium in the
voltage-gated sodium channels (VGSCs), including all CTXs, and with much lower potency, MTX3 and
gambierone [13].

A wide variety of Gambierdiscus species are present in regions considered endemic for CP (the Pacific
Ocean or the Caribbean Sea) [19]. These dinoflagellates have also been detected in CP-emerging regions
such as the Canary Islands (Spain) and Madeira archipelago (Portugal), as well as in the Mediterranean
Sea, from which no CP cases have been reported until now [20]. Gambierdiscus excentricus was the
first Gambierdiscus species detected in the Canary Islands [21], but its detection led to further research
that concluded with the detection of a large number of Gambierdiscus species (G. australes, G. caribaeus,
G. carolinianus, G. excentricus, G. silvae and Gambierdiscus ribotype3) suggesting that the Canary Islands
would be a “hot spot” for these dinoflagellates [22]. On the other hand, the only available data from
the Selvagem Islands (Madeira, Portugal) is the detection of numerous strains of G. australes, which test
positive in the Neuro2a cell-based toxicity assay (N2a), suggesting they contain CTX- and MTX-like
compounds [23]. In the Mediterranean Sea, the presence of Gambierdiscus was first reported in 2003
(Gambierdiscus sp.) in Crete (Greece), while to our knowledge only one study in 2016 attempted to
characterize a strain of F. paulensis from Formentera (Balearic Islands, Spain) by LC-MS, however,
the trace levels of toxic compounds present did not allow for conclusive results about the compounds
produced [24,25].

As part of the ongoing EuroCigua project [26], G. australes and F. paulensis were isolated from
Menorca and Mallorca (Balearic Islands, Spain), Gambierdiscus sp.2 from Crete (Greece), as well as
G. excentricus from La Gomera (Canary Islands, Spain), showing CTX and MTX-activity. The aim of
the present study was to describe the diversity of toxins produced by a selection of these strains of
Gambierdiscus and Fukuyoa species using liquid chromatography coupled to low- and high-resolution
mass spectrometry (LC-MS/MS and LC-HRMS). While LC-MS/MS was used for a rapid screening of the
toxic compounds potentially present, allowing for the estimation of their concentrations, the purpose
of LC-HRMS was the confirmation and structural characterization of the toxic compounds previously
identified by LC-MS/MS.

2. Results

2.1. LC-MS/MS Analysis

In an attempt to separate MTXs and gambierones from CTXs, liquid/liquid partitioning of the
crude extracts was carried out between MeOH:H2O (3:2) and dichloromethane. The methanol-soluble
fraction (MSF) and the dichloromethane-soluble fraction (DSF) of each crude extract of dinoflagellate
cell pellets were analyzed by LC-MS/MS monitoring MTXs, as well as gambierone (Table 2). A Multiple
Reaction Monitoring (MRM) method in negative ionization mode screened for six MTXs (MTX1,
MTX2, MTX3, MTX4, desulfo-MTX1 and didehydro-demethyl-desulfo-MTX1), as well as gambierone.
The ESI− MRM method was based on monitoring a qualitative transition from the (pseudo-)molecular
ion to the hydrogenated sulfate anion m/z 96.9 [HOSO3]− at high collision energy, which is typical
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of these compounds, and for quantitation based on monitoring the pseudo-molecular ion itself
[M−2H]2−/[M−2H]2− for MTX1, MTX4, desulfo-MTX1 and didehydro-demethyl-desulfo-MTX1.
This was due to the single-charged ion of these compounds being outside the mass range of the
mass spectrometer (50–2800 Da), whereas [M-H]−/ [M-H]− was selected for MTX3 and gambierone.
Due to the absence of MTX2 MS/MS fragmentation data, the double-charged [M−2H]2−/[HOSO3]− and
triple-charged [M−3H]3−/[HOSO3]− molecular anions to the sulfate anion m/z 96.9 [HOSO3]− were
selected as MRM transitions for this compound, assuming similar MS/MS fragmentation behavior of
MTX1 and MTX2 [27].

The identification of MTX1, MTX3, gambierone and MTX4 was carried out by comparing retention
times as well as ion ratios with the reference materials available (Table S8). On the other hand, the lack of
structural information and reference material of MTX2 limited its identification. Therefore, the absence
of this compound was reported as not detected above the limit of detection of any ion transition
monitored. The lack of reference material of desulfo-MTX1 and didehydro-demethyl-desulfo-MTX1
also limited its identification, with the approach followed being the same as that described for MTX2.
However, the accurate mass of these compounds was available, only hampering its identification in
LC-HRMS by the uncertainty of the limit of detection of our method for these compounds.

44-methyl-gambierone (MTX3) was identified in all samples of G. australes from Menorca and
Mallorca (Balearic Islands, Spain), detecting both quantitative m/z 1037.6 [M-H]−/ m/z 1037.6 [M-H]−
and qualitative m/z 1037.6 [M-H]−/ m/z 96.9 [HOSO3]− MRM ion transitions in negative ionization
mode. MTX3 concentrations in G. australes strains ranged from 344 to 1661 pg MTX1 equivalent/cell
(eq./cell) taking into account the total amount detected in the sum of MSF + DSF. Gambierdiscus sp.2
from Crete (Greece) contained significantly less MTX3 (4.3 pg MTX1 eq./cell). The recovery of MTX3 in
the MSF ranged between 66.7% and 84.1% for G. australes for the Balearic and Crete strains (Table 2).
MTX3 was also present in one F. paulensis from Menorca (Balearic Islands, Spain) at a concentration
of 10.5 pg MTX1 eq./cell. In this case, however, the recovery of MTX3 in the MSF was only 17.7%
(Table 2). This difference compared to the recovery observed in the MTX3 detected in G. australes must
be explored; at this stage, we can only presume a matrix effect during the partitioning step. Gambierone
was only identified in the one Gambierdiscus strain from Crete, albeit at a significant concentration of
776 pg MTX1 eq./cell for the sum of MSF + DSF. The recovery of gambierone in the MSF was 92.2%
(Table 2).

A putative gambierone analogue, with an earlier retention time than gambierone on the C18 column,
was detected in all G. australes from Menorca and Mallorca (Balearic Islands, Spain) at concentrations
ranging from 148.6 to 523.4 pg MTX1 eq./cell and an average recovery of the putative gambierone
analogue in the MSF of 99.7% (Table 2). Negative ionization mode detected both quantitative m/z
1023.5 [M-H]−/ m/z 1023.5 [M-H]− and qualitative ion transitions m/z 1023.5 [M-H]−/m/z 96.9 [HOSO3]−
with the same ion ratios as gambierone. This compound was not present in the other three strains of
Gambierdiscus.

Further confirmation of MTX3, gambierone and the putative gambierone analogue was carried out
in positive ionization mode and not only in MRM, but also in full scan and enhanced product ion modes,
confirming the presence of MTX3 and gambierone due to the detection of their common fragment m/z
803 as well as their specific fragments m/z 233 and m/z 219, respectively. This was already reported by
Boente-Juncal et al. [13], and a common fragment with m/z 109 was assigned to the fragmentation of
the side chain in the last ring (Figures S1 and S2). The putative gambierone analogue did not show
any common or specific gambierone fragments but showed a fragmentation pattern similar to these
compounds, including water losses and sulfate loss followed by water losses (Figures S1 and S2).

MTX4 was confirmed in a strain of G. excentricus from La Gomera (Canary Islands, Spain).
Retention time as well as MRM ion ratios transitions m/z 1646.2 [M−2H]2−/m/z 1646.2 [M−2H]2− and
m/z 1646.2 [M−2H]2−/m/z 96.9 [HOSO3]− were consistent with those obtained in the MTX4 reference
material. The recovery of MTX4 from the DSF to the MSF was 99.3% (See Table 2).
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MTX1, MTX2, desulfo-MTX1 and didehydro-demethyl-desulfo-MTX1 were not detected in any
Gambierdiscus or Fukuyoa samples from the Mediterranean Sea and the G. excentricus from Canary
Islands (Spain), neither in the MSF nor in the DSF.

2.2. LC-HRMS/MS Analysis

The presence of the compounds previously identified and quantified by LC-MS/MS was confirmed
by LC-HRMS. Mass spectral detection was performed in full scan and targeted MS/MS mode in
negative (ESI−) and positive (ESI+) ionization mode. Both DSF and MSF of dinoflagellate extracts
were analyzed in ESI− and ESI+ full scan mode, and screening with an in-house database allowed for
identification of several compounds based on their characteristics reported in the literature.

MTX3 was confirmed in all G. australes in both ESI− and ESI+ full scan mode at 7.6 min. Negative
ionization mode showed the detection of a single ion corresponding to the deprotonated molecule
[M-H]− with Δppm < 1 ppm in all samples of this species (Figure 1A1, Table S1). At the same retention
time, positive ionization mode showed a prominent ion corresponding to the molecular ion [M+H]+

and also pseudo-molecular ions [M+H-H2O]+, [M+NH4]+, [M+Na]+ with Δppm < 3.7 ppm in all ions
of these samples (Figure 1A) (See Table S1).

Figure 1. LC-HRMS analysis in MS full scan mode of: MTX3 detected in G. australes, (A) ESI+ mode,
(A1) ESI− mode; gambierone detected in Gambierdiscus sp.2, (B) ESI+ mode, (B1) ESI− mode.

The molecular ion [M-H]− of MTX3 was also detected in F. paulensis and Gambierdiscus sp.2 in
ESI− ionization mode at 7.6 min with a Δppm < 1.9 ppm, whereas the lower sensitivity of the ESI+

ionization mode for this compound only allowed the detection of the molecular ion [M+H]+ with
Δppm < 2.2 ppm and traces of the first water loss [M+H-H2O]+ (Δppm < 8 ppm) (See Table S1).

Gambierone was identified at 7.4 min in the Gambierdiscus sp.2 from Crete (Greece) showing a
similar ion pattern as the one detected for MTX3 in both ESI− and ESI+ full scan mode. Negative
ionization mode showed the detection of a single ion matching the deprotonated molecule [M-H]− m/z
1023.4630 (Δppm = +0.1 ppm) (Figure 1B1, Table S2). Positive ionization mode showed, at the same
retention time, a prominent ion corresponding to the molecular ion [M+H]+ m/z 1025.4810 (Δppm =
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+3.5 ppm) and also the pseudo-molecular ions [M+H-H2O]+ m/z 1007.4687 (Δppm = +1.8), [M+NH4]+

m/z 1042.5060 (Δppm = +1.9) and [M+Na]+ m/z 1047.4580 (Δppm = −1.3) (Figure 1B, Table S2).
MTX3 and gambierone were further confirmed in targeted MS/MS in both ESI− and ESI+ mode.

ESI−-targeted MS/MS selected the deprotonated molecule [M-H]− applying 30 eV, 50 eV and 70 eV,
detecting the hydrogen-sulfate fragment [HOSO3]− in both compounds (Figures 2A and 2B). An ion
representing a water loss [M-H-H2O]− was also detected in low abundance, as well as the fragments
specific for MTX3, m/z 977.4535 (Δppm = −4.0 ppm) and m/z 959.4428 (Δppm = −4.2 ppm), and those
specific for gambierone, m/z 963.4392 (Δppm = −2.6 ppm) and m/z 945.4302 (Δppm = −1.0 ppm).
Fragmentation pathways are also proposed on the basis of the observed fragments, including the two
common fragments with theoretical m/z 899.3741 and m/z 839.3529, as well as water losses common to
both MTX3 and gambierone (Figures 2A1 and 2B1) (Table 3).

Table 3. Accurate masses (measured and theoretical) of informative ions of MTX3 and gambierone in
ESI− mode and ESI+ mode.

Ion

MTX3 Gambierone

Molecular
Formula

m/z
Δ ppm Molecular

Formula

m/z
Δ ppm

Measured Theoretical Measured Theoretical

ESI−

[M-H]− C52H77O19S− 1037.4774 1037.4785 −1.1 C51H75O19S− 1023.4612 1023.4629 −1.6

[M-H-H2O]− C52H75O18S− 1019.4625 1019.4680 −5.3 C51H73O18S− 1005.4463 1005.4523 −6.0
C50H73O17S− 977.4535 977.4574 −4.0 C49H71O17S− 963.4392 963.4417 −2.6

H2O C50H71O16S− 959.4428 959.4468 −4.2 C49H69O16S− 945.4302 945.4312 −1.0
C43H63O18S− 899.3707 899.3741 −3.7 C43H63O18S− 899.3707 899.3741 −3.7

-H2O C43H61O17S− 881.3613 881.3635 −2.5 C43H61O17S− 881.3618 881.3635 −1.9
C41H59O16S− 839.3501 839.3529 −3.4 C41H59O16S− 839.3517 839.3529 −1.5

-H2O C41H57O15S− 821.3362 821.3424 −7.5 C41H57O15S− 821.3306 821.3424 −14.3
[HOSO3]− HOSO3

− 96.9611 96.9601 10.3 HOSO3
− 96.9615 96.9601 14.4

ESI+

[M+H]+ C52H79O19S+ 1039.4911 1039.4931 −1.9 C51H77O19S+ 1025.4749 1025.4774 −2.4
[M+H-H2O]+ C52H77O18S+ 1021.4795 1021.4825 −2.9 C51H75O18S+ 1007.4636 1007.4668 −3.2

[M+H-2H2O]+ C52H75O17S+ 1003.4692 1003.4720 −2.8 C51H73O17S+ 989.4528 989.4563 −3.5
[M-SO3+H]+ C52H79O16

+ 959.5333 959.5363 −3.1 C51H77O16
+ 945.5171 945.5206 −3.7

[M-SO3-H2O+H]+ C52H77O15
+ 941.5232 941.5257 −2.7 C51H75O15

+ 927.5070 927.5100 −3.2
[M-SO3-2H2O+H]+ C52H75O14

+ 923.5125 923.5152 −2.9 C51H73O14
+ 909.4968 909.4995 −3.0

[M-SO3-3H2O+H]+ C52H73O13
+ 905.5022 905.5046 −2.7 C51H71O13

+ 891.4849 891.4889 −4.5
[M-SO3-4H2O+H]+ C52H71O12

+ 887.4911 887.4940 −3.3 C51H69O12
+ 873.4743 873.4783 −4.6

[M-SO3-5H2O+H]+ C52H69O11
+ 869.4812 869.4835 −2.6 C51H67O11

+ 855.4656 855.4678 −2.6
C43H65O18S+ 901.3854 901.3886 −3.6 C43H65O18S+ 901.3884 901.3886 −0.2

-H2O C43H63O17S+ 883.3756 883.3780 −2.7 C43H63O17S+ 883.3744 883.3780 −4.1
-OSO3H C43H63O14

+ 803.4182 803.4212 −3.7 C43H63O14
+ 803.4173 803.4212 −4.9

C15H21O2
+ 233.1533 233.1536 −1.3 C14H19O2

+ 219.1375 219.1380 −2.1
C15H19O+ 215.1429 215.1430 −0.5 C7H9O+ 109.0644 109.0648 −3.6
C8H11O+ 123.0800 123.0804 −3.2 C6H9

+ 81.0697 81.0699 −2.2
C7H9O+ 109.0645 109.0648 −2.8
C7H11

+ 95.0852 95.0855 −3.2
C6H9

+ 81.0696 81.0699 −3.7

Positive mode ESI+-targeted MS/MS of MTX3 and gambierone molecular ion [M+H]+, m/z 1039.4931
and m/z 1025.4774, respectively, at an average CE of 20, 40 and 60 eV allowed for the unambiguously
confirmation of both compounds. MTX3-targeted MS/MS spectra showed a series of: 1) water losses
and sulfite loss plus water losses (Δppm < 4 ppm), 2) the ion with theoretical m/z 803.4212 also common
to gambierone, and 3) the ions corresponding to those already reported in LC-MS/MS at m/z 233.1553
(Δppm = −1.3 ppm) and m/z 109.0645 (Δppm = −2.8 ppm), assigned to the fragmentation of MTX3
I-ring (Figure 3A) (Table 3).
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Figure 2. ESI-targeted HRMS/MS spectra of: MTX3 in G. australes: (A) average CE of 30 eV, 50 and
70 eV; (A1) zoom from m/z 770 to m/z 1050 at 70 eV, gambierone in Gambierdiscus sp.2; (B) average CE of
30 eV, 50 and 70 eV; (B1) zoom from m/z 770 to m/z 1050 at 70 eV.
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Figure 3. +ESI averaged 20 eV, 40 eV and 60 eV and targeted HRMS/MS spectra of: (A) MTX3 in
G. australes, (B) gambierone in Gambierdiscus. sp.2.

The same fragmentation pattern was observed for gambierone with the detection of water losses
and sulfite loss plus water losses (Δppm < 5 ppm), the ion with m/z 803.4173 (Δppm = −4.9 ppm),
and the gambierone specific ions m/z 219.1375 (Δppm = −2.1 ppm) and m/z 109.0644 (Δppm = −3.6 ppm)
(Figure 3B) (Table 3).

Due to the lack of the molecular formula of MTX4, its confirmation in the G. excentricus from
the Canary Islands (Spain) could not be carried out by screening with the database. However,
the availability of MTX4 reference material allowed for confirmation of this compound by comparing
retention time (7.5 min), as well as further ESI−-targeted MS/MS by selecting the [M-2H]2− and detection
of the two fragment ions [HOSO3]− and [SO3]− (Figure 4).

The putative gambierone analogue detected by LC-MS/MS was identified by LC-HRMS ESI+ full
scan analysis using the algorithm Find-By-Molecular-Feature (FBF) to detect, at a retention time of
6.0 min, a prominent ion with m/z 1042.4911 assigned to [M+NH4]+ as well as [M+H]+ m/z 1025.4632,
[M+Na]+ m/z 1047.4427 and [M+K]+ m/z 1063.4108 (Figure S3). The mass differences (Δppm) for these
ions were higher than 13, indicating that this compound is probably not a gambierone isomer (Table S3,
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Figure S3). It was also observed that under the LC-HRMS conditions the ion pattern of this compound
is different to both gambierone and the putative gambierone analogue in low- and high-resolution MS,
where the prominent ion is the protonated molecule [M+H]+. ESI−-targeted MS/MS of the [M-H]− of
the putative gambierone revealed a hydrogenated sulfate anion loss typical of MTX-like compounds,
whereas no specific or common fragments to gambierone or MTX3 were detected between m/z 770
and m/z 1010 (Figure S4). Positive ionization mode targeted MS/MS of the [M+H]+ also revealed a
similar fragmentation pattern as gambierone and MTX3 with sulfate loss plus water losses, however,
large mass differences (Δppm > 20) were observed compared to gambierone and no fragments common
to gambierone were detected (Table S4 and Figure S5).

Figure 4. ESI−-targeted HRMS/MS spectra at 110 eV of MTX4 from G. excentricus extract.

The screening of raw data with the database of the ESI− and ESI+ full scan data also detected a
putative gambieroxide at a retention time of 5.3 min in the MSF of all G. australes strains (Table S5).
Negative ESI full scan mode allowed for detection of the deprotonated molecule [M-H]− of the
putative gambieroxide with Δppm < 3 ppm (Figure S6). Positive ESI full scan acquisition showed a
prominent ion at m/z 1212.6019 corresponding to [M+NH4]+ with Δppm = +3.0 ppm, and [M+Na]+

was also detected at m/z 1217.5553 but with lower intensity and a Δppm = +1.2 ppm (Figure S7).
Negative ESI-targeted MS/MS of [M-H]− m/z 1193.5572 of the putative gambieroxide only revealed
a fragment at m/z 453.1964 which was not identified in the molecule [18], whereas ESI+-targeted
MS/MS of [M+NH4]+ m/z 1212.5983 showed a prominent fragment at m/z 1159.5493 corresponding to
[M+H-2H2O]+ (−1.1 ppm) and followed by six water loss molecules. The lack of authentic gambieroxide
MS/MS data or standard limited the confirmation of this compound (Figures S8 and S9).

As above mentioned, the DSF was also analyzed and compared with the corresponding compounds
reported in the literature. Two compounds matching gambieric acid C and D were identified in both
the ESI+ and ESI− MS full scan in G. australes. These compounds partially coeluted on the C18-column
with retention times of 8.895 min for the compound tentatively identified as gambieric acid C and
8.928 min for the compound tentatively identified as gambieric acid D.

For both putative gambieric acid C and D, the deprotonated molecular cluster [M-H]−was detected
with Δppm < 2.5 ppm in all samples of G. australes (Figures 5A1 and 5B1) (See Tables S6 and S7).
Positive ESI full scan mode showed at the same retention time three prominent ions corresponding to
the molecular ion [M+H]+ and also pseudo-molecular ions [M+NH4]+, [M+Na]+ with Δppm < 5 ppm
in all ions of these samples (Figures 5A and 5B, Tables S6 and S7).
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Figure 5. LC-HRMS full scan analysis of putative gambieric acid C, (A) ESI+, (A1) ESI−; putative
gambieric acid D, (B) ESI+, (B1) ESI− in G. australes extract.

Positive ESI-targeted MS/MS selecting gambieric acid C and D [M+H]+ m/z 1185.6932 and m/z
1199.7088 respectively, showing a common fragment with m/z 135.1174 assigned to the fragmentation
of the side chain containing an ester group (Figure 6). Putative gambieric acid C spectra showed two
prominent ions m/z 1039.6331 (Δppm = −2.0 ppm) and m/z 943.5394 (Δppm = −2.0 ppm), both followed
by four water losses (Figure 6A). Putative gambieric acid D spectra showed a similar fragmentation
pattern with the detection of m/z 1053.6477 (Δppm = −3.0 ppm) and m/z 957.5542 (Δppm = −2.9 ppm)
both followed by water losses, with the most intense being the first water loss of both ions (Figure 6B).

ESI−-targeted MS/MS was also carried out by selecting the deprotonated molecular ions of putative
gambieric acid C and D [M-H]−, m/z 1183.6786 and m/z 1197.6943, respectively. Despite the difficulty
in fragmentation of the molecules in this ionization mode and the low abundance of the fragments,
both compounds showed a similar fragmentation pattern, detecting a single water loss molecule
[M-H-H2O]− m/z 1165.6633 (Δppm = −4.0 ppm) and m/z 1179.6758 (Δppm = −6.7 ppm), respectively,
a fragment corresponding to cleavage on the alfa carbonyl group of the ester m/z 1055.6275 (Δppm
= −3.6 ppm) and m/z 1069.6389 (Δppm = −7.5 ppm) and a common fragment with m/z 112.9852
(Figure S10).
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Figure 6. ESI+-targeted HRMS/MS spectra at an average of 20, 40 and 60 eV of (A) putative gambieric
acid C and (B) putative gambieric acid D; both detected in G. australes.
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3. Discussion

The present study identified and quantified compounds by LC-MS/MS and further confirmed via
LC-HRMS the presence of maitotoxins as well as gambierone and other cyclic polyether compounds
in dinoflagellates of the genus Gambierdiscus and Fukuyoa from the Mediterranean Sea and one G.
excentricus from the Eastern Atlantic (Canary Islands, Spain).

LC-MS/MS negative ionization in MRM mode allowed for the sensitive quantitation of various
MTXs. The two mono-sulfated MTXs recently isolated from Gambierdiscus of the Caribbean
Sea, desulfo-MTX1 and didehydro-demethyl-desulfo-MTX1, were also monitored, assuming that
due to their similarities to MTX1 they would have a similar fragmentation pattern monitoring
[M−2H]2−/[M−2H]2− as a quantitative transition and [M−2H]2−/[HOSO3]− as qualitative transition.
Quantitation of the different MTXs and gambierone was carried out using MTX1, the only commercially
available maitotoxin. This quantitation may be most adequate for MTX4 which is a compound
chemically similar to MTX1, not only in its molecular weight, but also in its fragmentation pattern.
MTX3 (=44-methyl-gambierone) and gambierone, which are one-third the molecular weight of MTX1
and MTX4, were also quantified using this approach as they also contain a sulfate group and with
results comparable to a commercially available analogue. This approach is traceable but results in
somewhat increased uncertainty on any estimated concentration of these compounds.

Among the dinoflagellate species analyzed in this study, G. australes appears to be the species that
produces the widest variety of hitherto reported Gambierdiscus metabolites: MTX3, putative gambieric
acids C and D, a putative gambierone analogue and a putative gambieroxide. All G. australes strains
analyzed were from the same geographical region, Mallorca and Menorca, which are located in the
western Mediterranean (Balearic Islands, Spain). The detection of MTX3 in this species is in agreement
with the strains of G. australes recently isolated from Raoul Island (New Zealand) [14]. No MTX1
was detected in any strain of G. australes from Balearic Islands while, in contrast, this compound
was detected by LC-MS/MS with MTX3 in strains of the same species from Kochi (Japan) as well as
Macaulay Island (New Zealand) [11,28].

The recovery of MTX3 from the DSF was 75% which indicates that the liquid/liquid partition using
aqueous MeOH and dichloromethane must be further optimized to quantitatively separate MTX3
from CTXs. This partition behavior also shows that MTX3 has a somewhat lipophilic character which
may result in MTX3 being absorbed and accumulated as CTXs in fish and the human digestive system.
A recent study showed the accumulation of MTX1 in carnivorous fish tissues (liver and muscles of
snappers) after exposure to G. australes [29]. While MTX3 clearly has much lower CTX-like activity
compared to CTX3C [13], MTX3 was detected in much higher concentrations, estimated up to 1662 pg
MTX1-equiv. cell−1, suggesting that MTX3 should be monitored in fish muscle in order to explore its
possible role in CP.

The absence of MTX1 and the detection of a putative gambierone analogue in all G. australes
pointed out another possible difference in the toxin profiles of G. australes from the Mediterranean
Sea and the Pacific Ocean. The use of LC-HRMS showed the ability to conclude that this compound,
which initially seemed to be a gambierone isomer by full scan and MRM mode in LC-MS/MS, is not
a gambierone isomer due to its high Δppm compared to authentic gambierone. Toxicity of purified
fractions containing this compound should be evaluated to check its possible interest for the overall
assessment of the toxicity of G. australes.

Putative gambieric acids C and D were detected in the DSF of all strains of G. australes, but not in
any other species. Again, this suggests a strong lipophilic character and the potential to accumulate
in fish flesh and potentially pass through the human intestinal barrier. Despite the lack of reference
material for gambieric acids C and D to compare retention time, the HRMS ESI− and ESI+ full scan
and targeted MS/MS analysis showed confident data to conclude that the compounds detected should
match these potent antifungal compounds, initially isolated from G. toxicus from French Polynesia in
1992 [17,30], i.e., prior to this species being separated into several other species. Gambieric acid D was
recently detected in the tissue of a shark involved in a CP in the Indian Ocean, suggesting the stability
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of some of these compounds through the food web [4]. The toxicity of gambieric acids C and D and
their role in CP is not clear, the only toxicological data is in mouse lymphoma cells L5178Y showing a
moderately low toxic effect [17,30].

Despite the detection of a putative gambieroxide in the MSF of all strains of G. australes by
LC-HRMS, its confirmation is not conclusive due to the lack of authentic gambieroxide to compare
retention time as well as fragmentation in targeted MS/MS. Gambieroxide was first isolated from
the G. toxicus GTP2 strain collected at Papeete in French Polynesia and has a structure similar to
yessotoxin [18].

The only F. paulensis analyzed in this work was also from Menorca (Balearic Islands, Spain) and
showed a low amount of MTX3, 10.5 pg MTX eq./cell, which may explain the poor recovery of 18%
from the MSF, reinforcing the inadequacy of this liquid/liquid partition for this particular compound.
MTX3 was also detected by LC-MS/MS in F. paulensis from Australia and New Zealand [31,32]. In the
Western Mediterranean Sea (Formentera, Balearic Islands, Spain), a positive response was observed in
the mouse bioassay (MBA) for both MSF and DSF of a F. paulensis and the inconclusive detection by
LC-HRMS of gambieric acid A and 54-deoxy-CTX1B in trace levels [25].

Gambierdiscus sp.2 from Crete (Greece) showed a profile with low MTX3 concentration (4.2 pg
MTX1-eq./cell) and gambierone at much higher concentration (776 pg MTX1-eq./cell). The biological
activity of gambierone is similar to CTX3C but of lower potency (similar to MTX3) and since
approximately 8% partitioned into the DSF, it should also be monitored in fish tissue from CP cases [15].
The presence of Gambierdiscus in Crete Island was first reported in 2003 by [24], while it was not until
2017 that a putative MTX3 was detected by LC-MS/MS in a G. carolinianus strain from this region [20].

The availability of a strain of G. excentricus from La Gomera (Canary Islands, Spain) allowed
for confirmation that MTX4 is the main MTX present in this species as previously reported [11].
The liquid/liquid partitioning step appeared adequate for MTX4 as 99.3% of MTX4 were recovered in
the MSF.

4. Conclusions

This study allowed for the characterization of the toxins produced by different species of
dinoflagellates from the Mediterranean Sea. LC-MS/MS was used for a first and rapid screening,
allowing a quantitative estimation of the toxins involved, while LC-HRMS allowed for their confirmation
and characterization. Dinoflagellates from the Mediterranean Sea showed toxin profiles similar to
those detected in CP endemic regions. Strains of G. australes from Mallorca and Menorca (Spain,
Mediterranean Sea) produced MTX3, putative gambieric acid C and D, a putative gambierone analogue
and putative gambieroxide, while MTX1 was absent in contrast to the same species from temperate
waters of the Pacific Ocean. F. paulensis from the same region only produced MTX3, and the strain
of Gambierdiscus sp.2 from Crete (Greece) produced MTX3 and gambierone. Further research needs
to be carried out in order to evaluate the possible presence of CTXs in fish from the Mediterranean
Sea, considering that the presence of these dinoflagellates is associated with the production and
accumulation of CTXs through the marine food web.

5. Materials and Methods

5.1. Reference Toxins and Chemicals

Maitotoxin-1 (MTX1) standard used for the LC-MS analysis was obtained from Wako Chemicals
USA, Inc. (Richmond, VA, USA). MTX1 standard was dissolved in MeOH:H2O (1:1, v/v) being the
stock solution 10 μg·mL−1. MTX4 qualitative laboratory reference material partially purified from
Gambierdiscus excentricus was available from a previous study at the Phycotoxins Laboratory [11].
MTX3 and gambierone were identified as both compounds have identical retention times in our
chromatography in both G. australes and G. belizeanus, the two species from which they have been
originally isolated. MTX3 and gambierone qualitative laboratory reference material from G. australes

22



Toxins 2020, 12, 305

and G. belizeanus was available at the Phycotoxins Laboratory [11]. HPLC-grade methanol and
dichloromethane for extraction were purchased from Sigma Aldrich (Saint Quentin Fallavier, France).
Milli-Q water was supplied by a Milli-Q integral 3 system (Millipore, Saint-Quentin-Yvelines, France).
Water, acetonitrile, formic acid and ammonium formate used to prepare mobile phases were of LC-MS
grade. All these chemicals were purchased from Sigma Aldrich (Saint Quentin Fallavier, France).

In order to carry out the toxicity evaluation by Neuro-2a, CTX1B was provided by Dr. Lewis,
University of Queensland and was stored in absolute methanol at −20 ◦C. Neuroblastoma murine
cells were purchased in ATCC LGC standards (USA). Fetal bovine serum (FBS), L-glutamine solution,
ouabain, veratridine, phosphate buffered saline (PBS), penicillin, streptomycin, RPMI-1640 medium,
sodium pyruvate, thiazolyl blue tetrazolium bromide (MTT) were purchased from Merck KGaA
(Darmstadt, Germany). Dimethyl sulfoxide (DMSO) and absolute methanol were purchased from
Honeywell (Fürth, Germany) and from Chemlab (Zedelgem, Belgium), respectively. The incubator
was purchased from Binder, Germany. The microplate reader KC4 was purchased from BIO-TEK
Instruments, Inc.

5.2. Gambierdiscus and Fukuyoa Strains

All nine dinoflagellate extracts analyzed in this work were obtained from the collection of strains
obtained in the EuroCigua project. All strains were cultivated at the IRTA laboratory (Tarragona, Spain)
and the detailed information about these strains is shown in Table 4.

Table 4. Detailed information about the dinoflagellate extracts analyzed with the neuroblastoma
cell-based assay.

Species Strain Code Location
Number of

Cells
Extracted

Volume of
Culture (L)

CTX-like
(fg CTX1B

Equiv./Cell)

G. australes IRTA-SMM-17-189 Torret, Menorca, Balearic
Islands, Spain 17 134 000 20 83 ± 12 a

G. australes IRTA-SMM-17-162 St. Adeodat, Menorca,
Balearic Islands, Spain 27 811 000 20 101 ± 7.5

G. australes IRTA-SMM-17-164 St. Adeodat, Menorca,
Balearic Islands, Spain 4 257 000 20 >62.5 (NQ)

G. australes IRTA-SMM-17-271 Macarella, Menorca,
Balearic Islands, Spain 14 007 000 20 271 ± 29

F. paulensis IRTA-SMM-17-209 Sacaleta, Menorca,
Balearic Islands, Spain 6 964 000 20 16 ± 1.7 a

G. australes IRTA-SMM-17-253 Anguila, Menorca,
Balearic Islands, Spain 13 735 000 20 164 ± 16

G. australes IRTA-SMM-17-244 Camp de Mar, Mallorca,
Balearic Islands, Spain 4 121 000 5 155 ± 25

Gambierdiscus sp.2 0010G-CR-CCAUTH Kolimpari, Crete, Greece 2 300 000 5 NQ

G. excentricus IRTA-SMM-17-407
Playa de vueltas, La

Gomera, Canary Islands,
Spain

6 084 000 5 >794 (NQ)

NQ: not quantifiable; a CTX-like toxicity evaluated in [33].

Culturing, Harvesting, Toxin Extraction of Gambierdiscus and Fukuyoa, and N2a Assay

All strains were inoculated in 5 L of medium ES (Provasoli 1968, modified by Jorge Diogène)
and salinity was adjusted to 36 in 8 L flat-bottom, round glass-flasks. Cultures were maintained in
filtered air, and light turbulence (gentle bubbling) was supplied by an air-pump system. The initial
concentration of dinoflagellates was between 25 and 50 cells/mL. Strains were incubated at 24 ± 0.5 ◦C.
The illumination was provided by fluorescent tubes with photon irradiance of 100 μmol m−2 s−1 under
a 12:12 h L:D photoperiod. When cultures arrived at the late-exponential phase (after 20 ± 3 days),
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cultures were vigorously shaken and 15 mL aliquots were taken and fixed with Lugol’s iodine solution
(3%) to estimate the cell concentration (cell/mL). Subsequently, the remaining volume of each strain was
filtered and collected through a 10 μm plankton net (Holmbladsvej, Denmark) in sterile 50 mL Falcon
tubes and centrifuged at 4300 g for 20 min (Allegra X-15R, Beckman Coulter). Supernatants were
discarded and micro-algal pellets of each strain were pooled in one 50 mL Falcon tube. Centrifugation
was repeated and supernatants were discarded. Pellets were subsequently kept at –20 ◦C with absolute
methanol (10 mL for 106 cells) until toxin extraction. To extract the toxin from micro-algal pellets,
each pellet in methanol was sonicated using an ultrasonic cell disrupter (Watt ultrasonic processor
VCX750, USA). The tip amplitude was set at 37% 3 sec on/3 sec off for 15 min. The sample was then
centrifuged at 600 g for 5 min at 4 ◦C. Supernatant was then transferred to a glass vial. The procedure
was repeated twice, one with methanol and another with aqueous methanol (50:50; v:v) (10 mL for
106cells) and these were pooled. After that, the pool was evaporated to dryness with a rotary evaporator
(Büchi Syncore, Switzerland) or dried under N2 gas (Turbovap, Caliper, Hopkinton, USA) at 40 ◦C and
re-suspended in pure methanol. These extracts were filtered with PTFE filters (0.2 μm) and stored at
−20 ◦C.

The Neuro-2a assay was performed according to Reverté et al., (2018) [23].

5.3. Sample Pretreatment

The methanol extract from the cell pellet extraction was evaporated to dryness under N2

stream at 50 ◦C and CTX- and MTX-like compounds were partitioned as previously described [11].
Briefly, the residue from extraction was reconstituted in dichloromethane (50 mL/1 million cells) and
partitioned twice with MeOH:H2O (3:2, v/v) (25 mL/1 million cells). Both organic and aqueous layers
were evaporated to dryness under N2 stream at 50 ◦C and kept at −20 ◦C prior to the analysis. MTX-like
compounds were supposed to partition into the MeOH:H2O (3:2, v/v), whereas CTX-like compounds
were supposed to partition into the dichloromethane layer. Dried residue from the aqueous methanol
fraction was reconstituted in 0.5 mL of MeOH:H2O (1:1, v/v), whereas the solid residue from the
dichloromethane layer was reconstituted in 0.5 mL MeOH, with both being filtrated through 0.22 μm
prior to the LC-MS analysis.

5.4. LC-MS Analysis

5.4.1. LC-MS/MS (API 4000 QTrap)

LC-MS/MS analysis to monitor specific MTX congeners and gambierone was performed using
an LC system (UFLC XR Nexera, Shimadzu, Japan) coupled to a hybrid triple quadrupole/ion-trap
mass spectrometer API 4000 QTrap (SCIEX, Redwood City, CA, USA) equipped with a turboV® ESI
source. Maitotoxins and gambierone were separated using a reversed-phase C18 Kinetex column
(100 Å, 2.6 μm, 50 × 2.1 mm, Phenomenex, Le Pecq, France) with water (A) and 95% acetonitrile/water
(B), both containing 2 mM of ammonium formate and 50 mM of formic acid. The column oven and the
sample tray temperatures were set at 40 ◦C and 4 ◦C, respectively. The flow rate was set at 0.4 mL
min−1 and the injection volume was set to 5 μL. Separation was achieved using the following mobile
phase gradient: from 10% to 95% B in 10 min, keep at 95% B for 2 min, return to 10% B in 0.1 min and
equilibration for 3.9 min prior the next injection. The instrument control, data processing and analysis
were conducted using Analyst software 1.6.3 (Sciex, Redwood city, CA, USA). LC-MS/MS analyses
were carried out in negative ion acquisition mode, monitoring the transitions shown in Table S5 in
Multiple Reaction Monitoring (MRM) mode with a dwell time of 80 ms Retention time of the different
compounds with reference material available are shown in Table S8. Source conditions were curtain
gas 25 psi, ionspray −4.5 kV, turbogas temperature of 500 ◦C, gas 1 and 2 set at 50 psi, and an entrance
and declustering potential of −10 V and −210 V, respectively. Positive ion acquisition mode was also
used in the analysis of MTX3 and gambierone. Source conditions were curtain gas 25 psi, ionspray
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4.5 kV, turbogas temperature of 500 ◦C, gas 1 and 2 set at 50 psi, and an entrance and declustering
potential of 10 V and 100 V, respectively.

The fragment ion monitored in negative ionization mode for all the MRM transition of the
MTX-group of toxins was the hydrogenated sulfate anion m/z 96.9 [HOSO3]− which was used
as the confirmatory transition. Quantification of MTX1, MTX4, desulfo-MTX1 and didehydro-
demethyl-desulfo-MTX1 was conducted using the MRM transition [M−2H]2−/[M−2H]2− for MTX3
and gambierone [M-H]−/ [M-H]− (Table S8). Due to the lack of the appropriate standards for the
quantitation of each compound, MTX3, MTX4 and gambierone were quantified against the MTX1
calibration curve, assuming equal molar response and applying the same LOD and LOQ calculated
for MTX1.

The MTX1 standard calibration range for the LC-MS/MS analysis consisted of seven concentrations
ranging from 0.2 to 10 μg mL−1 in MeOH:H2O (1:1, v/v). Limit of detection (LOD) and quantification
(LOQ) were determined with the ordinary least-squares regression data method [34,35]. The LOD was
calculated as three times the standard deviation of the y-intercepts over the slope of the calibration
curve; the LOQ was calculated as 10 times the standard deviation of the y-intercepts over the slope of the
calibration curve [34,35]. Therefore, LOD and LOQ for the MTX1 MRM transition [M−2H]2−/[M−2H]2−
were 0.32 and 0.97 μg mL−1, respectively.

5.4.2. LC-HRMS and HRMS/MS (Q-Tof 6550 iFunnel)

LC-HRMS analyses were carried out using a UHPLC system 1290 Infinity II (Agilent Technologies,
Santa Clara, CA, USA) coupled to a HRMS time of flight mass spectrometer Q-Tof 6550 iFunnel (Agilent
Technologies, Santa Clara, CA, USA). Chromatographic separation was performed using a Kinetex
C18 column (100 Å, 1.7 μm, 100 × 2.1 mm, Phenomenex, Le Pecq, France) at 40 ◦C with water (A) and
95% acetonitrile (B) both containing 2 mM ammonium formate and 50 mM formic acid. The flow rate
was 0.4 mL min−1 and the injection volume was 5 μL. Gradient of mobile phase was carried out as
follows: 5% B was kept for 1 min, then increased to 100% B over 11 min, kept at 100% B for 2 min and
returned to the initial conditions in 0.5 min and then equilibrated the column for 4.5 min prior to the
next injection.

Source conditions were set as follows: gas temperature, 160 ◦C; gas flow, 11 L/min; nebulizer,
45 psi; sheath gas temperature, 250 ◦C; sheath gas flow, 11 L/min; capillary voltage, 4500 V and nozzle
voltage, 500 V. The instrument was calibrated, using the Agilent tuning mix, in negative and positive
ionization mode before each analysis.

LC-HRMS analyses were carried out in full scan and targeted MS/MS mode in positive and
negative ionization mode in separate runs. Full scan analysis operated at a mass resolution of
40,000 Full width at Half Maximum (FWHM) over a mass-to-charge ratio (m/z) ranging from 100
to 3200 with a scan rate of 1 spectra/s. Targeted MS/MS was performed in a Collision Induced
Dissociation (CID) cell at 45,000 FWHM over the scan rage from m/z 50 to 1700 with a scan rate
of 10 spectra/s and a scan rate of 3 spectra/s applying three different collision energies in order to
have a good fragmentation pathway. Two reference masses m/z 121.0509 (purine) and m/z 922.0099
(hexakisphosphazine) were continuously monitored during the entire run. Data acquisition was
controlled by MassHunter software (Agilent technologies, CA, USA). Raw data were processed with
Agilent MassHunter Qualitative Analysis software (version B.07.00, service pack 1) using the Find by
Formula (FbF) algorithm screening with a Personal Compound Database and Library (PDCL) created
by Phycotoxins laboratory (IFREMER, France).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/5/305/s1,
Figure S1. LC-MS/MS Full scan analysis of: A) MTX3 from G. australes; B) gambierone from Gambierdiscus sp;
C) putative gambierone analogue from G. australes, Figure S2. LC-MS/MS spectra resulting from enhanced product
ion scan at an average CE of 20, 40 and 60 eV of: A) MTX3 from G. australes; B) gambierone from Gambierdiscus sp;
C) putative gambierone analogue from G. australes, Table S1. Accurate mass measurements using LC-HRMS full
scan analysis in ESI− and ESI+ mode for MTX3, Table S2. Accurate mass measurements using LC-HRMS full scan
analysis in ESI− and ESI+ mode for gambierone, Figure S3. Putative gambierone analogue detected in LC-HRMS
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using the Find by Molecular Feature (FMF) algorithm in G. australes at 6.08 min, Table S3. m/z measured values
for the putative gambierone analogue and Δ ppm calculated in base of gambierone theoretical values, Figure
S4. ESI−-targeted MS/MS analysis of the putative gambierone analogue selecting [M-H]− ion in G. australes at
6.08 min. m/z measured values for the putative gambierone analogue and Δ ppm calculated in base of gambierone
theoretical values, Figure S5. ESI+-targeted MS/MS analysis of the putative gambierone analogue selecting [M+H]+
ion in G. australes at 6.08 min, Table S4. Accurate mass measurements for the putative gambierone analogue
and Δ ppm calculated in base of gambierone theoretical values, Table S5. Accurate mass measurements using
LC-HRMS full scan analysis in ESI− and ESI+ mode for putative gambieroxide, Figure S6. ESI− LC-HRMS full scan
analysis of putative gambieroxide detected in G. australes at 5.32 min, Figure S7. ESI+ LC-HRMS full scan analysis
of putative gambieroxide detected in G. australes at 5.32 min, Figure S8. ESI−-targeted HRMS/MS spectrum of
putative gambieroxide selecting [M-H]− ion in G. australes at a collision energy of 50 eV, Figure S9. ESI+-targeted
HRMS/MS spectrum of putative gambieroxide selecting [M+H]+ ion in G. australes at a collision energy of 20 eV,
Table S6. Accurate mass measurements using LC-HRMS full scan analysis in ESI− and ESI+ mode for putative
gambieric acid C, Table S7. Accurate mass measurements using LC-HRMS full scan analysis in ESI− and ESI+
mode for putative gambieric acid D, Figure S10. ESI−-targeted MS/MS spectra at an average of 20, 40 and 60 eV of:
A) gambieric acid C; B) gambieric acid D detected in G. australes, Table S8. MRM transitions monitored using the
LC-MS API 4000 QTrap.
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Abstract: Ciguatoxins (CTXs) are a group of neurotoxins responsible for the syndrome ciguatera
fish poisoning (CFP) as a result of the consumption of contaminated fish. The presence of these
toxins has been detected around the Pacific, Caribbean and Indian coasts. Recent reports indicate the
emergence of CFP in other geographic areas, in particular in European coasts, of the Canary Islands
(Spain) and Madeira (Portugal). A neuroblastoma cell line of murine origin (N2a) has been applied to
assay different groups of neurotoxins, acting on voltage-gated sodium channel (VGSC) of excitable
cells, N2a-MTT. The great potential of N2a-MTT as a sensitive tool for the CTXs screening is clearly
recognized, notably because it allows the detection of these toxins at levels below recommended
as security levels. However, the complexity of the matrix is a critical point on the application of
N2a-MTT, which needs to be evaluated. The aim of this work is to provide recommendations for an
implemented N2a-MTT method for CTXs determination in fish that avoids matrix effects, particularly
those related to high lipid content.

Keywords: ciguatoxins; neuroblastoma cell assay; matrix effect

Key Contribution: The methodology developed in this work facilitates the analysis of fish samples
contaminated with CTXs trough the study of the MTDE required to avoid non-specific toxic effects
allowing the increase of both sensitivity and reliability of N2a-MTT assay.

1. Introduction

Ciguatera poisoning (CP) is a non-bacterial food intoxication endemic in tropical and subtropical
regions of the world and caused by the consumption of fish contaminated with ciguatoxins (CTXs) [1,2].
CTXs are ladder-like cyclic polyethers, lipophilic and are stable to pH and temperature; which are
produced by fish metabolization of its algal precursors [3,4]. There is uncertainty about their algal
precursors but different benthic dinoflagellates such as Gambierdiscus spp. [5–7] or Fukuyoa spp. [8]
were identified as producers of CTX-like compounds [9,10]. CTXs are classified depending on the
geographical region they appear as Pacific, Indian and Caribbean Ciguatoxins (P-CTXs, I-CTXs and
C-CTXs) [11]. P-CTXs are widely distributed in the Pacific and some regions of the Indian Ocean,
I-CTXs are not yet elucidated and seem to be present in the Indian Ocean and C-CTXs are detected in
fish from the Caribbean Sea and have recently emerged in Macaronesia (Northeast Atlantic), specifically
in the Canary Islands (Spain) and Madeira (Portugal) [12–14].

The US Food and Drug Administration (FDA) established a guidance level of 0.01 ng/g fish tissue
for the most potent congener CTX1B and 0.1 ng/g for C-CTX1 [15]. On the other hand, there are no
regulatory limits in Europe, where the European Food Safety Authority (EFSA) published a scientific
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opinion about CTXs, where they highlighted the importance of developing analytical methods for
CTXs evaluation, recommending in vitro assays for screening and liquid chromatography coupled
with tandem mass spectrometry (LC–MS/MS) for confirmation [16].

Different strategies for in vitro assays have been developed for the monitoring purpose of CTXs,
including pharmacological (i.e., receptor binding assay) [17–19], cytotoxicity [20–25], immunochemical
approaches (ELISA) [26–28] or reporter gene assays [29,30]. The in vitro assay most widely applied in
the CTXs screening is a cytotoxicity cell based assay using a neuroblastoma cell line of murine origin
(N2a) and measuring the mitochondrial activity of viable cells by MTT colorimetric assay (N2a-MTT).
N2a-MTT was originally developed by Manger et al. [21,22] and it is based on the CTXs mechanism of
action in the voltage-gated sodium channels (VGSC) of excitable cells [17,18,31,32]. The specificity
towards the effects of certain VGSC toxins, such as CTXs, is achieved by the pretreatment of cells
with veratridine (V) and ouabain (O), cells untreated with both compounds are not sensitive to these
types of specific toxins. Additionally, despite not being specific for CTXs alone, this procedure allows
to distinguish between sodium channel-enhancing toxins, also called CTX-like compounds such as
ciguatoxins and brevetoxins (PbTxs) and blocking toxins such as saxitoxin (STXs) and tetrodotoxin
(TTXs) [33,34]. The main advantage compared to the traditional mouse bioassay (MBA), apart from
animal welfare issues, is its higher sensitivity and ability to meet the US FDA guidance level.

Its importance is also found in the capacity of qualitatively and semi quantitatively estimating
the total presence of CTX-like compounds in contaminated samples. Due to the lack of commercially
available standards and reference materials its combination with sample fractionation and LC–MS/MS
it is a useful approach in the identification of CTXs analogues.

Although N2a-MTT is a very sensitive tool to monitor CTX-like compounds its main disadvantage
is that the specificity can be influenced by possible matrix effects contributing to non-specific toxic
effects, interfering with CTXs detection and reducing the reliability of the assay. Therefore, since the
exposure to excessive amount of matrix compounds (i.e., lipids) may be toxic to N2a cells, it is necessary
to establish a maximum tissue dose equivalent (MTDE) [35]. However, the MTDE can potentially vary
according to different characteristics such as fish species, origin and season of capture. N2a-MTT has
been used for the discrimination of CTXs in a wide variety of biological matrices (i.e., dinoflagellates
and blood, mussels) [35–38]. However, a few studies have documented the relationship between
non-specific toxic effects in N2a and fish lipid content. The study by Caillaud et al. (2012) [35] is the
first report that provided information about the maximal concentration of fish tissue equivalent that
did not induce non-specific toxic effects in the analysis of species of amberjack and wahoo harvested in
the Macaronesian region. However, this study did not provide information regarding interference of
the matrix associated with different species or other factors. To help address these issues, previous
studies highlighted the importance of using efficient sample pretreatment protocols as an important
factor in modulating matrix interference [22,35–38].

The objective of this work was the evaluation and elimination of interfering matrix effects on
the N2a-MTT assay, thereby contributing to an increased sensitivity and reliability of the method.
For these studies several fish species widely consumed in the Canary Islands where this study was
focused, were selected. The species selected also took into account an important nutritional parameter,
fat content, as a potentially significant component for the observed matrix effect in N2a-MTT assays.
The methodology and results obtained from this evaluation facilitate analysis of the MTDE required to
avoid non-specific toxic effects and increase both sensitivity and reliability of this cell-based assay.

For VGSC-activating toxins, the reduction on cell viability in the presence of ouabain and
veratridine (OV) shows a typical sigmoidal dose-response curve. Consequently, the effects of the
matrix on CTXs analogues toxicity were also evaluated to exclude a possible response of interfering
endogenous compounds on VGSCs.
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2. Results and Discussion

To our knowledge this is the first study where the matrix effect of different fish species from
Macaronesia (Eastern Atlantic) were evaluated with the objective of minimizing non-specific toxic
effects. The control of these non-specific toxic effects would facilitate the reduction in the number of
false positives or negatives and therefore increase the reliability of the assay.

Five different uncontaminated fish species prone to contain CTXs were extracted under the
conditions described by (Estevez et al. 2019a) [39] and the non-specific toxic effects were evaluated in
non-purified and purified by solid phase extraction (SPE) extracts (Table 1).

Table 1. Detailed information of the different fish species studied.

ID Sample Species Common Name Total Lipids * (g/100 g)

NC1 Pagrus pagrus Red porgy <3% (0.7 g/100 g)
NC2 Epinephelus marginatus Dusky grouper <3% (1.0 g/100 g)
NC3 Pomatomus saltatrix Bluefish 3–6% (4.2 g/100 g)
NC4 Seriola dumerili Greater amberjack 3–6% (5.2 g/100 g)
NC5 Acanthocybium solandri Wahoo >6% (9.4 g/100 g)

* Data obtained from National Nutrient Database for Standard Reference (USDA) and F. M. Rueda et al., 2003.
These values may change slightly depending on the season, age, sex, size or habitat.

Although there is not an established official classification, fish species used in this work were
grouped depending on their total lipid content (% of lipid), being NC1 and NC2 considered as low-fat
fish (<3% of lipid), NC3 and NC4 as semi-fat fish (between 3% and 6% of lipid) and NC5 as fat fish
(>6% lipid content)

2.1. Matrix Effect in Non-Purified Sample Extracts

To determine matrix effects alone, non-purified fish extracts were analyzed without the addition
of OV compounds. Non-purified fish extracts were analyzed at two equivalent tissue (TE) doses, 25
and 2.5 mg TE, in order to demonstrate the relation between lipid fish content and non-specific toxic
effects (cell viability ≥ 90% of control).

When 25 mg TE of these fish extracts were added, NC1 and NC2 did not exhibit any cytotoxic
effect whereas NC3, NC4 and NC5 showed a cytotoxic effect reducing cell viability to levels below
20%. Results show that the cytotoxic effects increase with the total fatty acids content and a 10-fold
dilution (2.5 mg TE) was needed to avoid these non-specific toxic effects (Figure 1). Although sample
dilution is a well-known alternative to reduce the matrix effect, this approach endangers the detection
of potential CTX-like compounds when the sample has a low contamination.

Additionally, non-purified extracts were analyzed in a working range from 0.1 TE to 100 mg. At a
dose > 50 mg TE, non-specific toxic effects can be observed for the low-fat fish (NC1 and NC2) (Figure 2).
However, for semi- and fat fish (NC3, NC4 and NC5) these effects were observed for amounts > 10 mg
TE. Consequently, in order to minimize matrix effect without compromise to sensitivity two alternatives
were proposed: (1) incorporation of additional clean up step or (2) establishing a maximum tissue dose
equivalent (MTDE) for different species.
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Figure 1. Cell viability after 16 h exposure to ciguatoxin (CTX)-negative fish extracts without the clean-up
step: Pagrus pagrus (NC1); Epinephelus marginatus (NC2); Pomatomus saltatrix (NC3); Seriola dumerili
(NC4) and Acantocybium solandri (NC5). Black bars show cell viability for a tissue equivalent dose of
25 mg and gray bars represent the ten-fold diluted fish extracts (2.5 mg two equivalent tissue (TE) dose).
Dotted line represents 90% of cell viability, limit of non-specific toxic effects. Each extract was analyzed
in triplicate and error bars represent assay variability.

 

Figure 2. Viability assay in N2a cells exposed for 16 h to CTX-negative fish extracts obtained by different
steps of purification for (a) Pagrus pagrus (NC1); (b) Epinephelus marginatus (NC2); (c) Pomatomus saltatrix
(NC3); (d) Seriola dumerili (NC4) and (e) Acantocybium solandri (NC5) by: �No cleanup step, � SPE-Florisil
and • SPE-Florisil + C18. Data are expressed as mean ± SD (n = 3). The asterisks (boxed area) show
homogenous groups when 50 mg of tissue equivalent was added (ANOVA, Bonferroni’s HSD test,
p < 0.05).

2.2. Evaluation of Additional Cleanup Steps

Previous studies highlighted the importance of using different clean-up procedures to selectively
remove matrix interferences and increase the specificity of the assays [35,40–44]. Prior work carried out
by the research team involved in this study was focused on the implementation of sample pretreatment
to improve performance of the LC–MS/MS method for the analysis of CTXs (Estevez et al. 2019) [39].
In addition to optimization of the LC–MS/MS conditions, improvements of the sample pretreatment
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were performed, in particular the purification step, to efficiently remove matrix effects and interfering
compounds. The optimized sample pretreatment protocol includes a cleanup in two steps by solid
phase extraction (SPE) with two different separation mechanisms and was the same used in the present
study. As detailed in the previous study, the efficiency of these SPE steps has been evaluated in terms
of overall CTX recovery of 72.7% [39].

2.2.1. SPE-Florisil

Purified fish extracts through SPE-Florisil were analyzed in a working range from 0.1 TE to 100 mg
(Figure 2). Results showed that N2a cells did not exhibit non-specific toxic effects throughout the
working range in NC1 fish extracts. At a dose > 50 mg TE, non-specific toxic effects can be observed
for the low-fat fish (NC2). At a dose of 50 mg of TE of the lower lipid content fish species no significant
differences in cell viability were observed compared to the non-purified extracts. For the semi-fat fish
group, NC3 showed a similar response to the low-fat fish with non-specific toxic effects for tissue
amounts > 50 mg. Contrary statistically significant differences were observed compared to extracts
without cleanup for NC3 and NC4. For NC4, non-specific toxic effects were observed when 50 mg
TE were added to the assay, with 25 mg TE being the adequate amount to avoid significant matrix
effect. SPE Florisil showed a significate but minor improvement (around 15%) in the reduction of
non-specific toxic effects for this particular fish species. Finally, for NC5 (fat fish) extracts, at 50 mg TE
an important reduction on cell viability was observed for non-purified and purified extracts. Therefore,
a maximum dose of 10 mg TE must be added in order to avoid non-specific toxic effects. Results show
no significant effect over cell viability when a SPE-Florisil was applied.

2.2.2. SPE-Florisil + C18

An additional SPE C18 step was evaluated in the same working range (0.1–100 mg TE; Figure 2).
NC1 and NC2 samples did not manifest any significant difference at 50 mg TE. Therefore, the
introduction of an additional step of SPE C18 did not offer any improvement compared to SPE-Florisil.

A different performance was observed in NC3 and NC4 (semi-fat fish) after the incorporation of
SPE-C18. By selecting 50 mg TE no significant effect was observed for NC3 compared to the SPE Florisil,
showing non-specific toxic effects at a dose > 50 mg TE. In contrasts, in NC4 extract, the incorporation
of an additional SPE-C18 allowed for an increase of the maximum dose from 25 to 50 mg TE.

Finally, in NC5 extracts, despite an observed significant reduction in matrix effect after SPE-C18
(35%) at 25 mg TE, this step did not adequately improve the interference removal.

As observed the efficiency of the different SPE treatments depended on the lipid content of the
fish species. The low-fat fish (NC1 and NC2) slightly increased the maximum tissue dose equivalent,
MTDE, on a 26% basis. When NC3 was analyzed incorporation of SPE-C18 offered no significant
improvement with results obtained after the SPE-Florisil step alone. Nevertheless, the statistically
significant differences between three treatments shows that employing both purification steps worked
very well in order to remove non-specific toxic effects. NC5 (fat fish) was also considerably affected
by the addition of further clean-up. In this case, incorporation of additional cleanup steps, including
SPE C18, did not eliminate non-specific toxic effects when a dose of 50 mg TE was added; however,
this additional step improved cell viability for the lower dose of 25 mg TE. No statistically significant
improvement was observed after the SPE-Florisil step alone was utilized for the NC5 extract.

This approach was also followed to allow the potential evaluation of the same extracts analyzed
by LC–MS/MS in order to confirm the toxicity of possible additional toxic compounds initially detected
by the mass spectrometer [39,45].

2.3. Optimum Maximum Tissue Dose Equivalent (MTDE)

An alternative method to increase sensitivity while avoiding non-specific toxic effects is the
establishment of a MTDE. Therefore, based upon results observed a MTDE was proposed for the
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different fish species groups (low, semi and fat fish) as well as for steps of purification (no clean-up,
SPE Florisil and SPE Florisil+C18; Figure 3).

Figure 3. Graph bars shows MTDE for each species, framing * fat fish; ** semi-fat fish; *** low-fat fish.
Results were obtained after 16 h exposure to CTX-negative fish extracts obtained by (a) Extraction
procedure without cleanup step (b) SPE Florisil and (c) SPE Florisil + SPE-C18 step: Pagrus pagrus
(orange); Epinephelus marginatus (yellow); Pomatomus saltatrix (dark blue); Seriola dumerili (blue) and
Acantocybium solandri (purple). Dotted line represents a dose of 50 mg TE.

In the extracts without clean-up, the higher dose of equivalent tissue was established for the
low-fat fish NC1 and NC2 (50 mg TE), whereas the lower dose equivalents were obtained for the
fish species with the higher lipid content, NC5 (5 mg TE; Figure 3a). Intermediate interference was
observed for the semi-fat species, NC3 and NC4, suggesting a MTDE of 10 mg TE.

The addition of Florisil SPE and further C18 steps significantly decreased the non-specific toxic
effects for all the fish species, allowing to increase the amount of MTDE and therefore increasing the
sensitivity of the assay (Figure 3b,c). For the most purified extracts, the same amount of a tissue
equivalent was considered for low-fat and semi-fat fish (50 mg TE). In contrast with the unpurified
extracts, the addition of further purification steps, such as SPE Florisil+C18, in order to remove
interfering compounds of the matrix implies less dependence between METD and fish lipid content.

The results obtained demonstrated a good correlation between MTDE and lipid content, showing
that matrix effects in N2a cells were probably related to interfering factors such as the fatty acids of the
different fish species.

The MTDE was established for each type of fish species with different lipid content in order to
avoid matrix effects and improve sensitivity. The sample pretreatment followed in this work allows us
to propose an amount of 50 mg TE/well (217 mg TE/mL) of wet weight of equivalent tissue for low-fat
fish and semi-fat fish as the MTDE. For fat fish 10 mg TE/well (43 mg TE/mL) was proposed.

The limits obtained for low- and semi-fat fish are higher than the proposed in the bibliography
(50 mg eqv/mL proposed by Pawlowiez et al. (2013) [41]; A. Caillaud et al. (2012) [35] proposed
20 mg TE/mL to extracts of Seriola spp (semi-fat fish) and Acanthocybium solandri (fat fish). The results
provided by A. Caillaud were obtained according to the protocol described by Lewis et al. (2013), in
which no cleanup step was included. A similar result of 5 mg TE/well (22 mg/mL) was obtained in
this work for fat fish (Acanthocybium solandri) in unpurified extract. The cleanup procedure used in
this work, which includes two different SPE steps as described above, allowed increasing this MTDE
until 10 mg TE/well (43 mg/mL) was achieved for the same species. Other authors, such as Botein
Dechraoui, Tiedeken et al. (2005) [46], reported the use of 20 mg TE/mL in the analysis of a specimen of
Sphyraena barracuda from Florida using an extraction protocol that includes a SPE silica gel column.
The sample extraction procedures used in the different studies (with different purification levels) and
the fish species analyzed in each case, could be the reason of the variability of the limits observed in the
references cited. Results obtained in this work demonstrated that the variability in the MTDE could
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be reduced when different species are analyzed including a cleanup procedure, in addition allowing
higher assay sensitivity while avoiding matrix effects. However, exposures up to 2000 mg eqv/mL
were achieved by Dickey (2008) [38] for more purified fish extracts.

2.4. Evaluation of the Toxicity of the Major CTX Analogues

Differences in the toxic potency of the three main CTXs responsible of CFP worldwide, C-CTX1,
CTX1B and CTX3C, were evaluated in order to observe the different response in N2a cells. This study is
the first time all three congeners were directly compared in the same study. In addition, we evaluated
the matrix effect of C-CTX1 and CTX1B in the N2a assay with the objective of minimizing interference
and being able to obtain an adequate and reliable semi-quantitative value.

2.4.1. CTX1B, CTX3C and C-CTX1 Toxic Potency in Neat Solution

CTX1B, CTX3C and C-CTX1 toxic potency were evaluated under the same conditions, 16 h
of incubation time and a concentration range from 5 to 0.05 pg/well (pg in 10 μL of addition).
Dose-response curves were obtained and differences in CTX1B, CTX3C and C-CTX1 toxicity was
determined with the inhibitory concentration 50 (IC50), which represents the pg of CTXs that produces
a reduction of 50% in cell viability.

CTX1B was the most toxic analogue with an IC50 of 0.26 ± 0.07 pg/well (n = 4), followed by CTX3C
with an IC50 of 0.03 ± 0.06 pg/well (n = 4) and the potency of C-CTX1 was the lowest with an IC50 of
0.44 ± 0.07 pg/well (n = 7; Table 2).

Table 2. IC50 of the different CTXs analogues evaluated.

CTX Analogue
IC50 ± σ

(pg·well−1)
/Hill Slope/

CTX1B 0.26 ± 0.07 2.3 ± 0.48
CTX3C 0.43 ± 0.06 2.1 ± 0.49
C-CTX1 0.44 ± 0.07 2.4 ± 0.44

The three CTXs analogues exhibited a similar toxic response in the N2a assay, in descending
toxicity order: CTX1B > CTX3C ≥ CCTX1, where sigmoidal curves fitted showed a slope equal to 2 for
all toxins. This is in disagreement with the mouse bioassay (MBA), where CTX1B is ten-fold more
toxic than C-CTX1 [38,47]. The use of ouabain and veratridine, in the N2a-MTT assay, which create an
artificial environment, and the different expression level of critical ion channels (i.e., VGSCs or NMDA
receptors) in N2a cells and mouse target cells could originate the discrepancies observed between
N2a-MTT and MBA assay [24,47–51]. Moreover, a possible molecular transformation of the CTXs
congeners caused by mouse metabolism or interaction of CTXs with blood could also be considered to
explain the discrepancies in the relative toxic potency [24]. However, metabolic pathways for CTXs
still need to be established, and the role of an organismal response in contrast to a singular cell line
variant in vitro should also be considered.

2.4.2. CTX1B and C-CTX1 Effectiveness in the Presence of the Matrix

The toxin content (ng CTXs g−1 fish) in the analysis of different fish species is estimated by
comparing the IC50 of the CTX pure standard with the IC50 of the sample. However, CTXs dose-response
curves might be modified in presence of matrix in respect to those obtained from CTXs pure standards,
suggesting shifts either in potency (IC50-values) or in the effectiveness (slope values). Therefore, the
assessment of the matrix influence could avoid an inadequate semi-quantitation of CTXs in naturally
contaminated fish samples.

IC50 and slope values were calculated according to the dose-response curves using a sigmoid
regression curve (4PL) with variable slopes. An estimation of the effect caused by the matrix over the
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CTXs toxic potency was obtained through the dose-ratio (DR). The DR is defined as the relationship
between LD50 obtained for CTXs in the presence of the matrix and the IC50 obtained for pure CTXs.

On the other hand, the slope determines how the reduction in cell viability occurs as the dose of
CTXs is increased. Pöch et al. (1995) [52] proposed a mathematical approach to obtain slope-corrected
DR (DRcorr): log DRcorr = (log DRobs)·slopeobs, where slopeobs is the slope coefficient (in absolute
value) of the dose-response curve with matrix and DRobs is the DR-value obtained directly from IC50s
measured in both curves.

DRcorr were calculated when significant differences in slope of dose-response curves were
determinate. Differences between both slopes and IC50-values were evaluated using ANOVA, and
applying a Bonferroni´s post hoc test, with a 95% confidence level.

In order to evaluate matrix influence in the CTXs semi quantitation, a standard addition experiment
was carried out over non-contaminated fish extracts (Pagrus pagrus) without and with clean-up (SPE
Florisil+C18). N2a cells were exposed to a fixed amount of matrix ranging from 0.25 to 0.0025 ng
CTXs/g fish, using the concentration range of 5–0.05 pg/well. Therefore, in the absence of the matrix
effect it would be expected to observe the same slope and IC50-values in both cases.

The significant decrease of the C-CTX1 slope in the presence of the matrix is linked with a lower
effectiveness (regardless of the level of purification; Figure 4). Therefore, DR-values obtained from
those dose-response curves must be corrected using the approach proposed by Pöch et al. (1995) [52].
LD50 was corrected using the DRcorr according to the relation: IC50(corr) = IC50(STD pure) DRcorr.

Figure 4. Dose-response curves of N2a cells in +OV conditions (cells with ouabain and veratridine
treatment), exposed to an increasing dose of: (a) C-CTX1 and (b) CTX1B when 20 mg of fish TE,
unpurified (orange curves) and purified (blue curves), was added to each well. Gray curves represent
response of cells to both CTXs without matrix.

After applying the appropriate corrections, results did not manifest significant differences between
C-CTX1 toxic potency when it was analyzed without a matrix and with a purified matrix. However, a
significant decrease of the toxic potency of C-CTX1 was observed in the presence of an unpurified
matrix, obtaining the lower IC50(corr) (Table 3). In this case, C-CTX1 was 3.6 times less toxic than
without a matrix.
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Table 3. IC50 and dose-ratios (DRs)-values of CCTX1 and CTX1B obtained from extracts with and
without a cleanup step.

CTXs
Type

Analysis
Conditions

IC50 ± SD
(pg·well−1)

ng CTXs·g−1

Fish ± SD
/Hill slope/
± SD

DR
± SD

DRcorr

± SD
IC50(corr)

± SD
ng CTXs·g−1

Fishcorr ± SD

CCTX1

No matrix 0.48 ± 0.04 0.024 ± 0.002 3.5 ± 0.5 - - - 0.024 ± 0.002
Purified 0.56 ± 0.04 0.027 ± 0.002 1.6 ± 0.1 1.1 ± 0.1 1.3 ± 0.1 0.6 ± 0.1 0.031 ± 0.003

Unpurified 1.3 ± 0.1 0.06 ± 0.01 1.5 ± 0.3 2.6 ± 0.2 3.6 ± 0.9 1.8 ± 0.2 0.12 ± 0.02

CTX1B

No matrix 0.26 ± 0.02 0.013 ± 0.001 2.4 ± 0.1 - - - 0.013 ± 0.001
Purified 0.27 ± 0.02 0.013 ± 0.001 2.4 ± 0.2 1.0 ± 0.1 1.0 ± 0.2 0.27 ± 0.05 0.014 ± 0.003

Unpurified 0.34 ± 0.02 0.017 ± 0.001 2.3 ± 0.4 1.3 ± 0.1 1.6 ± 0.3 0.4 ± 0.1 0.022 ± 0.006

Contrarily, CTX1B did not show differences in terms of effectiveness (Table 3). Comparison
between toxic potency, with and without matrix, can be estimated with the IC50 obtained directly
from the curves. CTX1B exhibited almost the same toxic potency without/with a clean-up matrix
(Table 3). In the absence of a matrix, a IC50 of 0.26 ± 0.02 pg CTX1B/well was obtained while a IC50 of
0.27 ± 0.02 pg CTX1B/well, when a cleanup step was applied, was obtained. A significant difference
was observed in the IC50-values when a cleanup step was not applied, and a little diminution in the
toxic potency was observed (1.6 times less toxic).

C-CTX1 and CTX1B effectiveness was clearly different in the presence of matrix. While C-CTX1
was influenced by the matrix reducing the reliability and accuracy of sample semi-quantitation, CTX1B
was not affected. These differences might be due to the different affinity of the CTXs to the matrix,
which will reduce their affinity to the VGSCs and consequently their effectiveness.

C-CTX1 and CTX1B toxic potency was influenced by the matrix, leading to an overestimation
of the toxin content in contaminated samples (Table 3). Therefore, the removal of these compounds
by incorporating a cleanup step allowed one to minimize this matrix effect and to obtain a better
estimation of both CTXs, especially for CCTX1, which was the most affected.

Limit of detection (LOD) and limit of quantitation (LOQ), corresponding to the concentrations of
CTXs necessary to inhibit the cell viability by 10% (IC90) and 20% (IC80), divided by mg of TE added to
the assay (20 mg). The lower sensitivity of the method was obtained in the presence of the unpurified
matrix for CCTX1 and CTX1B, but the first one was the most affected. In this case, LODs and LOQs
were significantly improved when a clean-up step was included in the sample pretreatment (Table 4).
Nevertheless, CTX1B LODs and LOQs were not affected significantly by the elimination of the matrix.

Table 4. LOD and LOQ of CCTX1 and CTX1B.

CTXs Type Analysis
Conditions

LOD LOQ

IC10 ± SD
(pg·well−1)

ng CTXs·g−1

Fish ± SD
IC20 ± SD

(pg·well−1)
ng CTXs·g−1

Fish ± SD

CCTX1

No matrix 0.20 ± 0.02 0.010 ± 0,002 0.29 ± 0.03 0.014 ± 0.002
Purified 0.12 ± 0.09 0.008 ± 0,001 0.23 ± 0.02 0.012 ± 0.001

Unpurified 0.26 ± 0.02 0.013 ± 0,004 0.46 ± 0.09 0.023 ± 0.005

CTX1B

No matrix 0.12 ± 0.02 0.007 ± 9 × 10−3 0.17 ± 0.02 0.009 ± 9 × 10−3

Purified 0.10 ± 0.01 0.007 ± 6 × 10−3 0.14 ± 0.01 0.008 ± 3 × 10−3

Unpurified 0.13 ± 0.01 0.005 ± 5 × 10−3 0.19 ± 0.01 0.007 ± 5 × 10−3

Differences in the toxic effectiveness of both CTXs, in the absence and presence of matrix interfering
compounds, was not critical when the N2a-MTT assay was used for screening purposes. On the other
hand, significant errors might be obtained when applied to semi-quantitative estimation in samples
contaminated with C-CTX1.

3. Conclusions

The N2a-MTT assay is considered as a suitable tool to monitor CTX-like compounds, although its
applicability in fish samples might be compromised by the matrix effect. A good correlation between
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MTDE and lipid content of the fish species was observed in this study. The inclusion of a cleanup step
by solid phase extraction (SPE) allowed a significant increase of the MTDE for fat fish species and in
particular for semi-fat species, the inclusion of this step also contributed to an improved sensitivity.
Furthermore, this study also demonstrated that the toxic activity of CCTX1 is highly influenced by
the presence of endogenous compounds, suggesting that the matrix compounds might reduce its
affinity to the VGSCs. The inclusion of this SPE cleanup will also contribute to a better estimation
of naturally incurred C-CTX1 in fish samples therefore increasing the reliability and accuracy of
toxin semi-quantitation.

4. Materials and Methods

4.1. Standards and Reagents

CCTX1 standard solution (10 pg·μL−1) was kindly supplied by Dr. Manger and Dr. Dickey from
the Fred Hutchinson Cancer Research Center and the Marine Science institute of the University of Texas
(USA), respectively. The CTX1B pure standard solution was kindly provided by professor Takeshi
Yasumoto from the Japan food Research Laboratory (JFRL). The CTX3C standard was purchased from
Wako Chemicals GmBH (Neuss, Germany).

Acetone, diethyl ether, methanol, water, hexane and ethyl acetate used for extraction and
purification were of HPLC grade (Merck KGaA, Darmstadt, Germany). Water for preparation of
ouabain and veratridine solutions was deionized and purified at 15 MΩ cm+ through a Milli-Q
Gradient A10 system (Millipore, Spain). Water (J. T. Baker, Center Valley, PA, USA) for LC–MS analysis
were of LC–MS grade. Methanol (Merck KGaA, Darmstadt, Germany) for diluted samples utilized in
the N2a assay were of HPLC grade.

4.2. Sample Pretreatment for the N2a-MTT Assay (and HPLC–MS/MS)

Fish samples not containing CTX’s were shipped to the IUSA for testing matrix effects using
the N2a-MTT assay. Absence of CTX was confirmed by HPLC–MS/MS. Standard Operating
Procedure (SOP) for sample pretreatment was carried out according to conditions initially proposed
by Yogui et al. (2011) [53] and modified by Estevez et al. (2019) [39]. Briefly, 15 g of fish tissue were
extracted by acetone at 3 mL/g tissue homogenate twice. Acetone was separated from the tissue by
centrifugation and dried to an aqueous phase. This phase was extracted with diethyl ether at 1 mL/g
fish tissue two times and organic phases were then dried by nitrogen. Residue was partitioned between
90% methanol and n-Hexane (at 0.3 mL 90% MeOH/g fish tissue). The hexane wash was discarded
and the methanol phase was dried by nitrogen. Sample cleanup was done with Florisil and C18 solid
phase extraction cartridges before analysis by LC–MS/MS. Sample extracts with and without cleanup
step were analyzed by an N2a-MTT assay.

4.3. In Vitro N2a-MTT Assay

4.3.1. Maintenance of Culture

Neuro-2a (N2a) cell line was obtained from American Type Culture Collection (ATCC, CCL 131,
Manassas, VA, USA) and cultured in T75 flask (Corning, NY, USA) in 30 mL of growth medium
consisting on RPMI-1640 medium (R8758, Sigma, Irvine, UK) containing 1% (v/v), 100 mM sodium
pyruvate (S8636, Sigma, Irvine, UK), 1% (v/v) 200 mM L-glutamine (G7513, Sigma, Irvine, UK) and 1%
(v/v) penicillin-streptomycin solution formed by 5000 units and 5 mg/mL, respectively (P4458, Sigma,
St. Louis, MO, USA). This medium was supplemented with 10% (v/v) fetal bovine serum (FBS, F2442,
Sigma, St. Louis, MO, USA) to obtain a complete growth media (RPMI-10). The N2a cell line was
maintained at 37 ◦C under 5% CO2 in a humidified atmosphere and subcultured when a confluence >
80% was observed (four times per week for a split 1:5).
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4.3.2. Cytotoxicity Cell Based assay (N2a-MTT Assay)

The N2a-MTT assay applied to the analysis of fish extracts was developed by Manger et al.
(1993) [20] with some modifications. To evaluate the toxic activity of each fraction, prepared from
different contaminated samples, cells were seeded into 96-well assay plates (Corning, NY, USA) at a
density of 30,000 cells per well in 0.2 mL of growth medium supplemented with 5% (v/v) FBS (RPMI-5)
and incubated for 24 h, at 37 ◦C in humidified atmosphere enriched with 5% CO2.

Plates were divided into non-sensitized and sensitized sections. Cells from the sensitized section
were exposed to 20 μL/well of a mixture of Ouabain (O3125, Sigma, St. Louis, MO, USA) and Veratridine
(V5754, Sigma, St. Louis, MO, USA) (+OV section), prepared from the 10 mM ouabain and 1 mM
veratridine stock solutions, in RPMI-C (growth medium without FBS), allowing a reduction of 20% of
cell viability. A volume of 20 μL of PBS was added to wells of the non-sensitized cells (-OV section).

Extracts obtained from non-contaminated fish samples in the different steps of the sample
pretreatment were evaporated under N2 stream at 40 ◦C until dryness. Then these extracts were
reconstituted in MeOH to obtain a concentration of 20 g TE/mL. Non-sensitized cells were exposed to a
range of fish extract concentration, which varied from between 0.1 and 100 mg fish TE well−1. Serial
dilutions were prepared from the extracts of 20 g TE/mL in RPMI-C and 10 μL of each dilution was
tested in replicates of 4 wells.

In order to evaluate the matrix effect in the CTXs semi quantification by the N2a-MTT assay,
15 g of a non-contaminated fish sample of Pagrus pagrus was extracted. A portion of the sample was
collected after extraction and after purification step, then 20 mg TE from each extract was added by
well for sensitized and non-sensitized sections by triplicate. Additionally, cells were exposed to CTXs
using the concentration range of 5–0.05 pg/well. The CTXs content was equivalent to ranging from
0.25 to 0.0025 ng CTXs/g fish. Dose-response curves were obtained and IC50 values calculated.

Sensitivity of the N2a cells to the presence of CTXs compounds was calibrated with a standard
solution of C-CTX1, CTX1B and CTX-3C that was serially diluted ten times (ranging from 50 to
0.5 ng mL−1). Of each dilution 10 μL was tested in replicates of 4 wells in the presence of OV.

4.3.3. Measurement of Mitochondrial Activity

Following a 16 h incubation with samples, cell viability was assessed by colorimetric MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma, St. Louis, MO, USA). Briefly,
the medium was removed from the wells and replaced by 60 μL of RPMI-5 containing 0.8 mg/mL of
MTT. After 40 min at 37◦, MTT medium was discarded and the resulting formazan crystals, produced
from mitochondrial dehydrogenases of live cells, were solubilized by 100 μL of dimethyl sulfoxide
(DMSO, D5879, Honeywell, Seelze, Germany). Absorbance was read with a spectrophotometer
(Multiskan® FC Microplate Photometer, Thermo Fisher Scientific Oy, Ratastie, Finland) at 570 nm for
testing and 630 nm for reference [54].

4.3.4. Analysis and statistical treatment of the data

Results of cell viability were obtained with SigmaPlot v.12.0 software and were expressed as a
percentage relative to control wells. For those data that were fitted to a sigmoidal dose-response curve,
the IC50 value (concentration of CTXs required to cause 50% reduction in cell viability) was calculated
using a four parameters logistic function (4PL) with variable slope. From this equation, the limit of
quantitation was calculated by IC80 (concentration of CTXs necessary to inhibit the cell viability by
20%). All data are expressed as the means ± SD for n replicates.
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Abstract: Ciguatera poisoning is a foodborne illness caused by the consumption of seafood
contaminated with ciguatoxins (CTXs) produced by dinoflagellates from the genera Gambierdiscus
and Fukuyoa. The suitability of Solid Phase Adsorption Toxin Tracking (SPATT) technology for the
monitoring of dissolved CTXs in the marine environment has recently been demonstrated. To refine
the use of this passive monitoring tool in ciguateric areas, the effects of deployment time and
sampler format on the adsorption of CTXs by HP20 resin were assessed in Anaho Bay (Nuku Hiva
Island, French Polynesia), a well-known ciguatera hotspot. Toxicity data assessed by means of the
mouse neuroblastoma cell-based assay (CBA-N2a) showed that a 24 h deployment of 2.5 g of resin
allowed concentrating quantifiable amounts of CTXs on SPATT samplers. The CTX levels varied with
increasing deployment time, resin load, and surface area. In addition to CTXs, okadaic acid (OA)
and dinophysistoxin-1 (DTX1) were also detected in SPATT extracts using liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS), consistent with the presence of Gambierdiscus and
Prorocentrum species in the environment, as assessed by quantitative polymerase chain reaction (qPCR)
and high-throughput sequencing (HTS) metabarcoding analyses conducted on passive window screen
(WS) artificial substrate samples. Although these preliminary findings await further confirmation in
follow-up studies, they highlight the usefulness of SPATT samplers in the routine surveillance of CP
risk on a temporal scale, and the monitoring of other phycotoxin-related risks in ciguatera-prone areas.

Keywords: ciguatera monitoring; Gambierdiscus; ciguatoxins; SPATT passive samplers; HP20 resin;
CBA-N2a; LC-MS/MS; WS artificial substrate; qPCR; HTS metabarcoding

Key Contribution: SPATT technology allowed the detection of CTXs, OA, and DTX1 in samples from
Anaho Bay, French Polynesia, consistent with concomitant reports of the occurrence of Gambierdiscus
and Prorocentrum species in the area. The deployment of 44 cm2 SPATT devices filled with 2.5 g of
HP20 resin for 24 h allowed the highlighting of the circulation of dissolved CTXs in this well-known
ciguatera hotspot. These preliminary results suggest that increasing both the deployment time and
resin load could be useful when monitoring areas with a moderate-to-low CP risk.
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43



Toxins 2020, 12, 321

1. Introduction

Harmful algal blooms (HABs) cause major sanitary, environmental, and economic problems in
many aquatic environments worldwide [1]. Numerous countries thus maintain routine monitoring
programs for the early detection of HAB events and the presence of associated toxins in order to
mitigate the associated impacts. Most of these programs are based on the direct monitoring of
potentially toxic microalgal and cyanobacterial species and qualitative/quantitative analyses of toxins
accumulated in marine products intended for human consumption [2,3]. Since 2004, the Solid Phase
Adsorption Toxin Tracking (SPATT) technique, which enables the passive sampling of dissolved toxins
present in the water column associated with episodic HAB events, has increased in popularity as a
complementary method [4]. Numerous laboratory- and field-based studies have demonstrated the
ability of this technique to detect a large array of lipophilic and hydrophilic toxins produced by various
microalgae and cyanobacteria, in both marine and freshwater environments [5,6]. SPATT samplers
contain porous synthetic resins, and of the many adsorbent substrates tested to date, the DIAION®

HP20 resin, an aromatic type adsorbent based on a cross-linked polystyrene matrix, appears to be the
most versatile, and thus most used, substrate [6].

Ciguatera poisoning (CP) is a seafood-borne illness caused by the consumption of tropical
marine seafood products (i.e., fish and invertebrate species) contaminated with ciguatoxins (CTXs) [7].
These polyether neurotoxins are produced by benthic dinoflagellates belonging to the genera Gambierdiscus
and Fukuyoa [8]. Ciguatera is endemic to coral reef areas in the Caribbean Sea and Pacific and Indian
Oceans [9]; however, its expansion into previously unaffected temperate regions has been documented
since 2004 [10,11]. This rise of CP prevalence worldwide has prompted increased research efforts,
most notably towards the improvement of current monitoring methods to predict and manage outbreaks.
The suitability of SPATT samplers for the in situ monitoring of CTXs was recently assessed in a ciguatera
hotspot in French Polynesia (Anaho Bay, Nuku Hiva Island, Marquesas archipelago) [12]. Previous studies
in Anaho Bay have shown the recurrent presence of Gambierdiscus communities with the co-occurrence
of at least five species and the predominance of G. polynesiensis [13–15], a species known to be a high
producer of Pacific CTXs (P-CTXs) [16,17]. Moreover, P-CTXs were detected in fish [13], as well as in
trochus [14] and sea urchins [15] collected from Anaho Bay. Finally, both trochus and sea urchin specimens
were recently involved in atypical CP cases [15,18]. P-CTXs were successfully detected in methanol
extracts of SPATT devices containing 10 g of HP20 resin, following a two-day deployment in Anaho Bay
in July 2015 [12]. The presence of P-CTXs in these samplers was concomitant with the observation of
Gambierdiscus polynesiensis populations [15], as well as the detection of P-CTXs in sea urchins [15]. These
results confirmed the potential of SPATT technology as a passive environmental surveillance tool to
support CP risk assessments and management programs, particularly in areas at high risk of ciguatera [12].
SPATT samplers—which are known for their relatively low cost as well as simplicity of preparation,
deployment, transport, and storage [19]—appear well-suited for monitoring CTXs in remote and widely
dispersed island locations, such as Nuku Hiva Island, and, more globally, other Pacific Islands Countries
and Territories (PICTs), whose populations are the most vulnerable to CP [20].

The present work is a follow-up study to previous investigations conducted by Roué, et al. [12]
in the Anaho Bay. To this end, two successive field experiments were conducted in the same study
site using SPATT technology in an attempt to (i) follow the dissolved CTX trend in the environment
over a 22 month period, and (ii) study the effects of different deployment times and device formats
(i.e., resin load and surface of exposure) on the overall adsorption efficacy of SPATT samplers towards
CTXs. Practically, SPATT devices of various surface areas, filled with 2.5 or 5 g of HP20 resin, were
deployed in Anaho Bay in November 2016 and August 2018 for one, three, or six days. The levels of
CTXs in methanol extracts were assessed using the mouse neuroblastoma cell-based assay (CBA-N2a),
and the identity of congeners was determined using liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS). In parallel, the abundance of specific Gambierdiscus species in Anaho Bay was
assessed through quantitative polymerase chain reaction (qPCR) assays conducted on passive window
screen (WS) artificial substrate samples. Finally, in order to further characterize the potential human
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health risks associated with the consumption of marine products from Anaho Bay, the composition
of benthic dinoflagellate assemblages and presence of related toxic compounds in this area were
also assessed using the (i) high-throughput sequencing (HTS) metabarcoding of WS samples and
(ii) LC-MS/MS based multi-toxin screening of SPATT samples, respectively.

2. Results

2.1. Molecular Analyses of Environmental Samples

Benthic/epiphytic dinoflagellate cells were collected from macroalgal substrates as well as WS
artificial substrates during November 2016 and August 2018 field campaigns in Anaho Bay.

Microscopic observations revealed the presence of Gambierdiscus, Ostreopsis, and Prorocentrum
cells on macroalgal substrates collected in November 2016, whereas only Gambierdiscus and Ostreopsis
cells were observed in August 2018 (Table 1).

Semi-quantitative, species-specific qPCR assays were performed on WS samples to determine
the Gambierdiscus spp. relative abundance and species distribution. A reduction in Gambierdiscus
cell abundance was observed between November 2016 and August 2018, with Gambierdiscus cells no
longer detected in the 2018 samples (Table 1). Among the five species detected in November 2016,
G. polynesiensis was the dominant species, followed by G. carpenteri (Table 1).

Table 1. Dinoflagellate genera observed by light microscopy on macroalgal substrates and
semi-quantitative polymerase chain reaction (qPCR) estimates of Gambierdiscus species composition
identified from window screen (WS) samples, from Anaho Bay in November 2016 (n = 6 for each
substrate) and August 2018 (n = 5 for each substrate).

Field Experiment

Dinoflagellate Genera
Observed on

Macroalgal Substrates

qPCR Analyses of Artificial WS Substrates

Cell Density of
Gambierdiscus spp. 2

Gambierdiscus Species
Identification

November 2016 1
Gambierdiscus

Ostreopsis
Prorocentrum

~2900

G. polynesiensis (82%)
G. carpenteri (17%)
G. caribaeus (<1%)
G. pacificus (<1%)
G. toxicus (<1%)

August 2018
Ostreopsis

Gambierdiscus ND ND

1 Data from Darius, et al. [14]; 2 Density expressed in cells 150 cm−2. ND = not detected.

In order to fully characterize the composition of benthic assemblages in Gambierdiscus and other
HAB species, HTS metabarcoding analyses were carried out on artificial WS samples from August
2018. Sequencing targeting the large subunit ribosomal RNA (LSU) D1-D2 region generated between
27,069 and 97,610 Dinophyceae reads per sample after quality filtering, size trimming, and chimera
detection (Table S1). Only 2% of the reads corresponded to Gambierdiscus species (Figure 1a), with four
species identified: G. polynesiensis was the dominant species, representing 46% of Gambierdiscus reads,
followed by G. pacificus (31%), G. carpenteri (22%), and G. toxicus (1%) (Figure 1b, Table S1). The most
abundant Dinophyceae genus detected was Ostreopsis, representing nearly 48% of all Dinophyceae reads
(Figure 1a), with three species identified: O. cf. ovata, O. cf. lenticularis, and O. cf. rhodesiae (Table S1).
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Figure 1. Relative abundances of (a) Dinophyceae reads at the genus level and (b) Gambierdiscus reads
at the species level from window screen samples collected in Anaho Bay in August 2018 (n = 5). All the
classified genera representing less than 1% of all Dinophyceae reads (Table S1) were identified as
“other Dinophyceae”.

In addition, other known toxin-producing genera were detected, e.g., Amphidinium, Azadinium,
Coolia, Dinophysis, Karenia, and Prorocentrum, although the numbers of reads for these taxa were low
(Table S1). Bayesian phylogenetic analyses showed that all taxa classifications using the custom
dinoflagellate sequence databases were correct, although the short sequences (approximately 350 bp)
were not able to resolve some deeper phylogenetic relationships (Figure S1). Some taxa were able to
be classified to the species level, in particular, Gambierdiscus spp., while other groups could not be
successfully resolved. For example, some Ostreopsis spp. and Amphidinium spp. were not able to be
assigned to specific species (Figure S1) either because they represent undescribed species or species that
are not present in the GenBank database. Therefore, some taxa have been assigned to the genus-level
only, or “cf.” has been used to indicate some uncertainty with the classification.

2.2. Evaluation of SPATT Samples Toxicity Using CBA-N2a

Regardless of the resin load (2.5 or 5 g of HP20 resin), deployment time (1, 3, or 6 days), or surface
area (44 or 71 cm2) of the SPATT devices deployed in Anaho Bay in November 2016 and August 2018,
all methanol extracts were found to be toxic toward neuroblastoma (N2a) cells, with activity typical
for CTXs: cytotoxic effects were observed in the presence of ouabain (O) and veratridine (V) (i.e., OV+

conditions), whereas no cytotoxicity was detected in the absence of O and V (i.e., OV− conditions) (Figure 2).
Mean half-maximal effective concentration (EC50) values ranging from 614 ± 123 to 6319 ± 1237 pg

of dry extract μL−1 were obtained. These raw EC50 values were then converted into quantities of
resin (ng HP20 resin equiv. μL−1) to be further compared with each other whatever the amount of
resin used (i.e., 2.5 or 5 g), which ranged from 270 ± 51 to 1.5 × 104 ± 0.5 × 104 ng HP20 resin μL−1

(Table 2). Corresponding toxin contents were estimated at between 0.14 ± 0.04 and 7.0 ± 1.2 ng
P-CTX3C equiv. g−1 HP20 resin (Table 2).

When the toxin contents were calculated according to the total quantity of resin per SPATT device,
i.e., 2.5 or 5 g, these toxin contents varied from 0.34 ± 0.10 to 23.5 ± 3.2 ng P-CTX3C equiv. SPATT−1

(Figure 3). The toxicity data indicated a significant decrease (p < 0.0001) in CTX levels in Anaho Bay in
2018 compared to 2016; indeed, the amounts of CTXs detected on SPATT devices from August 2018
were 10- to 34-fold lower than those from November 2016, for a deployment time of 24 h and resin
loads of 5 and 2.5 g, respectively (Figure 3).
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Figure 2. Dose–response curves for neuroblastoma (N2a) cells exposed, in the absence (OV− condition)
and presence (OV+ condition) of ouabain and veratridine, to increasing concentrations of methanol
extracts (expressed in pg dry extract μL−1 and then converted to ng HP20 resin equiv. μL−1) from
control HP20 resin or Solid Phase Adsorption Toxin Tracking (SPATT) devices (n = 3) filled with 2.5 g
of HP20 resin and deployed for three days in Anaho Bay in November 2016. Data represent the means
± standard errors (SE) of values obtained from three independent neuroblastoma cell-based assays
(CBA-N2a), each point run in triplicate.

Table 2. Mean half-maximal effective concentration (EC50) values (CBA-N2a) and toxin content
estimates for SPATT devices deployed in Anaho Bay in November 2016 and August 2018.

Field
Experiment

Deployment
Time (days)

Resin Load
(g)

Surface of
Exposure (cm2)

EC50
1

(ng HP20 Resin
Equiv. μL−1)

Toxin Content
(ng P-CTX3C Equiv.

g−1 HP20 Resin)

November
2016

1
2.5

44

410 ± 78 4.6 ± 0.9
5 486 ± 52 3.8 ± 0.4

3
2.5 270 ± 51 7.0 ± 1.2
5 381 ± 44 4.9 ± 0.6

August
2018

1
2.5

44
14,611 ± 4817 0.14 ± 0.04

5 4937 ± 966 0.38 ± 0.08

6
2.5

44 4589 ± 149 0.40 ± 0.01
71 3661 ± 1391 0.54 ± 0.21

5
44 2290 ± 410 0.82 ± 0.14
71 1095 ± 95 1.7 ± 0.2

1 Data represent the mean ± SE of values obtained from two or three different SPATT devices, each tested in two to
three independent CBA-N2a experiments.

Concerning the effect of resin load, whatever the period of study, time of deployment, and surface
of exposure, the use of 5 g of HP20 resin led to the adsorption of 1.4- to 6.2-fold higher levels of CTXs
compared with a resin load of 2.5 g (Figure 3).

As for the deployment time, 44 cm2 SPATT devices deployed for three and six days accumulated
1.3- to 1.5- and 2.1- to 2.3-fold more CTXs than the ones deployed for one day, respectively, with the
highest increases with deployment duration being observed for resin loads of 2.5 g (Figure 3).

Finally, regarding the sampler surface (only tested in 2018), after six days of deployment,
the amounts of CTXs contained in larger SPATT devices were found to be 1.7- and 2.1-fold higher than
in smaller SPATT samplers for resin loads of 2.5 and 5 g, respectively (Figure 3).
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Figure 3. Toxin contents adsorbed on SPATT devices deployed in Anaho Bay in November 2016 and
August 2018, based on the CBA-N2a data detailed in Table 1. Error bars represent SE.

2.3. Characterization of Toxins Adsorbed by HP20 Resin Using LC-MS/MS

All methanol extracts from SPATT devices deployed in Anaho Bay in November 2016 and August
2018 were analyzed using a LC-MS/MS based multi-toxin screening approach, leading to the detection
of two groups of marine toxins. The presence of P-CTXs was confirmed in all samples, although at
non-quantifiable concentrations (limit of quantification of P-CTX3C: 6 ng/mL). Two uncharacterized
P-CTX3C isomers, consistently present in methanol extracts of TB92—a highly toxic strain of Gambierdiscus
polynesiensis (Figure 4a)—were also detected in SPATT samples collected in November 2016 and August
2018 (Figure 4b,c), whereas P-CTX3B was found only in November 2016 samples (Figure 4b).

Among the other toxins sought, okadaic acid (OA) and dinophysistoxin-1 (DTX1) were also
detected in all SPATT devices for OA, depending on the deployment time for DTX1 (Figure 5).

The toxin contents of OA per SPATT device ranged from 3.3 to 47.0 ng OA SPATT−1 (Table 3).
For similar conditions, an increase in the time of exposure, resin load, or surface area led to 1.4- to 5.6-,
1.4- to 2.9-, or 1.4- to 1.9-fold higher levels of OA, respectively (Table 3). For a 24 h deployment time,
a 3-fold decrease in OA contents was observed between November 2016 and August 2018.

Low toxin contents of DTX1 per SPATT device were detected, ranging from 2.0 to
6.9 ng DTX1 SPATT−1, provided that SPATT devices were deployed for at least three days (Table 3).
As observed for OA, the highest level of DTX1 was detected after six days of exposure in August 2018
using 71 cm2 SPATT devices filled with 5 g of HP20 resin.

None of the other marine biotoxins sought (see Section 5.6 for details) were detected through
LC-MS/MS multi-toxin screening analyses.

48



Toxins 2020, 12, 321

 
Figure 4. Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) chromatograms
of methanol extracts from (a) TB92-Gambierdiscus polynesiensis strain, and (b,c) SPATT devices filled
with 5 g of HP20 resin and deployed for 24 h in Anaho Bay in November 2016 and August 2018,
respectively. Chromatograms were acquired in positive scheduled multi-reaction mode (MRM) mode
with a retention window of 90 sec, representing the MRM transitions of P-CTX3B/C at m/z 1023.5 >
1005.6 (in blue), 1040.6 > 1005.6 (in black), and 1023.6 > 125.1 (in green). The signal-to-noise (S/N) was
calculated with three standard deviations for the m/z transition 1023.6 > 1005.6. The two potential
P-CTX3C isomers were tentatively identified on the basis of two MRM transitions and the correct
retention time of these isomers compared to that of the highly toxic G. polynesiensis strain TB92.
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Figure 5. LC-MS/MS chromatograms of (a) okadaic acid (OA), dinophysistoxin-1 (DTX1), and
dinophysistoxin-2 (DTX2) standards mix solution (NRC certified reference material); and (b,c) methanol
extracts from SPATT devices filled with 5 g of HP20 resin and deployed in Anaho Bay for three days
in November 2016 and for six days in August 2018, respectively. Chromatograms were acquired in
negative MRM mode on m/z transitions 803.4 > 255.1 (black) and 803.4 > 113.5 (blue) for OA and its
analog DTX2, as well as on m/z transitions 817.5 > 257.9 (green) and 817.5 > 112.9 (pink) for DTX1.

Table 3. Estimated OA and DTX1 contents in SPATT devices deployed in Anaho Bay in November
2016 and August 2018, based on LC-MS/MS data.

Field
Experiment

Deployment
Time (Days)

Resin Load (g)
Surface of

Exposure (cm2)

Toxin Content 1

(ng Toxin SPATT−1)
OA DTX1

November
2016

1
2.5

44

9.0 ± 1.6 ND 2

5 21.3 ± 4.3 ND

3
2.5 13.0 ± 1.3 ND
5 37.0 ± 13.0 4.2 ± 1.6

August 2018

1
2.5

44
3.3 ± 0.1 ND

5 6.2 ± 0.8 ND

6
2.5

44 18.6 ± 0.2 2.1 ± 0.5
71 25.4 ± 1.3 2.0 ± 0.1

5
44 25.4 ± 6.4 3.1 ± 0.8

71 3 47.0 7.0
1 Data represent the mean ± SE of values obtained from two or three different SPATT devices and are expressed in
ng of toxin per SPATT device; 2 ND: not detected; 3 Only one SPATT device was analyzed.
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3. Discussion

3.1. Benthic Harmful Algae Populations and Toxin Profiles over Time in Anaho Bay

This study confirmed the ciguateric status of Anaho Bay. Indeed, the CBA-N2a toxicity data
showed that dissolved CTXs previously detected on SPATT samplers deployed in the area in July
2015 [12] were still present in the water column at decreasing, yet quantifiable, amounts in November
2016 and August 2018. Molecular analyses of WS samples showed that G. polynesiensis, a species
known to be highly toxic [16,17], was the dominant Gambierdiscus species both in November 2016 [14]
and August 2018, although the abundance of total Gambierdiscus cells was low, especially in August
2018. The concentrations of CTXs detected on SPATT samplers after 24 h of deployment in August
2018 were significantly lower than in November 2016, consistent with the qPCR data for WS
samples indicating a reduction in Gambierdiscus cells between November 2016 and August 2018.
In addition, HTS metabarcoding analyses of environmental samples confirmed the very low abundance
of Gambierdiscus in August 2018, in comparison with other dinoflagellate genera, in particular,
Ostreopsis. Similarly, a two- to three-fold decrease in the levels of CTXs detected in locally sourced
marine invertebrates was observed between November 2016 [14,15] and August 2018 (i.e., 0.15 and
0.19 ng P-CTX3C equiv. g−1 of tissue for sea urchins and trochus, respectively; unpublished data).
Finally, the LC-MS/MS data showed that P-CTX3B, as well as two uncharacterized P-CTX3C isomers
(tentative identification), were detected on SPATT devices deployed in November 2016, whereas only
the two potential P-CTX3C analogs were present in the August 2018 samples. The detection of fewer
CTX analogs in the SPATT devices in August 2018 vs. November 2016 could be due to the lower
levels of total P-CTXs, as confirmed by the CBA-N2a results. As observed for trochus or sea urchin,
the number of analogs detected decreased when the amount of total P-CTXs decreased [14,15]. Another
explanation could be that uncharacterized P-CTX3C analogs are more stable in the water column and
thus take longer to degrade than P-CTX3B; however, this hypothesis still needs to be confirmed.

The LC-MS/MS multi-toxin screening approach resulted in the detection of dissolved OA and
DTX1 in Anaho Bay for the first time (in both November 2016 and August 2018). This result is
consistent with the concomitant detection of Prorocentrum cells, by both microscopic observation
and HTS metabarcoding analyses of environmental samples, although at very low abundance at the
time of the field campaigns. Dinoflagellates of the genus Prorocentrum are potential producers of
diarrheic shellfish poisoning (DSP) toxins [21]. Traces of Dinophysis, another potential producer of DSP
toxins [21], were also detected in Anaho Bay in August 2018 using HTS metabarcoding. The low levels
of OA and DTX1 (ng order) detected on the SPATT devices are consistent with the low number of reads
detected for Prorocentrum (0.35%) and the very low number of reads detected for Dinophysis (0.03%).
In bloom scenarios, much higher concentrations of OA-group toxins are typically detected in such
SPATT devices, e.g., as was the case in France in 2016 [22]. The low concentrations of OA-group toxins
are coherent with the low numbers of Prorocentrum cells in Anaho Bay, and it is not clear whether these
were in decline, similarly to Gambierdiscus cells, or had been low over longer periods. In any case,
the presence of OA and DTX1 in Anaho Bay may have contributed to the gastrointestinal symptoms
reported by patients following the consumption of marine invertebrates from Anaho Bay [15,18],
even though detectable amounts of these two toxins could not be positively confirmed in trochus and
sea urchins analyzed one month after the poisoning occurred [14,15].

Conversely, neither palytoxin nor its analogs (i.e., ovatoxins) were found in SPATT samples by
LC-MS/MS despite the high predominance of Ostreospsis spp. in Anaho Bay. This result is consistent with
recent findings that both O. lenticularis [23] and O. cf. ovata (pers. comm., M. Chinain and D. Réveillon)
strains from French Polynesia show no toxicity (as assessed by CBA-N2a and LC-MS/MS analyses),
whereas strains of both species were found to be toxic in the Caribbean and Mediterranean regions [21,24].
However, the reporting of other potentially toxic HAB genera, such as Amphidinium, Azadinium, Coolia,
Karenia, and Ostreopsis [21] in Anaho Bay emphasizes the importance of extending the environmental
surveillance in this CP-endemic area to toxin groups other than CTXs.
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Using the LC-MS/MS multi-toxin screening approach, several other biotoxin groups were screened
for but were not detected, because of either the absence or low levels of the producing dinoflagellates
in Anaho Bay. As an example, the non-detection of cyclic imines and azaspiracids is consistent with the
very low number or absence of metabarcoding reads for the genera Alexandrium, Azadinium, Karenia,
and Vulcanodinium (0% to 0.01% of the total Dinophyceae reads).

3.2. Effects of Deployment Time on the Efficacy of CTX Detection

To date, there is no consensus about the minimum/optimal deployment time of SPATT devices in
the field and, as highlighted by Kudela [5], the deployment duration usually depends on the research
or monitoring design of the programs. The present study provides some preliminary data about the
potential of SPATT samplers to adsorb different amounts of CTXs under varying deployment times.
In most of the field studies reported in the literature, SPATT samplers were deployed for one week [25–30],
but sometimes for longer periods (up to one month) [31,32]. However, from a practical point of view,
a deployment time of several days/weeks may be difficult or even impossible to implement, most notably
in remote areas that are difficult to access, as is the case for Anaho Bay or many ciguatera-prone areas in
PICTs. In the present study, using a highly sensitive detection method such as the CBA-N2a, the results
showed that CTXs could be detected on SPATT samplers deployed in a long-standing ciguatera hotspot
after only 24 h of deployment time. To the best of our knowledge, only one laboratory study has
investigated the effect of different sorbent materials on SPATT adsorption efficiency [33], and two field
studies have previously documented the successful monitoring of various toxin groups using limited
deployment times; detectable amounts of OA, DTX1, yessotoxin (YTX), and pectenotoxins (PTXs) were
found on HP20 SPATT devices deployed for only 3.5 h at Wedge point, New Zealand [4], while anatoxin-a
and homoanatoxin-a were successfully detected on Strata-XTM SPATT devices exposed for only 4 h in
Waipoua River, New Zealand [34].

Most importantly, using longer deployment times—i.e., three and six days—led to the adsorption
of higher levels of CTXs onto HP20 resin. However, the highest level of CTXs adsorbed per gram of
HP20 resin (i.e., 7 ng P-CTX3C equiv. g−1 HP20 resin) was nearly 8-fold lower than the saturation rate
previously determined under laboratory conditions by Roué, et al. [12] (i.e., 55 ng P-CTX3C equiv. g−1

HP20 resin for a deployment of 10 g of HP20 resin during 48 h in an in vitro culture of TB92, a highly
toxic G. polynesiensis strain). These findings suggest that SPATT devices deployed in Anaho Bay could
potentially have retained higher amounts of CTXs if they had been deployed for a longer period,
provided the presence of higher concentrations of CTXs in the environment. Likewise, the results also
showed an increase in OA adsorption with increasing deployment times but with maximum levels per
gram of HP20 resin lower than those reported in other studies [22,29], suggesting the limit of saturation
of the SPATT has not been reached in the field experiments.

The results from the present study showed that a time of exposure of at least three days was
necessary to detect DTX1. A previous study had already demonstrated a linear increase in the quantities
of several polyether biotoxins adsorbed by HP20 resin for at least the first eight days of exposure at
Wedge point, New Zealand [4]. Taken together, all these observations are consistent with laboratory
studies suggesting that HP20 resin is a slow accumulator of various toxins as compared with other
adsorbent substrates (e.g., Sepabeads®, Oasis® HLB, or Strata-X resins) and is thus more appropriate
for long exposure periods [33,35,36]. Consequently, when low concentrations of toxins are expected to
circulate in the water column (i.e., in areas with low-to-moderate CP risk), using longer deployment
times (i.e., ≥1 week) could prove useful for increasing the detectability of toxins. Similarly to other
kinetic samplers, if the uptake kinetic of SPATT devices is faster than their offload kinetic, toxin
adsorption would increase linearly under prolonged exposure [5]. However, this is not a general rule
for all toxins; for example, a fast desorption rate of paralytic shellfish poisoning (PSP) toxins from
SP700 resin was observed in toxin-free seawater, indicating that for these hydrophilic toxins, the field
deployment of SPATT samplers should not exceed seven days to avoid toxin loss [37]. Furthermore,
it should be noted that a longer deployment time is likely to increase biofouling on SPATT devices,
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thus reducing water flow through the resin and toxin adsorption, although biofouling may play less of
a role in tropical oligotrophic areas than in temperate eutrophic areas.

3.3. Effects of Resin Load on the Efficacy of CTX Detection

No consensus currently exists on the minimal/optimal resin load to use in SPATT samplers. In the
literature, the resin loads tested in the different studies ranged from 0.3 g [22,33] to 10 g [12,27], although
the amount most commonly used is between 3 and 5 g [4,25,28,30–32,36]. To the best of our knowledge,
only one field-study by Zendong, et al. [22], conducted in the Mediterranean Sea, has compared the
efficacy of SPATT devices to detect several lipophilic phycotoxins when filled with different resin loads
(i.e., 0.3, 3, and 10 g of HP20 resin). The authors concluded that 3 g of resin offered the best compromise
in terms of cost (lesser resin and solvent consumption), adsorption capacity, and efficacy (lesser potential
for clogging) [22]. They noted that the 69 cm2 exposure surface used in their study was insufficient to
avoid the superimposition of resin particles for a 10 g resin load, leading to a decrease in toxin adsorption
efficiency. The results obtained in the present study are thus consistent with previous findings by
Zendong et al. [22], as SPATT devices filled with 5 g of HP20 resin always led to the adsorption of higher
levels of P-CTXs, OA, and DTX1 per device than with 2.5 g. The same observation applies when larger
devices were used, i.e., 71 vs 44 cm2. These findings suggest that the contact surface between resin and
seawater was relatively well optimized in the 44 cm2 SPATT samplers filled with 2.5 g and that 71 cm2

devices should be used for resin loads of 5 g in order to allow a better distribution of the resin (or higher
surface/resin weight ratio) and thus a higher toxin adsorption.

4. Conclusions

This study provides preliminary data on the modular use of the SPATT technique (HP20 resin)—i.e.,
different deployment time, resin loads and surface areas—for the in situ monitoring of CTXs in CP-prone
areas, as well as the survey of additional HAB-related toxin groups potentially present in ciguateric
biotopes. In the Anaho ciguatera hotspot, the deployment of 44 cm2 SPATT devices filled with 2.5 g of
HP20 resin for only 24 h allowed the assessment of a decrease in CTX concentrations over a 22 month
time period. The results obtained over longer deployment times led us to speculate that in areas where
the ciguatera risk is unknown or considered low-to-moderate, increasing the amount of resin and time
of deployment could help improve toxin detection, provided the surface of the device is optimized to
avoid resin clogging. From a practical point of view, it is suggested that when the concentrations of
dissolved toxins are potentially low, the deployment of 71 cm2 SPATT samplers filled with 5 g of resin
for at least one week could be considered.

More widely, both the design of the passive sampler (e.g., adsorbent substrate, resin load,
and device surface) and deployment times should be adapted to the characteristics of the study site
(e.g., the accessibility, hydrodynamics, trophic state, and diversity of HAB communities) and the targeted
toxin(s) (e.g., lipophilic or hydrophilic toxins). Similarly to that of other environmental passive samplers,
the calibration of SPATT samplers is problematic and is perhaps the single greatest issue in current
efforts to achieve better acceptance of this technology in HAB monitoring and management programs [5].
While waiting for the inclusion of this useful tool in the context of routine monitoring programs,
the use of SPATT technology in combination with classic monitoring techniques (e.g., microalgal cell
enumeration/identification or the quantification of toxins in fish/shellfish) should be strongly encouraged,
in order to gain better knowledge of the extent of toxin contamination of aquatic environments.

5. Materials and Methods

5.1. Environmental Analyses

The study site is located in Anaho Bay (Nuku Hiva Island, Marquesas archipelago, French
Polynesia; 08◦49.171′ S, 140◦03.923′ W). Anaho Bay is a remote area, difficult to access from the main
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island of Tahiti (i.e., several hours’ travel by plane, 4 × 4 car, and boat) and field campaigns cannot be
regularly conducted.

Environmental samples of phytobenthos were collected from Anaho Bay in November 2016 and
August 2018, using both natural (i.e., macroalgae) and artificial (i.e., window screen, WS) substrate
methods, as previously described by Darius et al. [14]. The presence of Gambierdiscus, Ostreopsis,
and Prorocentrum cells was assessed microscopically in macroalgal samples.

Semi-quantitative, species-specific qPCR assays were performed on WS samples to assess the
relative cell abundance and distribution of the following Gambierdiscus species: G. polynesiensis,
G. toxicus, G. pacificus, G. australes, G. caribaeus, and G. carpenteri, which are currently reported in French
Polynesia, as well as four additional species/phylotypes, i.e., G. belizeanus, G. carolinianus, G. ruetzleri,
and Gambierdiscus ribotype 2. The qPCR assays were performed using the protocol previously described
in Vandersea et al. [38] and Darius et al. [14], with a sensitivity of detection of the assays established at
approximately 10 cells, i.e., ranging from ≈ 20 to 5000 gene copy numbers depending on the species
targeted [38]. The same procedure was followed for the taxonomic identification at the species level of
the eight clonal cultures of Gambierdiscus further established from field samples.

Additionally, the WS samples collected in August 2018 were further analyzed using HTS
metabarcoding, using primers targeting the LSU D1-D2 region, as previously described by Smith et al. [39].
Briefly, samples were centrifuged, and DNA was extracted from the pellets using Qiagen DNeasy
PowerSoil kits (Qiagen, Carlsbad, CA, USA). The primers (D1R-F and D3B-R) were modified to include
IlluminaTM overhang adaptors. Libraries were prepared using the IlluminaTM two-step PCR amplicon
library preparation method and sequenced using an IlluminaTM MiSeq sequencer with 2 × 250 bp
paired-end reads at Auckland Genomics (University of Auckland, Auckland, New Zealand). All data
generated were quality checked using the following tools: FastQC, FastQscreen, and SolexaQA [40].
Further analyses were carried out in Mothur v1.37.6 [41] as described by Smith et al. [42]. Phylogenetic
analyses were carried out in Geneious® using MrBayes 3.1.2 [43].

5.2. HP20 Resin and SPATT Device Preparation

Adsorbent styrene-divinylbenzene resin (Diaion® HP20, Supelco, USA) was activated overnight
by stirring at a low speed in methanol (MeOH) at a 10:1 ratio (mL g−1). The HP20 resin was then
filtered under vacuum using a fritted funnel and, subsequently, thoroughly rinsed with de-ionized
(MilliQ) water to remove any methanol residues. The hydrated resin was kept in MilliQ water at a 10:1
ratio (mL g−1) at 4 ◦C until the preparation of the SPATT devices.

SPATT samplers consisted of two layers of 100 μm nylon mesh filled with HP20 resin (2.5 or 5 g
wet weight) and clipped between either two PVC circular disks (7.5 cm in diameter, corresponding to
a surface of 44 cm2) or embroidery frames (9.5 cm diameter, corresponding to a surface of 71 cm2).
SPATT devices were set up shortly before the field experiments (i.e., less than 1 week before) and were
kept in MilliQ water at 4 ◦C until in situ deployment.

5.3. Field Deployments of SPATT Devices

On-site, SPATT devices were placed in plastic grids to prevent damage from fish grazing and
then maintained in a vertical position in the water column using weights and floats. The deployment
occurred near dead coral blocks colonized by macroalgae likely to shelter benthic Gambierdiscus cells,
in locations with a moderate current to allow the circulation of seawater through the HP20 resin.
Two series of experiments were conducted: one in November 2016, where 44 cm2 SPATT devices were
filled with 2.5 and 5 g of HP20 resin and retrieved after one or three days of deployment (Table 1);
and the second one in August 2018, where 44 and 71 cm2 SPATT devices were filled with 2.5 and 5 g of
HP20 resin and retrieved after one or six days of deployment (Table 1). Each condition was tested in
triplicate (n = 30 SPATT devices). A total of 6 samplers could not be retrieved due to damage or loss.
Following collection, SPATT devices were stored at 4 ◦C in natural seawater until toxin extraction.
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5.4. Toxin Extraction from HP20 Resin

Each SPATT device was rinsed thoroughly with MilliQ water, in order to remove any cell debris
or epiphytes possibly adhering to the nylon mesh, and then carefully dismantled to retrieve the HP20
resin. Using a fritted funnel under vacuum, the resin was washed thoroughly with MilliQ water in
order to eliminate salt residues. Toxins were extracted from HP20 resin with MeOH in a 10:1 ratio
(mL·g−1). The resulting methanol extracts were dried under vacuum at 40 ◦C using a rotary evaporator
(Rotavapor RII, Büchi, Switzerland) and stored at 4 ◦C until CBA-N2a or LC-MS/MS analyses.

5.5. Neuroblastoma Cell-Based Assay

Methanol extracts were screened for the presence of CTXs using the CBA-N2a assay performed
following the protocol previously described by Darius et al. [14]. The final concentrations for
ouabain/veratridine treatment (OV+ conditions) ranged from 85/8.5 to 100/10 μM in order to obtain
90–100% of cell viability against control cells without ouabain/veratridine treatment (OV− conditions).
Each sample was tested in two or three independent experiments, with each concentration run in
triplicate per plate. Methanol extracts were tested using a serial dilution at 1:2 of eight concentrations
ranging from 74 to 9524 or 186 to 23,809 pg dry extract μL−1 for SPATT devices deployed in November
2016 or August 2018, respectively.

Absorbance data were fitted to a sigmoidal dose–response curve (variable slope) based on the
four-parameter logistic model (4PL), allowing the calculation of raw EC50 values expressed in pg dry
extract μL−1 using the Prism v6.07 software (GraphPad, San Diego, CA, USA). For a more convenient
presentation of our results, the CBA-N2a curves and EC50 of samples were further converted into ng
HP20 resin equiv. μL−1. The calibration of the assay was achieved using a P-CTX3C reference material
sourced from the Institut Louis Malardé (Papeete, French Polynesia) and that had been quantified
gravimetrically. The EC50 value obtained for P-CTX3C was 1.84 ± 0.31 fg μL−1 (n = 5). The toxin contents
(T) of samples were estimated using the formula T = (P-CTX3C EC50 / sample EC50) and expressed in
ng P-CTX3C equiv. g−1 HP20 resin. The toxin content per SPATT device was also estimated using the
following formula: T × 2.5 or 5 g and expressed in ng P-CTX3C equiv. SPATT−1. A Mann–Whitney test
was applied to the CBA-N2a data using the Prism v6.07 software (GraphPad, San Diego, CA, USA) in
order to compare all the toxin contents obtained in November 2016 vs. August 2018.

The maximum concentration of dry extract (MCE) that does not induce non-specific cytotoxic
effects on N2a cells was assessed using a methanol extract obtained from 10 g of non-exposed activated
HP20 resin. MCE was found to be higher than 1 × 104 pg dry extract μL−1, corresponding to 1 × 105 ng
HP20 resin equiv. μL−1 (Figure 1). The limit of quantification (LOQ) was thus estimated to be at 0.02 ng
P-CTX3C equiv. g−1 HP20 resin.

5.6. Liquid Chromatography Coupled with Tandem Mass Spectrometry Analyses

LC-MS/MS analyses were conducted on methanol extracts for the detection of several marine
biotoxin groups.

5.6.1. Detection Method for P-CTXs

P-CTX analysis [44] was carried out using an LC system (UFLC Nexera, Shimadzu, Kyoto, Japan)
coupled to a hybrid triple quadrupole/ion-trap mass spectrometer (API4000Qtrap, Sciex, Redwood City,
CA, USA) equipped with a turbo spray® interface. A C18 Zorbax Eclipse Plus column (1.8 μm,
50 × 2.1 mm, Agilent Technologies, Santa Clara, CA, USA) was employed at 40 ◦C and eluted at
400 μL min−1 with a linear gradient. Eluent A was water and Eluent B was methanol, with both eluents
containing 2 mM ammonium formate and 50 mM formic acid. The elution gradient ran from 78% to
88% B over 10 min and was held for 4 min before re-equilibration over 5 min.

Mass spectrometric detection was operated in positive mode and using scheduled Multiple
Reaction Monitoring (MRM) with a detection window of 90 s, with m/z values of the transitions listed
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in Table 4. MRM experiments were established using the following electrospray ionization (ESI)
parameters: curtain gas (CG) set at 25, ion spray (IS) at 5500 V, a turbogas temperature (T) of 300 ◦C,
gas 1 (GS1) set at 40, and gas 2 (GS2) set at 60 psi, with an entrance potential (EP) of 10 V.

Data processing and analysis were achieved with the Analyst software (Sciex, Redwood City,
CA, USA). Quantification was performed from a linear calibration curve generated from the P-CTX3C
standard (Wako chemicals GmbH, Neuss, Germany) using the MRM transition [M +H]+/[M +H −
H2O]+. The LOD and LOQ for P-CTX3C were 2 and 6 ng mL−1, respectively. For the comparison of
retention times, an extract of TB92, a highly toxic G. polynesiensis strain provided by the Institut Louis
Malardé (Papeete, French Polynesia), was injected in the sequence.

5.6.2. Detection Method for OA and DTXs

OA and DTXs are part of our analytical method for lipophilic toxins, performed in negative
ionization mode. This analytical method grouped OA, DTXs, and yessotoxins (YTXs) and was carried
out on the same instrument system as described above.

Chromatographic separation was carried out on a C18 Kinetex (50 × 2.1 mm, 2.6 μm, Phenomenex,
Le Pecq, France), using a mobile phase composed of (A) water and (B) 95% acetonitrile, both containing
2 mM ammonium formate and 50 mM formic acid at a flow rate of 400 μL min−1 and maintained at
40 ◦C. The elution gradient ran from 10% to 50% B over 2 min, to 95% B over the next 4 min and was
held for 2 min before re-equilibration.

MRM experiments were carried out in negative mode and the m/z selected are listed in Table 4. The ESI
parameters were set as follows: CG, 20; IS, −4500 V; T, 550 ◦C; GS1, 40 psi; GS2, 50 psi; and EP, −13 V.
Quantification was performed from linear calibration curves generated from certified standards of OA, DTX2,
DTX1, and YTX (National Research Council, Ottawa, ON, Canada). The LOD and LOQ for the standards
available were determined with the ordinary least-squares regression data method [45,46] (Table 4).

Table 4. List of selected m/z for the MRM experiments.

Compound
Pseudo

Molecular Ion
MRM Transitions

(m/z)
DP (V) CE (eV)

LOD
(ng mL−1)

LOQ
(ng mL−1)

P-CTX1B [M + NH4]+ 1128.6/1093.6 105 20
1128.6/1075.6 1 105 30

1128.6/95.1 105 90
P-CTX3C & P-CTX3B [M + NH4]+ 1040.5/1005.6 105 30

[M + H]+ 1023.6/1005.6 1 105 20 2 6
1023.6/125.1 105 50

P-CTX4A & P-CTX4B [M + NH4]+ 1078.6/1043.6 105 30
[M + H]+ 1061.6/1043.6 1 105 20

1061.6/125.1 105 50
2,3-diOH-P-CTX3C [M + NH4]+ 1074.6/1039.6 105 30

[M + H]+ 1057.6/1039.6 1 105 20
1057.6/125.1 105 50

51-OH-P-CTX3C [M + NH4]+ 1056.6/1021.6 1 105 30
[M + H]+ 1039.6/1021.6 105 20

1039.6/1003.6 105 20
M-seco-P-CTX3C [M + H]+ 1041.6/1023.6 1 105 30

1041.6/1005.6 105 20
1041.6/125.1 105 50

P-CTX2 & P-CTX3 [M + NH4]+ 1112.6/1077.6 105 20
1112.6/1059.6 1 105 30

112.6/95.1 105 90
2-OH-P-CTX3C &
3-OH-P-CTX3C

[M + NH4]+ 1058.6/1023.6 1 105 30
1058.6/1005.6 105 20
1058.6/125.1 105 50
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Table 4. Cont.

Compound
Pseudo

Molecular Ion
MRM Transitions

(m/z)
DP (V) CE (eV)

LOD
(ng mL−1)

LOQ
(ng mL−1)

OA [M − H]− 803.4/255.1 1 −170 −62 1 3
803.4/113.1 −170 −92

DTX2 [M − H]− 803.4/255.1 1 −170 −62 1 3
803.4/113.1 −170 −92

DTX1 [M − H]− 817.5/255.1 1 −170 −68 1 3
817.5/113.1 −170 −92

YTX [M − H]− 1141.4/1061.6 1 −120 −48 1 3
1141.4/855.6 −120 −98

Homo-YTX [M − H]− 1155.5/1075.6 1 −120 −48
1155.5/869.4 −120 −98

45-OH YTX
[M − H]− 1157.5/1077.5 1 −120 −48

1157.5/855.5 −120 −98

45-OH homo YTX
[M − H]− 1171.5/1091.5 1 −120 −48

1171.5/869.4 −120 −98

COOH YTX
[M − H]− 1173.5/1093.5 1 −120 −48

1173.5/855.5 −120 −98

Homo COOH YTX
[M − H]− 1187.5/1107.5 1 −120 −48

1187.5/869.4 −120 −98
1 MRM transition used for quantification in each method.

5.6.3. Detection Methods for Other Toxins

In addition, quantitative targeted analyses (MRM mode) were conducted following the methods
previously described for some of the other major marine biotoxin groups: (i) lipophilic toxins, i.e.,
pectenotoxins (PTXs) and azaspiracids (AZAs) [47]; (ii) cyclic imines, i.e., gymnodimins (GYMs),
spirolids (SPXs), and pinnatoxins (PnTXs) [47]; (iii) palytoxin-like toxins, i.e., palytoxin (PLTX),
42-hydroxy-palytoxin (42-OH-PLTX), and ovatoxins (OvTXa to OvTXh) [48]; (iv) maitotoxins (MTX1 to
MTX4) [49]; and (v) cyanotoxins, i.e., microcystins (dm-MC-RR, MC-RR, MC-YR, MC-LR, dm-MC-LR,
MC-LA, MC-LY, MC-LW, and MC-LF) and nodularin (NOD) [50].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/5/321/s1,
Table S1: Read number and classification levels at 98% identity for the large subunit ribosomal RNA gene region
from each window screen sample collected from Anaho Bay (Nuku Hiva Island, French Polynesia) in August 2018.
Figure S1: Phylogenetic analysis of large subunit ribosomal DNA (D1-D2 region) sequences obtained from the
high-throughput sequencing metabarcoding using Bayesian analyses. Sequences in grey represent the consensus
sequence from all reads of each taxonomic assignment. Values at nodes represent Bayesian posterior probability
support. Scale bar is substitutions per site.
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Abstract: Ciguatera Poisoning (CP) is a human food-borne poisoning that has been known since
ancient times to be found mainly in tropical and subtropical areas, which occurs when fish or very
rarely invertebrates contaminated with ciguatoxins (CTXs) are consumed. The genus of marine
benthic dinoflagellates Gambierdiscus produces CTX precursors. The presence of Gambierdiscus species
in a region is one indicator of CP risk. The Canary Islands (North Eastern Atlantic Ocean) is an area
where CP cases have been reported since 2004. In the present study, samplings for Gambierdiscus cells
were conducted in this area during 2016 and 2017. Gambierdiscus cells were isolated and identified
as G. australes, G. excentricus, G. caribaeus, and G. belizeanus by molecular analysis. In this study,
G. belizeanus is reported for the first time in the Canary Islands. Gambierdiscus isolates were cultured,
and the CTX-like toxicity of forty-one strains was evaluated with the neuroblastoma cell-based assay
(neuro-2a CBA). G. excentricus exhibited the highest CTX-like toxicity (9.5–2566.7 fg CTX1B equiv.
cell−1) followed by G. australes (1.7–452.6.2 fg CTX1B equiv. cell−1). By contrast, the toxicity of
G. belizeanus was low (5.6 fg CTX1B equiv. cell−1), and G. caribaeus did not exhibit CTX-like toxicity.
In addition, for the G. belizeanus strain, the production of CTXs was evaluated with a colorimetric
immunoassay and an electrochemical immunosensor resulting in G. belizeanus producing two types of
CTX congeners (CTX1B and CTX3C series congeners) and can contribute to CP in the Canary Islands.

Keywords: ciguatera; ciguatoxins (CTXs); Gambierdiscus; neuroblastoma cell-based assay (CBA);
immunoassay; immunosensor

Key Contribution: G. belizeanus is reported for the first time in the Canary Islands (El Hierro).
G. belizeanus produced CTX1B and CTX3C series of congeners. CTX-like toxicity of G. australes,
G. excentricus and G. caribaeus was re-assessed.

1. Introduction

Gambierdiscus [1] species are marine benthic dinoflagellates that produce secondary metabolites
such as ciguatoxins (CTXs) and maitotoxins (MTXs). CTXs are lipid-soluble polyethers [2], which are
introduced in food webs when filter feeders and herbivorous organisms eat free-swimming microalgal
cells, macroalgae, or substrates that are colonized by benthic dinoflagellates [3]. Then, CTXs are
transferred, transformed, and bioaccumulated through the food webs. Humans can get poisoned after

Toxins 2020, 12, 692; doi:10.3390/toxins12110692 www.mdpi.com/journal/toxins
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the consumption of CTX-contaminated fish or very rarely some invertebrates (crustaceans, gastropods,
echinoderms and bivalves) and suffer a disease known as Ciguatera Poisoning (CP) [4].

CTXs activate voltage-gated sodium channels (VGSCs) of cells, resulting in intracellular sodium
increase and causing the repetitive firing of action potentials [5,6]. As a consequence, a few hours
after the consumption of CTXs, gastrointestinal symptoms appear, typically followed by cardiac
and neurological disorders. The neurological symptoms can last weeks, months, and even years [7].
The number of people who suffer from the disease is unknown, mainly due to the variability of
symptoms, which leads to misdiagnoses and under-reporting. Annually, it is estimated that about
10,000–500,000 people suffer from the illness [8,9]. Even though CP is one of the most relevant
poisonings worldwide, so far, there is no specific treatment [8]. CP was typical from tropical and
subtropical regions, but during recent decades, CP cases have increased [10,11] and they have appeared
in temperate zones through the importation of tropical ciguateric fish [12] or by the consumption of local
ciguateric fish [13,14]. Climate change could change the geographical distribution of the dinoflagellates
and the migration patterns of ciguateric fish and contribute to the geographical expansion of CP
or increasing population densities of CTX-producing species in temperate areas [15,16]. In Europe,
outside the boundaries of endemic areas in intertropical climates, new CP cases appeared in the North
Eastern Atlantic Ocean after the consumption of fish from the Selvagens Islands (Portugal) and the
Canary Islands (Spain) [17,18]. In the Canary Islands, CP is an illness of concern. In one decade
(2008–2018), more than one hundred people have suffered from CP [19]. To prevent CP cases, the local
authorities of this area have implemented the neuroblastoma cell-based assay (neuro-2a CBA) [20] to
evaluate the possible presence of CTXs in the flesh of certain species of fish through the assessment of
CTX-like toxicity [21].

It should be noted that only a few Gambierdiscus species have been confirmed to be CTXs
producers [22,23], the toxin production is often very low, and not all the species produce the same
quantities of toxins [22,24,25]. Therefore, the composition of species in the local areas could be an
indicator of the level of risk to catch a ciguateric fish. One of the main factors to explain the latitudinal
presence of Gambierdiscus species is the temperature [26], but other factors could be involved.

The Canary Islands are a transition zone between the oligotrophic waters associated with the
Canary Current (CC), which is the subtropical gyre of the North Atlantic Ocean, and the eutrophic
waters produced by the upwellings of deep cold waters with high nutrients along the African coast [27].
The east part of the Archipelago is semiarid; it is influenced by aeolian dust from the African continent
and by the cold waters from the African upwelling system [28]. In contrast, the west is more humid,
with more oceanic conditions and a minor influence of the African continent and the upwellings [28].
These conditions cause a longitudinal oceanographic east–west gradient of productivity (≈100 g of
carbon m−2 yr−1) and the sea surface temperature (SST) (1–2 ◦C), which could explain the geographical
distribution of the Gambierdiscus species.

Regarding the presence of Gambierdiscus species, in the Canary Islands, Gambierdiscus sp. was
reported in 2004 [29]. Afterwards, in 2011, G. excentricus was described as a new species [30]. After that,
the new species G. silvae [31] and G. excentricus were considered endemic from the Canary Islands.
During the last decades, several samplings in the islands showed the high biodiversity and the
wide geographical distribution of the Gambierdiscus genus [32,33]. At present, six species have been
recorded in the Canary Islands, G. australes [31], G. belizeanus (in the current study), G. caribaeus [33],
G. carolinianus [33], G. excentricus, and G. silvae [31], and none of them is limited to the Canary Islands.

The present study reports for the first time G. belizeanus in the Canary Islands. Previously,
G. belizeanus was reported in Belize in the West Atlantic Sea [34], in Cuba [35], Cancun, St. Barthelemy,
St. Marteen, and St. Thomas [36,37] in the Caribbean Sea. Additionally, it was detected in the Saudi
Arabia in the Red Sea [38] and in Australia [39], Malaysia [40], and Kiribati Island [41] in the Pacific
Ocean. Referring to G. belizeanus, it is considered a low toxin producer [24,38]. Among Gambierdiscus
species from the Canary Islands, the evaluation of CTX-like toxicity has revealed that G. excentricus
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is one of the highest CTX-producing species within the genus Gambierdiscus and the most likely
contributor to CP in the Atlantic Ocean [24,25,30].

Globally, it is not understood what triggers CP cases [4]. To fully understand the process of CP,
to elucidate factors that may trigger CP, and to prevent the cases, it is necessary to identify and monitor
the ciguateric fish but also to identify the CTX-producing species, their distribution, their physiology,
and their toxicity.

The current study aimed to characterize the biodiversity and the geographical distribution of
the Gambierdiscus genus in the seven most important islands of the Canary Islands Archipelago and
to evaluate the potential CTX production of Gambierdiscus species to complement previous studies.
For that purpose, samplings in the seven big islands of the Canary Archipelago were performed
between October 2016 and October 2017. Isolates of Gambierdiscus cells were brought into culture.
The molecular identification and morphological characterization of cultures contributed to the new
report of G. belizeanus in the Archipelago. In addition, CTX-like toxicity was evaluated for forty-one
strains of four species (G. australes, G. belizeanus, G. caribaeus, and G. excentricus) with the neuro-2a CBA,
and the production of CTXs by the G. belizeanus strain was analyzed by a colorimetric immunoassay
and an electrochemical immunosensor. New strategies within the microalgal field for future research
of CP in the Canary Islands are further discussed.

2. Results and Discussion

2.1. Molecular Identification

Fifty-two strains including four species (G. australes (n = 32), G. excentricus (n = 18), G. caribaeus
(n = 1) and G. belizeanus (n = 1)) were identified using sequences of the LSU D8-D10 rDNA region.
The results of the BLAST analysis were well supported by the trees obtained using the Maximum
Likelihood (ML) and the Bayesian Inference (BI) methods. Figure 1 shows the topology of the ML
phylogenetic tree with bootstrap support values (bt) and the posterior probability (pp) of BI analysis
displayed at branch nodes. Topography with the two phylogenetic trees was very similar. In both trees,
the strains of this study are well defined within their respective clades for G. australes, G. excentricus,
G. caribaeus, or G. belizeanus with bt/pp values of 96/1.00, 100/1.00, 98/0.92, and 96/1.00, respectively.
Further, G. pacificus species were split into two clades. One sequence is grouped in the ML tree with
G. lewisii with a high bootstrap value (>70). In contrast, in the BI tree, the clade of G. lewisii with
G. pacificus appears, but it is less well supported (0.83 pp). The sequence of IRTA-SMM-17-421 was in
the G. belizeanus cluster. This sequence exhibited 99% of similarity by BLAST with the isolate RS2-B6 of
G. belizeanus (KY782638) from the Red Sea [38]. The genetic distance or pairwise distance (p-distance)
between those two sequences was 0.011 substitutions per site. The strain IRTA-SMM-17-421 jointly
with RS2-B6 has a deletion of 121 bp as described previously in Catania et al. [38], and this may
indicate that it could be a ribosomal pseudogene. After excluding the deletion, the p-distance between
IRTA-SMM-17-421 and G. belizeanus sequences ranged between 0.002 and 0.019 substitutions per site.

2.2. Morphological Characterization

The depth and width were measured in 50 cells for each species: G. australes, G. excentricus,
G. caribaeus and G. belizeanus using the Calcofluor White stain method under light microscopy.
Measurements for each species are shown in Table 1.

Cell morphology can vary depending on the culture conditions, growth phase, and different
genotypes [32,42]. The morphological characterization showed that some cells of G. australes in
the present work were smaller than the original description (76.0–93.0 μm of depth, 65.0–84.0 μm
of width) in Chinain et al. [43]. However, overall, values are according to measurements presented in
Bravo et al. [32], Litaker et al. [44], Rhodes et al. [23]. For G. belizeanus, the minimum measurements of
depth in the present study are in accordance with the original description of 53–67 μm in Faust [34];
but, the minimum value for width (described in Faust as length), is lower than the first description
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(54–63μm of width). Moreover, the maximum value for depth and width are higher than the description
of Faust [34]. G. caribaeus cells from the current study were bigger than the original description in
Litaker et al. [44] and the cells of Bravo et al. [32]. In reference to G. excentricus, all measurements are in
accordance with the original description Fraga et al. [30], and the values were similar to Bravo et al. [32]
and Hoppenrath et al. [45].

 

Figure 1. Phylogenetic tree of the LSU D8-D10 region (rDNA) using Maximum Likelihood analysis.
Sequences in bold represent the strains of this study. The number of clones (n) with the same haplotypes
is shown in parentheses. Values at nodes represent bootstrap values (≥70) and the Bayesian posterior
probability (≥0.95) (bt/pp).
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Table 1. Morphological sizes average of depth and width (±SD) of Gambierdiscus species of this study
measured with light microscopy. The ranges of values are shown in parentheses.

Species Depth (μm) Width (μm)

G. australes 71.13 ± 7.06 (60.6–98.4) 65.40 ± 6.54 (53.4–82.1)
G. belizeanus 64.12 ± 5.28 (52.8–76.2) 59.64 ± 5.95 (46.5–76.0)
G. caribaeus 87.20 ± 11.19 (61.2–116.5) 86.45 ± 11.44 (63.17–119.7)

G. excentricus 90.25 ± 8.90 (72.2–109.7) 82.97 ± 9.06 (67.8–106.7)

Morphological Characterization of G. belizeanus

Cells were anterior–posteriorly compressed. The plate formula of G. belizeanus was Po, 4′, 0a,
6′′, 6c, ?s, 5′′′, 0p, 2′′′′ based on Fraga et al. [30]. The cells were heavily aerolated (Figure 2A–C).
Limits of the thecae are well defined by intercalary bands. These two latter characteristics are typical
of G. belizeanus [38,40,44]. The 2′ plate is rectangular (Figure 2A), and the 2′”’ plate is pentagonal
(Figure 2B). Figure 2D shows the apical pore plate (Po).

 
Figure 2. SEM images of G. belizeanus (IRTA-SMM-17-421): apical (A), antapical (B), ventral (C) views,
detail of Po plate and pores (D).

2.3. Distribution of the Gambierdiscus Species in the Canary Islands

The observation of the samples under light microscopy showed that cells of Gambierdiscus spp.
were found at 21 stations of the 53 stations sampled in the seven islands in 2016 and 2017. Gambierdiscus
cells co-occurred with cells of the genera Coolia, Ostreopsis, Prorocentrum, Amphidinium, Karenia and
Trichodesmium, among others. Details of the islands and the number of identifications for each station
are shown in Figure 3. Overall, G. australes was the most abundant and it was present in all the
islands. G. excentricus was the second most abundant. It was present in four islands Gran Canaria,
Tenerife, La Gomera, and La Palma, excluding the eastern islands (Lanzarote and Fuerteventura) and
the western island (El Hierro). G. caribaeus and G. belizeanus were identified in El Hierro.
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Figure 3. Distribution of each species in the stations of the Canary Islands during 2016–2017.
Station numbers are represented in bold. The presence of Gambierdiscus species determined with
molecular analysis is presented with a circle and includes the number strains identified for each species.
The asterisk represents the presence of Gambierdiscus sp. Colors of circles are for G. australes (blue),
G. excentricus (red), G. caribaeus (green), and G. belizeanus (yellow). EH (El Hierro), FV (Fuerteventura),
GC (Gran Canaria), LG (La Gomera), LP (La Palma), LZ (Lanzarote), and TF (Tenerife).

Before 2004, the Canary Islands were considered outside of the geographical distribution of the
Gambierdiscus genus, and the first reports of the genus were considered the result of a recent arrival in
the islands [30]. The first reports of the Gambierdiscus genus in the Canary Islands were occasional,
in one or two islands, and they were obtained from very few samples [30,31]. The finding of the new
species G. excentricus and G. silvae in the Canary Islands, and the rapid increase in the number of species
in consecutive samplings combined with the occurrence of CP cases in the islands [13] elicited the alarm
to conduct urgent systematic and wide samplings in the area in order to understand the distribution and
origin of the dinoflagellates and their potential contribution to CP cases. Rodríguez et al. [33] collected
samples in numerous stations in La Graciosa (Chinijo Archipelago) in March 2015 and in the big islands
excluding La Palma and La Gomera in September and October 2015. In the study of Rodríguez et al. [33],
numerous isolates were identified, and Gambierdiscus cell abundances were determined in the sampling
stations. The authors found a high richness of the Gambierdiscus genus in the Canary Islands, reporting
five species: G. excentricus, G. silvae, G. australes, G. caribaeus, and G. carolinianus. This unexpected
richness revealed a more likely ancient origin of the genus, which was contrary to what had been
previously considered as a recent introduction [46]. In October 2017, Bravo and collaborators [32]
performed systematic samplings in La Gomera and La Palma and complemented the geographical
distribution of the Gambierdiscus species, among other issues. To date, samplings in the Canary
Islands have been performed during very specific temporal scales, mainly in periods from October
to September. In the current study, systematic samplings were performed in a higher number of
stations, including new ones in the seven big islands. It is important to remark that a general bias
in the identification process for the presence of species in a given area occurs since identification
is a result of success growth under laboratory conditions. In Rodriguez et al. [33], this factor was
partially avoided due to the identification of single cells in addition to the identification of cultured
strains. The current study has contributed to a better understanding of the biodiversity of the genus
in the Canary Islands, while providing a review and update of the geographical distribution of the
species. A new contribution of the current work is the first report of G. belizeanus in the Canary Islands
Archipelago (El Hierro) and G. australes in La Palma.

Gambierdiscus species have distinct lower and upper thermal limits and optimal temperatures
for their growth [47]. Additionally, they are considered to have a high intraspecific variable response
in growth depending on the temperature, salinity, and irradiance [47,48], and the response could be
influenced by the geographical origin of the isolate [48]. Even so, biodiversity in the islands could
follow a geographical pattern depending on the maximum and minimum temperatures on each island.
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For instance, as mentioned before, the SST of the western part of the Archipelago is higher. Therefore,
a priori, the west could be more suitable for the warmer tropical species. This phenomenon has already
been observed in fish [49]. Overall, the range of SST during 1972–2012 in the Archipelago was 15.9 ◦C in
March–April and 25.5 ◦C in August–October [50]. The optimal temperatures for Gambierdiscus species
are between 20 and 28 ◦C, and the maximal growth temperatures usually are >25 ◦C (Tester et al., 2020).
Hence, it is expected that high abundances and more diversity of Gambierdiscus species would be found
during August–October.

The distributions of G. australes and G. excentricus observed in the current study were similar
to those reported by Rodriguez et al. [33] and Bravo et al. [32]. Table 2 compiles the records of
Gambierdiscus species in the Canary Archipelago from the literature together with the results of the
current study. G. australes is present in all seven big islands. These data are consistent since G. australes
is the Gambierdiscus species with the widest optimal temperature range: between 19 and 28 ◦C [26,51].
In the current study, its presence is not dominant in all the islands, being slightly less abundant in
La Gomera. This observation is in accordance with the previous results of Bravo et al. [32] reported for
this island, where G. excentricus was the dominant taxa followed by G. silvae, G. caribaeus, and G. australes.
The second most dominant species in the islands is G. excentricus, although it is not reported in El Hierro.
Physiological data have not been reported for G. excentricus, even though its distribution in the Canary
Islands is coherent considering that El Hierro has the most tropical conditions and that G. excentricus is
more commonly present in temperate areas [26,45,52]. G. silvae was recorded in the central islands:
Tenerife, La Gomera, and Gran Canaria. Overall, the longitudinal distribution of G. silvae is quite
broad, including the Caribbean Sea and the Atlantic Sea [33,52]. However, compared to other species,
one G. silvae strain, originating from Caribbean Sea, showed a narrow range of tolerance to temperature,
and the maximal temperature for growth was low (24.8 ◦C) [48]. This result should be contrasted with
maximal temperature of other G. silvae strains, but these data are presently lacking. G. carolinianus is
present only in Tenerife. In Kibler et al. [47], the responses to environmental factors among strains were
highly variable, but globally, G. carolinianus was well adapted to low temperatures (15 ◦C). Additionally,
optimal temperatures for growth were also low (21.8–27.9 ◦C) [48]. Finally, G. caribaeus was reported in
La Gomera and El Hierro, while G. belizeanus was present only in El Hierro. Experimentally, strains of
G. belizeanus and G. caribaeus exhibited a wide range of temperature tolerance [48], but their range of
temperature for maximal growth is considered high, since their temperature ranges are 26.1–29.1 ◦C [48]
and 25–31 ◦C [48,53], respectively. Thus, the geographical distribution of both species in the Canary
Islands is in accordance with the high-temperature adaptation in the laboratory. Tenerife and La Gomera
have the highest richness of Gambierdiscus species. Tenerife is the biggest island and, consequently,
more different habitats could be available. Additionally, this location in the middle of the Archipelago
provides intermediate conditions. However, there are some inconsistences when trying to explain the
biodiversity in the islands according to temperatures. For instance, experimentally, G. belizeanus has an
optimal temperature range similar to G. caribaeus reported in El Hierro and in La Gomera. In contrast,
G. belizeanus has not been reported in La Gomera. This may indicate that the presence of species is
not yet well recorded or that more important factors for Gambierdiscus species are still unidentified.
For instance, the exposure of the station to wave action was an important factor influencing the
variability of macroalgae in the Canary Islands [54]. Additionally, it is important to highlight that there
is a high intraspecific variation in the physiologic response under laboratory conditions. In other words,
the strains from the Canary Islands may differ from other strains tested in previous studies.

The prevalence of the Gambierdiscus isolates in the Canary Islands since 2004 shows a good
adaptation of the genus to the conditions found in the Archipelago. During recent decades, oceans have
suffered a warming trend, and the SST in the Canary Islands is projected to increase 0.25 ◦C decade−1 [56].
The SST between 1985–2018 in the Canary Islands did not surpass 26 ◦C [50], which is far from the lethal
temperatures for Gambierdiscus species (≈31 ◦C) [47,57]. Globally, the abundances of Gambierdiscus in the
Canary Islands could be higher during the next years influenced by rising temperatures. Nonetheless,
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in the easternmost islands, the trend of the upwelling is not clear [56], and how upwelling could affect
Gambierdiscus cell densities under the influence of the SST in the eastern islands is still to be studied.

Table 2. Literature review of the distribution of the species in the Canary Islands. EH (El Hierro),
FV (Fuerteventura), GC (Gran Canaria), LG (La Gomera), LP (La Palma), LZ (Lanzarote), and TF (Tenerife).

Species Islands Date of Sampling (References)

G. australes

LZ, FV, GC September–October 2015 [33]
October 2016 (this study)

EH September–October 2015 [33]
October 2017 (this study)

TF
2013 [31]
September–October 2015 [33]
October 2017 (this study)

LG October 2017 ([33] and this study)

LP October 2017 (this study)

G. belizeanus EH October 2017 (This study)

G. caribaeus
EH

September–October 2015 [33]
October 2015 [55]
October 2017 (this study)

LG October 2017 [32]

G. carolinianus TF September–October 2015 [33]

G. excentricus

TF

March 2004 [30]
2013 [31]
September–October 2015 [33]
October 2017 (This study)

LZ September–October 2015 [33]

FV September–October 2015 [33]

GC
September–October 2015 [33]
April 2017, October 2017 (this
study)

LP March 2004 [30]
October 2017 ([33] and this study)

LG March 2004 [30]
October 2017 ([33] and this study)

G. silvae
TF 2013 [31]

September–October 2015 [33]

GC Winter 2010 [31]

LG October 2017 [32]

2.4. Evaluation of CTX-Like Toxicity with the Neuro-2a CBA

The evaluation of the CTX-like toxicity was conducted for 41 extracts from cultures harvested in
late exponential-early stationary phase of the four Gambierdiscus species: G. australes, G. excentricus,
G. caribaeus and G. belizeanus, using the neuro-2a CBA. Obtaining CTX purified standards from
microalgae is a very difficult task, since the CTX production in microalgae is often very low. For this
reason, the toxicological evaluation often is carried out with CTX standards purified from fish. It has been
found that CTX4A, CTX4B, and CTX3C are produced by the alga, and they are oxidized to the analogs
CTX1B, 52-epi-54-deoxyCTX1B, 54-deoxyCTX1B, 2-hydroxyCTX3C, and 2,3-dihydroxyCTX3C [58].
In the present study, the reference molecule standard was CTX1B [59], which is a CTX typically found
in large carnivorous fish in the Pacific Ocean [59,60] and which has never been found in microalgae.
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As expected, in each experiment, the standard CTX1B displayed a non-significant reduction of
viability with O/V+ treatment, whereas a typical sigmoid curve was exhibited in the O/V− treatment.
The average of the maximum exposed concentration of cells without toxicity in the O/V− treatment
for G. australes, G. excentricus, G. belizeanus and G. caribaeus ranged between 2–201, 0.2–50, 160 and
6800 cells mL−1, respectively. The one-way ANOVA showed that differences of CTX-like toxicities
among the G. excentricus and G. australes were significant (p-value < 0.01). Moreover, the one-way
ANOVA test for the CTX-like toxicity for the islands between species was significant; differences were
for Fuerteventura for G. australes and in la Palma for G. excentricus. For these islands only one strain
was tested. If these islands were not considered in the analysis, then the one-way ANOVA was not
significant. Table 3 shows the results of the CTX-like toxicity expressed as fg CTX1B equiv. cell−1.
The most toxic species was G. excentricus with a range of 9.5–2566.7 fg CTX1B equiv. cell−1. The most
toxic strain was IRTA-SMM-17-330 from La Palma. The second most toxic species was G. australes
with a range of 1.7–452.6 fg cell−1, followed by G. belizeanus which presented 5.6 ± 0.1 fg CTX1B equiv.
cell−1. G. caribaeus did not show toxicity at 6800 cells mL−1 with an LOD of 0.42 fg CTX1B equiv. cell−1.
Table S3 shows the neuro-2a cell viability and the CTX-like estimations obtained by the exposure to
Gambierdiscus spp. extracts in O/V+ and O/V− conditions.

Table 3. Ciguatoxin (CTX)-like toxicity of Gambierdiscus spp. using the neuro-2a CBA. CTX-like toxicity
and the limit of detection (LOD) are expressed as fg CTX1B equiv. cell−1. Ref: number of the station
according to Figure 1, EH (El Hierro), FV (Fuerteventura), GC (Gran Canaria), LG (La Gomera), LP (La
Palma), LZ (Lanzarote) and TF (Tenerife).

Strain Code
CTX-Like
Toxicity

Island Station Strain Code
CTX-Like
Toxicity

Island Station

G. australes G. australes
IRTA-SMM-17-004 205.1 ± 34.5 LZ 48 IRTA-SMM-17-316 51.5 ± 6.9 TF 22
IRTA-SMM-17-006 127.7 ± 85.0 LZ 51 IRTA-SMM-17-307 37.3 ± 12.6 TF 30
IRTA-SMM-16-288 106.1 ± 75.3 LZ 51 IRTA-SMM-17-436 98.6 ± 25.4 LG 20
IRTA-SMM-16-290 46.1 ± 22.2 LZ 51 IRTA-SMM-17-393 44.6 ± 11.5 LG 20
IRTA-SMM-16-292 39.7 ± 10.5 LZ 49 IRTA-SMM-17-344 41.2 ± 0.1 LP 8
IRTA-SMM-16-286 33.6 ± 6.5 LZ 51 IRTA-SMM-17-335 29.1 ± 8.6 LP 8
IRTA-SMM-16-293 32.7 ± 10.0 LZ 51 IRTA-SMM-17-287 11.3 ± 2.3 LP 8
IRTA-SMM-17-007 15.8 ± 1.7 LZ 48 IRTA-SMM-17-288 5.7 ± 3.8 LP 8
IRTA-SMM-17-002 452.6 ± 23.2 FV 43 IRTA-SMM-17-389 226.3 ± 24.5 EH 1
IRTA-SMM-17-103 118.7 ± 30.3 GC 40 IRTA-SMM-17-324 160.4 ± 17.2 EH 5
IRTA-SMM-17-107 12.2 ± 2.1 GC 40 IRTA-SMM-17-418 68.3 ± 9.5 EH 2
IRTA-SMM-17-112 1.9 ± 0.6 GC 40 IRTA-SMM-17-321 31.9 ± 15.0 EH 5
IRTA-SMM-17-106 1.7 ± 0.1 GC 40 IRTA-SMM-17-425 27.8 ± 3.3 EH 2
IRTA-SMM-17-358 138.9 ± 17.7 TF 22 IRTA-SMM-17-327 7.2 ± 0.3 EH 2
IRTA-SMM-17-291 82.8 ± 22.2 TF 22

G. belizeanus G. caribaeus

IRTA-SMM-17-421 5.6 ± 0.1 EH 1 IRTA-SMM-17-003 Neg. LOD <
0.42 EH 3

G. excentricus G. excentricus
IRTA-SMM-17-001 1149.3 ± 212.3 EH 1 IRTA-SMM-17-386 12.8 ± 2.8 TF 23
IRTA-SMM-17-126 226.7 ± 22.1 GC 40 IRTA-SMM-17-429 1525.9 ± 634.1 LG 20
IRTA-SMM-17-128 9.5 ± 2.6 GC 40 IRTA-SMM-17-432 962.1 ± 154.7 LG 20

IRTA-SMM-17-404 1257.64.8 ±
319.3 TF 29 IRTA-SMM-17-413 18.1 ± 5.7 LG 20

IRTA-SMM-17-405 1153.4 ± 238.8 TF 29 IRTA-SMM-17-330 2566.7 ± 333.3 LP 13

The differences of CTX-like toxicity among strains of G. excentricus (n = 10) and G. australes (n = 29)
from different islands are shown in a boxplot in Figure 4.
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Figure 4. Distribution of CTX-like toxicity of G. australes and G. excentricus according to island of origin.
EH (El Hierro), FV (Fuerteventura), GC (Gran Canaria), LG (La Gomera), LP (La Palma), LZ (Lanzarote)
and TF (Tenerife).

In parallel to the identification attempts of the Gambierdiscus species in the Canary Islands
and the determination of their geographical distribution, efforts to confirm if the local populations
of Gambierdiscus produce CTXs and contribute to the CP of the Canary Islands have been made.
Currently, although the CTX-like toxicity has been described for almost all species from the Canary
Islands [24,25,61], the confirmation of the CTXs production in isolates from the Canary Islands has
only been determined for G. excentricus by Paz et al. [62]. The production of CTXs seems to be very
low and infrequent compared to the production of MTXs [22]. For instance, maitotoxin-4 (MTX4)
was detected in strains of G. excentricus from Tenerife (VGO791 and VGO792) by Pisapia et al. [63]
and from la Gomera (IRTA-SMM-17-407) by Estevez et al. [64]. In the evaluation of CTX-like toxicity
by neuro-2a CBA of the crude extracts, other compounds can interfere, since the evaluated toxicity
in neuro-2a CBA is a composite effect, and sometimes, other compounds can cause unspecific
mortality [25]. In Estevez et al. [64], the toxic effect on neuro-2a cells of the methanolic crude extract
of the G. excentricus (IRTA-SMM-17-407) was very high, making the identification/quantification
of CTX-like toxicity impossible. This effect was likely due to the presence of MTX4, which was
also described in the same paper, since MTXs have high toxicity to neuro-2a cells [65]. In neuro-2a
CBA, the use of controls with and without ouabain and veratridine allow the discrimination of
CTX-like toxicity. Nevertheless, high amounts of MTXs, for example, and eventually other compounds,
could also mask the presence of CTXs.

Fraga and collaborators [30] observed that G. excentricus from the Canary Islands produces
compounds with high CTX-like toxicity. Afterwards, Pisapia et al. [24] reported that G. silvae was
100-fold less toxic and G. australes was 1000-fold less toxic than G. excentricus. Thus, G. excentricus
and G. silvae seemed to be the top producers of CTX-like toxicity in the Atlantic Ocean. Nonetheless,
after Reverté et al. [61] and Rossignoli et al. [25], this statement is controversial. Both studies listed
G. australes and G. excentricus as the most toxic species in the Canary Islands and not G. silvae.
In particular, Rossignoli et al. [25] examined the CTX-like toxicity using the neuro-2a CBA for the
isolates of the five species originating from the Canary Islands. In that study, the highest CTX-like
activity was for G. excentricus (VGO1361) with 510 fg CTX1B equiv. cell−1 followed by G. australes
(VGO1252) with 107 fg CTX1B equiv. cell−1, G. carolinianus (VGO1197) with 101 fg CTX1B equiv. cell−1,
G. caribaeus (VGO1367), with 90 fg CTX1B equiv. cell−1 and G. silvae (VGO1378) with 77 fg CTX1B equiv.
cell−1. These results can be compared with our study because both studies used the same molecule of
reference (CTX1B) and the same method for the toxicological evaluation.

Among the strains of the present work, G. excentricus exhibited the highest toxicity levels.
These values are higher than those of Rossignoli et al. [25], being more similar to the levels measured
by Fraga et al. [25] of 1100 fg CTX1B equiv. cell−1. The second most toxic species was G. australes.
The mean values of the current study were similar to the highest values of Rossignoli et al. [25]
(31–107 fg CTX1B equiv. cell−1) and globally lower than the values of Reverté et al. [61] (200 to 600 fg
CTX1B equiv. cell−1). The G. caribaeus strain (IRTA-SMM-17-03) did not exhibit CTX-like toxicity;
this in accordance with Rossignoli et al. [25]. In fact, in previous studies, G. caribaeus, G. belizeanus, and
G. carolinianus were classified as low CTX producers [25,37]. G. caribaeus showed no CTX-like toxicity
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by CBA [66]. Referring to G. belizeanus, the CTX-like toxicity values of the current study are higher
than the average of the toxicity for the G. belizeanus strains from the Red Sea of 0.038 fg of CTX1B
equiv. cell−1 [38]. In the Red Sea, there is no confirmation of any CP cases [67], and G. belizeanus is the
only Gambierdiscus species reported in that area. Even though only one isolate has been evaluated,
its low toxicity, together with its restricted geographical distribution to El Hierro, suggests that the
contribution of G. belizeanus to CP of the Canary Islands may be negligible, although more strains
should be evaluated.

The literature shows that there is a high variation of CTX-like response between isolates within the
same species [24,25,61]. This variation has been observed also in the current study. For G. excentricus
and G. australes, the strains with the highest toxicity were 160 and 100-fold more toxic than the least
toxic strain of the same species, respectively. This variability is higher than the obtained intraspecific
values in Litaker et al. [37], Pisapia et al. [24], and Rossignoli et al. [25]. These differences may be
related to the large number of strains that have been evaluated in the present study.

According to our results, the CTX-like toxicity levels have no clear pattern relating to the islands
of origin. This is relevant because data of the fish from the official control program of ciguatera from
the Canary Islands showed that ciguateric fish follow an east–west gradient. Toxic fish were more
likely to be caught in Lanzarote (53%), followed by Fuerteventura (21%), Gran Canaria (18%), El Hierro
(15%), Tenerife (14%), La Palma (5%), and La Gomera (2%) [21]. Sanchez-Henao et al. [21] suggested
that the percentage of Lanzarote results must be considered with caution, since some samples were
not accompanied by the total information and may not reflect the reality. Thus, the global tendency
of ciguateric fish could be explained by the Gambierdiscus cell abundances from the samplings of
Rodriguez et al. [33], which showed higher abundances in the east than in the west. However, for some
fish species, the east–west gradient of CTX-like toxicity is not followed [21]. For instance, the major
percentage of CTX positive groupers was found in El Hierro followed by Lanzarote and the other
islands. As it has been mentioned before, the cell densities were lower in El Hierro than in Lanzarote
and Fuerteventura. In addition, the presence of the most toxic species, G. excentricus, is not confirmed
in El Hierro. Therefore, these results of ciguateric fish should be compared with cell abundances by
seasonality and include temporal series for different years. Additional other factors could contribute
to toxin production and bioaccumulation in fish, as well as the mobility of fish. After all, it is still early
to establish a list of the riskiest areas for CP, as the relation between microalgae and fish are unknown
in the Canary Islands, and further research should be undertaken.

2.5. Evaluation of the Presence of Two Series of CTX Congener Equivalents (CTX1B and CTX3C) in
G. belizeanus with a Colorimetric Immunoassay and an Electrochemical Immunosensor

The role of the antibodies in the immunosensing tool is not to confirm the presence of individual
CTXs congeners as in instrumental analysis techniques, but to screen the presence of compounds
with wings structurally similar to those of the four CTX targets (CTX1B, 54-deoxyCTX1B, CTX3C,
and 51-hydroxyCTX3C). Therefore, and because of the sandwich format of the assay, the analysis is
indicating the presence of compounds structurally related to two series of CTXs congeners, although
no evidence can be obtained about which specific CTXs congeners are present. It is important to
mention that the strategy will detect only the CTXs recognized by the antibodies (the four major CTX
congeners previously mentioned), but it is also important to highlight that the antibodies have been
demonstrated to not cross-react with brevetoxin A, brevetoxin B, okadaic acid, and maitotoxins.

Analyses with the immunoassay and the immunosensor revealed the presence of the two series
of CTXs congeners in the G. belizeanus extract. Immunoassay results when antibodies were used
separately showed a higher concentration of 51-hydroxyCTX3C equiv. (0.28 ± 0.02 fg cell−1) than of
CTX1B equiv. (0.15 ± 0.03 fg cell−1). As expected, the use of both antibodies simultaneously resulted
in higher toxin content (0.40 ± 0.02 fg of CTX1B equiv. cell−1). Similar results were obtained with
the electrochemical immunosensor. The use of 10C9 antibody resulted in a higher concentration
(0.17 ± 0.08 fg 51-hydroxyCTX3C equiv. cell−1) than the one obtained with 3G8 (0.13 ± 0.03 fg of
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CTX1B equiv. cell−1). Again, the use of both antibodies together provided higher toxin content
(0.35 ± 0.04 fg CTX1B equiv. cell−1). Both immunochemical tools provide similar CTX quantifications
of CTX congeners in G. belizeanus extract. The use of these techniques not only revealed the presence of
CTXs, but also allowed the discrimination between two series of CTX congeners (CTX1B and CTX3C).
When using the mAbs separately, results showed slightly higher contents for the CTX3C series than
for the CTX1B series. In fact, 51-hydroxyCTX3C equiv. contents were similar to those obtained in a
previous study for G. caribaeus IRTA-SMM-17-03 (0.13–0.21 fg cell−1), G. australes IRTA-SMM-17-286
(0.16–0.37 fg cell−1), and G. excentricus VGO791 (0.16–0.31 fg cell−1), both originating from the Canary
Islands [68]. Regarding CTX1B equiv. contents, the toxin contents in G. belizeanus were similar to those
obtained for G. caribaeus IRTA-SMM-17-03 (0.13–0.24 fg cell−1) and surprisingly, G. excentricus strains
IRTA-SMM-17-01, IRTA-SMM-17-407 and IRTA-SMM-17-432 (0.09–0.19 fg cell−1). It is important to
note that CTX contents obtained with the immunochemical tools do not fully agree with those obtained
with CBA. The reason is the different principle of recognition of both systems: whereas CBA is based on
the toxic effect of a compound on the cell viability, the immunochemical tools are based on a structural
recognition and affinity interaction between antibodies and their target molecules. Nevertheless,
the analysis of microalgal extracts with different techniques provides complementary information and
contributes toward improved characterization of the different Gambierdiscus species.

2.6. Future Research Strategies to Understand CP in the Canary Islands

During the last years, the official control of CTX-like toxicity evaluation of the harvested fish in the
Canary Islands has been used as the first step to prevent CP cases [21,69]. The official control obliges
all analyzed fish to be stored and frozen until CTX-like toxicity results are available, influencing its
commercial value.

In order to prevent and to identify the future trends of CP in the Canary Islands, knowledge
about the microalgal communities should be considered. The link between dinoflagellates and CP
remains uncertain, and the key vectors of the transfer of CTXs into fish and eventually shellfish are
still unclear. It is essential to identify the principal involved species. One of the first big steps in the
microalgal field is the unequivocal identification of the species and the estimation of their abundance
in the environmental samples. It is not clear whether only the genus Gambierdiscus can contribute
to CP [22]. For example, Coolia tropicalis produces 44-methylgambierone (previously reported as
MTX3) [70], which in human neuroblastoma cells (SH-SY5Y cell line) induces current sodium as the
CTX3C but with lower potency [71]; additionally, neither of these toxins induce cell death in human
cortical neurons when they were exposed at 20 nM concentration [72] Even so, a recent study considers
it unlikely that 44-methylgambierone contributes to CP due to its low toxicity by mouse bioassay
(MBA) [73]. It is necessary to clarify the toxin profiles of microalgae by instrumental analysis and
analyze the toxicity of each compound to evaluate which species are low or high producers of CTX
analogues. At present, there is a lack of knowledge of which compounds microalgae can produce and
how these compounds interact with the food webs. Therefore, we need to identify these compounds in
the microalgal, fish, and invertebrate matrixes and establish their interactions. Hence big gaps in the
detection of fish and microalgal toxins still exist [74,75].

Another issue to be solved is related to the identification of Gambierdiscus species, which should
be conducted to clarify the taxonomy and improve the molecular diagnoses. During the last years,
there have been several attempts to identify Gambierdiscus species in environmental samples, and they
have achieved good results [52,76,77], but they are not implemented in monitoring programs extensively.

The sampling method still requires standardization. Given that Gambierdiscus cells are found
in a heterogeneous distribution, it is necessary to perform exhaustive geographical and temporal
samplings using a standardized method. Artificial substrates have been used to sample benthic
dinoflagellates such as Gambierdiscus spp., showing a reduction in the variability of densities of several
samples collected at the same station [78]. However, when using artificial substrates, some ecological
data are dismissed. For example, samplings in macroalgae substrates could aid in recognizing the
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potential preference by Gambierdiscus for particular macroalgae species or species assemblages. A priori,
macroalgae are more visible and easier to monitor. Hence, understanding the population dynamics of
the preferred macroalgae for Gambierdiscus could be relevant to explain the trend of the dinoflagellates.
Additionally, identifying the grazers of these macroalgae could help to understand the accumulation
through the food web. Nevertheless, it has to be taken into account that free-living cells could contribute
to CP [3].

Additionally, to understand the future trend of populations in local areas, it is essential to identify
critical factors for such regional populations. To this end, experimental design in field, such as
environmental, ecological, and anthropogenic activities that potentially can modulate the Gambierdiscus
populations, should be considered. This field data should be combined with experimental/laboratory
data. Other factors should be examined to understand, for instance, which variables affect the toxin
content of cells.

3. Conclusions

The present study provides more data of Gambierdiscus species distribution and toxicity in the
Canary Islands. The new report of G. australes in La Palma and the new finding of G. belizeanus in
the Canary Islands (El Hierro) show that data in the geographical and temporal scale is still scarce.
Similar to the previous studies, the evaluation of the CTX-like toxicity shows that G. excentricus and
G. australes are the species which could more contributeto CP. These species are widely distributed
in the Canary Islands. Further investigations are needed on the CTX-producing species, sampling
methods, toxin profiles in microalgae and fish, relations between macroalgae, microalgae, and fish,
and the accumulation of CTXs throughout the food webs. Until these issues are solved, it will be
challenging to implement the best decisions to prevent CP at the local level of the Archipelago.

4. Methods

4.1. Reagents and Equipment

CTX1B standard solution was obtained from Prof. Richard J. Lewis (The Queensland
University, Australia) [60] and calibrated (correction factor of 90%) in relation to the NMR-quantified
CTX1B standard solution from Prof. Takeshi Yasumoto (Japan Food Research Laboratories,
Japan). 51-OH-CTX3C standard solution was kindly provided by Prof. Takeshi Yasumoto
(Japan Food Research Laboratories, Japan) and was used as a model for the series of CTX3C
congeners. Neuroblastoma murine cells (neuro-2a) were purchased from ATCC LGC standards
(USA). Poly-L-lysine, fetal bovine serum (FBS), L-glutamine solution, ouabain, veratridine, phosphate
buffered saline (PBS), penicillin, streptomycin, RPMI-1640 medium, sodium pyruvate, thiazolyl
blue tetrazolium bromide (MTT), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC), N-Hydroxysuccinimide (NHS), Tween 20, bovine serum album (BSA), poly horseradish
peroxidase–streptavidin (polyHRP–streptavidin), and 3,3′,5,5′-tetramethylbenzidine (TMB) liquid
substrate were supplied by Merck KGaA (Germany). Dimethyl sulfoxide (DMSO) and absolute
methanol were purchased from Honeywell (Spain) and Chemlab (Spain), respectively. Taq Polymerase
and Dynabeads M-270 Carboxylic Acid (2 × 109 beads mL−1) were purchased from Invitrogen
(Spain). QIAquick PCR Purification Kit was obtained from Qiagen (Germany). For the DNA
amplification, a Mastercycler nexus gradient thermal cycler purchased from Eppendorf (Spain) was
used. The 3G8, 10C9, and 8H4 monoclonal antibodies (mAbs) had been prepared by immunizing mice
with keyhole limpet hemocyanin (KLH) conjugates of rationally designed synthetic haptens [79–85].
A microplate Reader KC4 (BIO-TEK Instruments, Inc., Vermont, VT, USA) was used to perform
colorimetric measurements, and Gen5 software was used to collect and process the data. Arrays of
eight screen-printed carbon electrodes (DRP-8 × 110), a boxed connector (DRP-CAST8X), and a
magnetic support (DRP-MAGNET8X) were purchased from Dropsens S.L. (Spain). A PalmSens
potentiostat (PalmSens, Houte, Netherlands) connected to an 8-channel multiplexer (MUX8) was used
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to perform amperometric measurements. Data from potentiostat were collected and evaluated with
PalmSens PC software (PalmSens, Houte, Netherlands).

4.2. Sampling Area and the Strategy

The Canary Islands are located in the north-east Atlantic Ocean (28.36715◦–17.61396◦) between
100 km and 600 km west of the north-west African coast. Samplings were performed in seven big
islands during 2016 and 2017. Gran Canaria, Fuerteventura, and Lanzarote were sampled in October
2016 and La Palma, Tenerife, El Hierro, and La Gomera were sampled in October 2017. Additionally,
samplings were carried out in Gran Canaria in April 2017. Sampling locations are shown on a map in
Figure 5, and Table 4 shows the details. In total, 53 sampling stations were studied. In each station,
the temperature, salinity, pH, oxygen saturation, and oxygen concentration were recorded with a
multiparametric probe (YSI 556 MPS). The coordinates of the stations, date, and the environmental data
are shown in Table S1. In each sampling station, two samples were obtained: epilithic (surface rasping
of rocky substrates) and epiphytic (sampling of macrophytes). Samples were collected using a plastic
bottle (Nalgene, HDPE, 1 L). For the first sample, the substrates were scratched using the bottleneck,
and for the second, macroalgae were gently removed from their substrate and introduced into the
bottle under the water. Then, the bottles were manually shaken, and each sample was filtered through
a 300 μm nylon mesh to remove the detritus and the larger grazers. The filtered water was stored in a
plastic bottle (Nalgene, HDPE, 125 mL).

 

Figure 5. Sampling stations in the Canary Islands for the current study. Numbers correspond to
locations described in Table 1. EH (El Hierro), FV (Fuerteventura), GC (Gran Canaria), LG (La Gomera),
LP (La Palma), LZ (Lanzarote), and TF (Tenerife).

4.3. Isolation and Culturing

Samples were observed under a light microscope (Leica Microsystems GmbH, Germany) to isolate
Gambierdiscus and Fukuyoa cells by the capillary method [86]. Each dinoflagellate cell was placed
individually in one well of an untreated Nunc 24 well plate (Thermo Fisher Scientific) with 1 mL
of modified ES medium [87]. The culture medium was constituted with seawater from L’Ametlla
de Mar (Spain), Mediterranean Sea (40.8465◦; 0.772432◦), which was aged for two months in the
dark and was filtered through an activated carbon filter of PTFE (Thermo Fisher Scientific) and after
through a 0.22 μm cellulose acetate filter (Merck KGaA, Germany). The salinity was adjusted to 36
with Milli-Q water. After 2–3 weeks, fifty-two cultures achieved at least 20 cells mL−1 and cells were
transferred to fresh medium for maintenance in 28 mL round-bottom glass tubes (Thermo Fisher
Scientific). Cells were cultured at 24 ± 1 ◦C, with a photon irradiance of 100 μmol photons m−2 s−1

and 12:12 light:dark cycle. Light was provided by fluorescent tubes with white light. Irradiance was
measured by QSL-2100 Radiometer (Biospherical Instruments, San Diego, CA, USA).
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Table 4. Description of the sampling stations of the present study in the Canary Islands. Ref.: correspond
to the locations in Figure 1. Details of the date, coordinates, and environmental data are compiled in
Table S1.

Ref. Island Location Ref. Island Location

1 El Hierro Charco Azul 27 Tenerife La Tejita
2 El Hierro Charco Manso 28 Tenerife La Caleta
3 El Hierro Tamaduste 29 Tenerife El Pto. de Santiago
4 El Hierro La Restinga 30 Tenerife Punta de Teno
5 El Hierro Tacoron 31 Gran Canaria Punta Sardina

6 El Hierro Orchilla 32 Gran Canaria El Puertillo,
Bañaderos

7 El Hierro Verodal 33 Gran Canaria Las Canteras
8 La Palma La Fajana 34 Gran Canaria El Confital

9 La Palma El Puerto
Espíndola 35 Gran Canaria Melenara

10 La Palma Los Cancajos 36 Gran Canaria Playa Tufia

11 La Palma Salemera 37 Gran Canaria Agüimes, Playa El
Cabrón

12 La Palma El Puerto de Trigo 38 Gran Canaria Arguineguín El
Pajar

13 La Palma El Faro
Fuencaliente 39 Gran Canaria Arguineguín Sta.

Águeda

14 La Palma Tazacorte 40 Gran Canaria Las Charcas de
Agaete

15 La Palma Puntagorda 41 Fuerteventura Caleta del Río, El
Cotillo

16 La Gomera Vallehermoso 42 Fuerteventura Majanicho
17 La Gomera La Caleta 43 Fuerteventura Playa Jabalito
18 La Gomera Playa de Ávalos 44 Fuerteventura Puerto Lajas

19 La Gomera Playa de la Cueva 45 Fuerteventura Puerto Caleta del
Fuste

20 La Gomera Playa de Vueltas 46 Fuerteventura Gran Tarajal
21 La Gomera Alojera 47 Fuerteventura Morro Jable
22 Tenerife Charca del Viento 48 Lanzarote Caleta Caballo
23 Tenerife Puerto del Sauzal 49 Lanzarote Las Cocinitas
24 Tenerife Playa las Teresitas 50 Lanzarote Charco del Palo
25 Tenerife El Puertito 51 Lanzarote Puerto Calero
26 Tenerife Punta de Abona 52 Lanzarote Playa Mujeres

53 Lanzarote El Golfo

4.4. Molecular Identification

To identify the fifty-two cultures at the species level, the D8-D10 region of the LSU rDNA was
used [43,44]. The cultures were transferred to 100 mL Erlenmeyer flasks at a final concentration
of 50 cells mL−1. Afterwards, 50 mL of culture were harvested at the exponential phase by
centrifugation (4300 g, 20 min). The resulting cell pellet was processed for DNA extraction using the
phenol/chloroform/isoamylalcohol extraction (PCI) protocol according to Toldrà et al. [88]. Genomic
DNA was quantified and checked for its purity using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific). The D8-D10 of the LSU region was amplified by PCR using the primers FD8 and
RB [43]. Amplifications were carried out in a Mastercycler nexus gradient thermal cycler (Eppendorf,
Spain) as it was described in Reverté et al. [61]. The similarity of sequences was checked by BLAST
(National Centre of Biotechnology Information, NCBI) and deposited in GenBank. Sequences of
>562 were aligned using MAFFT v.7 [89] with the G-INS-1 progressive method. The final alignment
consisted of 42 seqs from the current study with 562 positions. The origin of the sequences and the
date of collection are shown in Table S2. The phylogenetic relationships were inferred by Maximum
Likelihood (ML) using RaxML v.8 [90] and by Bayesian inference (BI) using Mr. Bayes v.3.2.2 [91].
The model of evolutionary reconstruction for ML analysis was estimated using JModelTest 2.1.10 [92].
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In the BI approach, two analyses were run in parallel, 106 generations, and four chains in each run.
The parameters used for analysis were nst =mixed and rates = gamma. By default, 25% of the trees
were discarded. The stability of the chains was checked using Tracer v.1.7.1 [93].

4.5. Morphological Characterization

Monoclonal cultures were cultivated and acclimated for a minimum of one year before
experimentation to reduce the variability of the response that stress can produce [94]. The morphological
characterization was conducted in 4 strains: IRTA-SMM-16-286 (G. australes) from Lanzarote,
IRTA-SMM-17-407 (G. excentricus) from La Gomera, IRTA-SMM-17-03 (G. caribaeus),these three strains
were reported in Gaiani et al. [68], and IRTA-SMM-17-421 (G. belizeanus) from El Hierro. A 5 mL
aliquot of each culture at the late exponential phase was fixed with 3% Lugol’s iodine solution.
Then, the aliquots were stained using Calcofluor White M2R (Sigma Aldrich, Spain), according to Fritz
and Triemer [95]. The thecae were described following the nomenclature proposed by Fraga et al. [30].
The depth (dorso-ventral axis) and the width (transdiameter lateral extremes of cingulum) of 50
individuals of each strain were measured using an epifluorescence microscope (LEICA DMLB and
NIKON eclipse 80i) equipped with an Olympus camera (Olympus DP70). The software used for
measurements was an Olympus DP controller (Olympus Corporation). Cell dimensions were expressed
as mean ± standard deviation (SD). In addition, cells of G. belizeanus (IRTA-SMM-17-421) were observed
by scanning electron microscopy (SEM). For that, 10 mL of cultures at the initial exponential growth
phase were fixed with glutaraldehyde at a final concentration of 4% for 2 h at room temperature.
After that, 3 mL of culture were collected with a syringe by applying a low pressure on a 5 μm
Nuclepore Track-Etch Membrane (Thermo Fisher Scientific). Previously, the membrane had been
coated with poly-L-lysine and held in a plastic filter mold of 13 mm diameter (PALL, life Science).
The membrane with the cells was rinsed twice: once with seawater (autoclaved and filtered with active
carbon 0.22 μm) and a second time with seawater/MilliQ water (50:50, v:v). Afterwards, dehydration
was performed in a graded EtOH series of 30, 50, 70, 80, 90 and twice with 96%. Filters were transferred
to vessels with absolute EtOH and sent to SEM facilities of the Institut de Ciències del Mar (ICM-CSIC).
Then, filters were submitted to critical-point drying with liquid carbon dioxide in a BAL-TEC CPD030
unit (Leica Microsystems, Austria). Dried filters were mounted on stubs with colloidal silver and then
sputter-coated with gold in a Q150R S (Quorum Technologies Ltd.). Cells were observed with a Hitachi
S3500N scanning electron microscope (Hitachi High Technologies Co., Ltd., Japan) at an accelerating
voltage of 5 kV.

4.6. Production of Microalgal Extracts for Toxin Evaluation

Forty-one cultures of Gambierdiscus were inoculated in 500 mL Fernbach at an initial concentration
of 50 cells mL−1. When cultures arrived at the late exponential-early stationary phase, aliquots of
microalgal cultures were collected and fixed with 3% Lugol’s iodine solution for cell counting under
the light microscope. Then, cultures were harvested by centrifugation (4300 g, 20 min), obtaining
between 1 × 105–1.6 × 106 cells of each strain. Cell pellets were kept with absolute methanol (1 mL
of methanol for 1 x 10−6 cells) at −20 ◦C. For toxin extraction, each microalgal pellet was sonicated
using an ultrasonic cell disrupter (Watt ultrasonic processor VCX750, USA) at 3 s on and 2 s off, 34%
amplitude for 15 min. After that, the sample was centrifuged (600 g, 5 min), and the supernatant was
removed and kept in a glass vial. Then, new absolute methanol was added to the cell pellet and the
whole process of toxin extraction was repeated twice. Supernatants were pooled and evaporated under
N2 by Turbovap (Caliper, Hopkinton, MA, USA) at 40 ◦C. Dried extract was dissolved with methanol
and kept at −20 ◦C until toxin evaluation.

4.7. Evaluation of CTX-Like Toxicity with the Neuroblastoma Cell-Based Assay

The CTX-like toxicity of forty-one cultures of Gambierdiscus, consisting of G. australes (n = 29),
G. excentricus (n = 10), G. caribaeus (n = 1), and G. belizeanus (n = 1), was evaluated using the neuro-2a
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CBA. This assay is used to detect compounds that target voltage-gated sodium channels (VGSCs).
The assay uses ouabain, which blocks the Na+/K+-ATPase ion pump and inhibits the efflux of Na+ [96]
and veratridine, which activates the VGSC, enhancing the influx of Na+ [97]. The neuro-2a CBA is
based on the reduction of viability of the neuro-2a cells when the extract presents CTXs or molecules
that activate VGSCs after the ouabain and veratridine treatment [98].

The neuro-2a CBA and the data analysis were conducted following the protocol described in
Caillaud et al. [99]. CTX1B was the molecule of reference (standard) to quantify the CTX-like toxicity
of the extracts, and a dose-response curve was obtained each day of experimentation. To be able to
discriminate CTX-like toxicity from other types of toxicity, neuro-2a cells were exposed to extracts
or standards with and without ouabain and veratridine. It was considered that samples contained
CTX-compounds or other compounds that target VGSCs when toxicity was not observed in the O/V−
conditions but was observed in the O/V+ conditions. In the cases that toxicity was observed in both
conditions (O/V− and O/V+), it indicates the presence of a non-specific toxic compounds, other that
target the VGSCs.

Concentrations of CTX1B ranged between 0.2 and 25 pg mL−1, and concentrations of microalgal
extracts ranged between 0.3 and 6000 cells equiv. mL−1. The concentrations of microalgal extracts were
chosen based on the toxic effect observed in the neuro-2a cells from previous screening experiments.
After 24 h of exposure, the viability of the neuro-2a cells was assessed by the quantitative colorimetric
MTT assay [98]. Data analysis was performed using SigmaPlot software 12.0 (Systat Software Inc.,
San Jose, CA, USA). Matrix effect was considered when significant toxicity appeared in the neuro-2a
cells without O/V−. Significant toxicity was described as the inhibition of more than 20% of the
cell viability. The normality of the CTX-like toxicities was checked using the Shapiro-Wilk test.
Then, a one-way ANOVA was used to test if significant differences in CTX-like toxicities occurred
among G. excentricus and G. australes, and if significant differences occurred between the islands within
these species. The statistical test and graphs were performed with R studio [100].

4.8. Evaluation of the Presence of Two Series of CTX Congeners (CTX1B and CTX3C) in G. belizeanus with a
Colorimetric Immunoassay and an Electrochemical Immunosensor

The use of 3G8 and 10C9 mAbs in the screening of the Gambierdiscus extracts allowed the
detection of two series of CTXs congeners (CTX1B and CTX3C) thanks to the high affinities of these
capture antibodies for their CTX targets. In particular, 3G8 mAb binds to the left wing of CTX1B and
54-deoxyCTX1B [83], and 10C9 mAb binds to the left wing of CTX3C and 51-hydroxyCTX3C [81].
The 8H4 mAb, used as a reporter antibody, binds to the right wing of all the four congeners [101].
For this reason, quantifications are expressed in fg cell−1 of CTX1B equiv. when only the 3G8 mAb
was incubated with the microalgal extract and in fg cell−1 of 51-hydroxyCTX3C equiv. in presence
of only the 10C9 mAb. The use of separated mAbs allows the discrimination between the two
series of CTX congeners. Therefore, when both antibodies are incubated with the extract, a global
response is obtained, and thus quantifications can be provided either in fg cell−1 of CTX1B equiv.
or 51-hydroxyCTX3C equiv. In this work, the obtained quantifications when the two antibodies are
incubated together are provided only in CTX1B equiv. for comparison with neuro-2a CBA results.
Analyses of G. belizeanus extracts were performed as described in Gaiani et al. [68]. Briefly, magnetic
beads (MBs) were activated with an EDC and NHS solution and incubated with 3G8 or 10C9 mAbs.
In particular, 3G8 mAb binds against the left wing of CTX1B and 54-deoxyCTX1B. Instead, 10C9 mAb
binds specifically to the left wing of CTX3C and 51-hydroxyCTX3C [83,85]. Figure 6 shows the structure
of the four CTX congeners (CTX1B and CTX3C congeners) that the antibodies recognize. After the
incubation, the mAb–MB conjugates were washed, placed into new tubes in a separate or mixed
way, exposed to microalgal extract (previously evaporated and suspended in PBS–Tween) or CTX
standard (CTX1B or 51-hydroxyCTX3C) for calibration purposes. Afterwards, a blocking step was
performed with PBS–Tween–BSA. Then, the conjugates were incubated with biotin-8H4 mAb [101].
The 8H4 mAb binds to the right wing of CTX1B and 54-deoxyCTX1B and has cross-reactivity with
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the right wing of CTX3C and 51-hydroxyCTX3C. Finally, immunocomplexes were incubated with
polyHRP–streptavidin, washed, and re-suspended in PBS–Tween. The colorimetric immunoassay
was performed incubating the immunocomplexes with TMB (HRP enzyme substrate) and reading the
absorbance at 620 nm using an automated plate spectrophotometer. Measurements were performed in
triplicate. The electrochemical immunosensor was performed placing the immunocomplexes on the
working electrodes of an 8-electrode array, incubating with TMB, and measuring the reduction current
using amperometry (−0.2 V (vs. Ag) for 5 s). Measurements were performed in quadruplicate.

 
Figure 6. Structure of CTX1B and CTX3C congeners recognized by the antibodies used in this work.
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Abstract: The I–L ring system found in all the Pacific ciguatoxins has been prepared from a tricyclic
precursor in a highly stereoselective manner. Subtle differences in the reactivity of the enones present
in the seven- and eight-membered rings of the tricyclic ether starting material have been exploited to
allow selective protection of the enone in the eight-membered ring. Subsequent distereoselective
allylation of the seven-membered ring has been accomplished by a palladium-mediated Tsuji-Trost
reaction. The K-ring methyl and hydroxyl groups have been installed in a highly stereoselective
manner by sequential conjugate reduction and enolate oxidation reactions. Ring L has been constructed
by a use of a novel relay ring-closing metathesis reaction to complete the tetracyclic framework,
which possesses the functionality necessary for elaboration of rings I and L and the introduction of
ring M.

Keywords: pacific ciguatoxins; natural product; polycyclic ether; ring-closing metathesis;
Tsuji-Trost allylation

Key Contribution: A tetracyclic lactone that corresponds to the I–L fragment that is common to all of
the Pacific ciguatoxins has been prepared form a readily available tricyclic bis-enone by a 10-step
sequence that involves a novel strategy involving relay ring-closing metathesis.

1. Introduction

1.1. Structures and Bioactivities of the Ciguatoxins

The ciguatoxins are a family of large and structurally complex fused polycyclic ether natural
products of marine origin. Although the ciguatoxins had been implicated as the causative agents
of ciguatera poisoning in humans since the 1960s, it was not until the late 1980s that the first
structures of members of the ciguatoxin family—P-CTX-1 and P-CTX-4B—were fully elucidated by
Yasumoto et al. (Figure 1) [1,2]. Subsequently, more than 30 other ciguatoxins have been isolated from
marine dinoflagellates or from fish and marine organisms that accumulate the toxins by predation.
The ciguatoxins can be grouped as Pacific, Caribbean or Indian according the ocean or sea where
samples containing each toxin were first collected [3–6]. Pacific ciguatoxins are the most numerous
and well-characterised of the ciguatoxins and this group accounts for more than three quarters of the
ciguatoxins that are known [4–6]. Four Caribbean ciguatoxins have been characterized—C-CTX-1 and
C-CTX-2 are equilibrating lactols and C-CTX-3 and C-CTX-4 are diastereomers that arise by reduction of
C-CTX-1/C-CTX-2 [7,8]. A further eight Caribbean ciguatoxins have been detected by mass spectrometry
but have yet to be characterised and the structures of the six ciguatoxins—I-CTX-1–6—isolated from
samples collected in the Indian Ocean have yet to be elucidated [6,9,10].

Toxins 2020, 12, 740; doi:10.3390/toxins12120740 www.mdpi.com/journal/toxins
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Figure 1. Representative Pacific ciguatoxins.

The Pacific ciguatoxins can be divided into two distinct structural sub-groups. The first is
exemplified by P-CTX-1 and P-CTX-4B, and the second by P-CTX-3C (Figure 1) [3,5]. Natural products
in the first group have a four-carbon chain attached to the A-ring (C-5) and a seven-membered E-ring.
This group comprises more than a dozen congeners that have a variety of structural modifications such
as a hydroxyl substituent at C-54, inverted configuration at C-52, a seco M-ring or oxidation at the C-4
and/or C-7 positions. The second and larger group is based on a P-CTX-3C skeleton. Compounds in this
group have an expanded (eight-membered) E-ring and lack the A-ring side chain found in P-CTX-1 and
related ciguatoxins. Variations on the P-CTX-3C structure include A-ring and M-ring seco compounds,
a C-49-epi compound (P-CTX-3B) and oxidised analogues in which there is a hydroxyl group at the
C-51 position, and/or the A-ring alkene is replaced by a C-2 carbonyl group, a C-2 hydroxyl group or a
1,2-diol.

The ciguatoxins are extremely potent neurotoxins and some of them have been shown to have
LD50 values of 4 μg/kg or lower in mice. Ingestion of fish or seafood that is contaminated by ciguatoxins
causes a type of food poisoning known as ciguatera that can result in the victim experiencing a
myriad of unpleasant and sometimes severe neurological (both peripheral and central nervous system),
cardiovascular and gastrointestinal symptoms [11]. It has been estimated that tens or even hundreds of
thousands of people suffer from ciguatera poisoning each year. Symptoms can persist for many months
or even years and, in extreme cases, ciguatera food poisoning can be fatal. The pharmacological effects
of the ciguatoxins result primarily from their ability to cause persistent activation of voltage-gated
sodium channels in nerve membranes and thereby prevent the nerve repolarisation that is essential
for normal nerve function [12,13]. There is also evidence that the ciguatoxins can block voltage-gated
potassium channels [14].

1.2. Total Syntheses of Pacific Ciguatoxins

The ciguatoxins are daunting targets for total synthesis because of their size, their stereochemical
complexity, the large number of rings they possess and the high proportion of synthetically challenging
medium-sized cyclic ethers in their trans-fused polycyclic structures. The synthetic challenges
presented by the ciguatoxins combined with their potent neurotoxic activities makes them highly
alluring synthetic targets and many research groups have performed methodological studies in which
substantial fragments or smaller sub-units of various ciguatoxins have been constructed. However,
despite a continuous stream of highly innovative synthetic work spanning more than two decades,
the ciguatoxins have proved to be very difficult to synthesise. The only successes in this area have been
achieved by Hirama et al., who reported the first total synthesis of a ciguatoxin—P-CTX-3C—in 2001
followed by the total syntheses of 51-hydroxy-P-CTX-3C and P-CTX-1 in 2006 [15–17], and by Isobe et
al., who completed a total synthesis of P-CTX-1 in 2009 [18]. These elegant and impressive syntheses
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are the only complete total syntheses of members of the ciguatoxin family of natural products to have
been reported.

1.3. Proposed Synthetic Strategy and Previous Synthetic Work Concerning the Total Synthesis of P-CTX-3C
and Related Ciguatoxins

We have been engaged in the development of new reactions, tactics and strategies for the rapid
and efficient synthesis of fused polycyclic ether arrays for many years [19]. As part of this research
program, we have invented and explored a variety of iterative and bidirectional strategies to assemble
large fragments of fused polycyclic ether natural products of marine origin such as the brevetoxins,
gambieric acids and ciguatoxins [20–23]. In our previous studies concerning the synthesis of P-CTX-3C,
the A–E fragment of the natural product was assembled by a route in which ring-closing metathesis
(RCM) reactions were used to construct the rings in an iterative manner [18]. We have also reported a
novel bidirectional RCM approach to the synthesis of the tricyclic I–K fragment of P-CTX3-C from
a simple monocyclic precursor and now present the results of studies concerning its elaboration to
give an I–L fragment that can serve as an advanced intermediate for the preparation of the terminal
fragment of any of the Pacific ciguatoxins [24].

Retrosynthesis of P-CTX-3C commences with disconnection through rings G and H to give two
fragments—the hexacyclic A–F fragment i and the pentacyclic I–M fragment ii—that are of similar size
and structural complexity (Figure 2). The focus of the synthetic work described herein was the I–M
fragment ii. Disconnection of this pentacyclic system by removal of the methyl substituents in rings I
and scission of the M-ring spiroacetal leads to the tetracyclic fragment iii. This intermediate contains
an α,β-unsaturated ketone in ring I and an α,β-unsaturated lactone in ring L to enable introduction of
the methyl substituents by conjugate addition in the case of ring I and sequential conjugate addition
and enolate alkylation in the case of ring L.

Figure 2. Retrosynthetic analysis of P-CTX-3C (1) to reveal the key A–F and I–L fragments.

In previous work concerning the synthesis of the I–M fragment of P-CTX-3C and related
ciguatoxins, we have demonstrated that the tricyclic sub-unit 1 can be prepared from a simple
tetrahydropyranyl precursor by double ring-closing metathesis (RCM) and that subsequent bidirectional
functionalisation of the diketone 1 is possible by sequential double allyl enol carbonate formation and
double palladium-mediated Tsuji-Trost allylation (Scheme 1) [24,25]. Although it was possible to direct
the double Tsuji-Trost reaction of the substrate 2 to give just two of the four possible diastereomeric
products by the choice of a suitable chiral ligand, we were unable to identify a catalyst that would
deliver the required diketone 3 as the sole or even predominant isomer. Thus, it was necessary to
revise the synthetic strategy in order to allow rings I and K to be differentiated and functionalised
independently thereafter. The following discussion provides an account of construction of the I–L
sub-unit by such an approach.

87



Toxins 2020, 12, 740

Scheme 1. Functionalisation of the I–K fragment by bidirectional double Tsuji-Trost allylation.

2. Results and Discussion

It was not possible to perform simultaneous and diastereoselective bidirectional functionalisation
of the bis-enone 1 by double Tsuji-Trost allylation [24,25] and so it was necessary to elaborate rings I and
K independently in order to extend the fused polyether framework (Scheme 2). The tricyclic bis-enone
1 is quasi-symmetric and so independent functionalisation of rings I and K by discrimination between
reactive functional groups appears to be a challenging task at first glance. However, spectroscopic
analysis of the bis-enone 1 reveals subtle structural differences between the enone functionality in rings
I and K. In the IR spectrum of 1, the carbonyl group in ring I has a stretching frequency of 1669 cm−1

whereas the carbonyl group in ring K has a stretching frequency of 1653 cm−1—the identities of the
carbonyl peaks in the IR spectrum of 1 were established unambiguously by comparison to data for the
hydroxy ketones 4 and 5, produced by partial reduction of the diketone 1 (Figure 3). The IR data suggest
that the degree of enone conjugation in the eight-membered I-ring is significantly lower than that in
the seven-membered K-ring. This finding was further supported by 13C NMR spectroscopy where the
β-carbon of the enone in ring I has a chemical shift (137 ppm) that is more typical of an unconjugated
alkene at this position in an eight-membered cyclic ether, as can be seen by comparing the chemical
shifts for the alkene carbons in the simple fused bicyclic ether 6 [26], whereas the corresponding carbon
in ring K has a chemical shift (154 ppm) for the enone β-carbon that is consistent with a fully conjugated
enone. The significant differences in the degree of conjugation in the enone groups suggested that it
might be possible to functionalise them selectively by exploiting differences in their chemical reactivity.
Indeed, there are pertinent examples of highly selective acid-mediated acetal formation in polycyclic
substrates that contain both an enone and unconjugated ketone and so this approach was used to
protect the I-ring carbonyl group selectively [27].

Scheme 2. Selective protection of the I-ring carbonyl group and subsequent Tsuji-Trost allylation of
ring K.
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Figure 3. IR and 13C data for the bis-enone 1 and comparison to data for the related compounds 4–6.

Completely selective protection of the I-ring carbonyl group as a dioxolane was accomplished
by reaction of the bis-enone 1 with bis(trimethylsilyl)ethylene glycol in the presence of trimethylsilyl
trifluoromethanesulfonate (Scheme 2) [28]. The enone 7 was then converted into the allyl enol carbonate
8 by deprotonation with sodium bis(trimethylsilyl)amide and enolate trapping with allyl chloroformate.
Tsuji-Trost allylation was then performed thereafter by treatment of the allyl enol carbonate 8 with the
complex generated from tetrakis(triphenylphosphine) palladium(0) and the (R)-t-butyl-PHOX ligand
(9) in situ [24,25,29]. The reaction was highly stereoselective (>95:5 dr; minor isomer not detectable by
1H NMR analysis) and delivered the enone 10 in 95% yield (Scheme 2). The stereochemical outcome of
this and subsequent diastereoselective reactions was confirmed by 1H NMR NOE analysis (for details,
see Supplementary Materials).

Ring K was elaborated further by conjugate reduction of the enone (Scheme 3). Reduction of
the enone 10 with Stryker’s reagent [30] resulted in a mixture of the diastereomeric ketones 11a and
11b (3:7 ratio) in which the required diastereomer 11a was the minor component. This reaction also
suffered from the problem that it did not proceed to completion, even when an excess of the reducing
agent was used. A conjugate reduction protocol developed by Yamamoto et al. was deployed with
the expectation that it would solve these reactivity and selectivity problems [31]. Coordination of the
ketone to aluminium tris(2,6-diphenylphenoxide) followed by treatment with the reductant generated
by the reaction of diisobutylaluminium hydride with n-butyllithium afforded the ketone 11b in 39%
yield and the diketone (13% yield) resulting from cleavage of the acetal protecting group of 11b;
none of the required diastereomer 11a was obtained from the reaction. Stereocontrolled conjugate
reduction of the enone 10 to give the required ketone was finally performed in good yield by reaction
with the ‘hot’ Stryker’s reagent generated from 1,2-bis(diphenylphosphino)benzene, copper(II) acetate
hydrate and 1,1,3,3-tetramethyldisiloxane as described by Lipshutz and co-workers [32]. Reduction
of the enone 10 with this reagent at 0 ◦C in toluene afforded a diastereomeric mixture of the ketones
11a and 11b (combined yield of 66%; 9:1 ratio) in which the required isomer was the major product.
The diastereomeric ketones 11a and 11b could not be separated by standard silica gel chromatography.

Scheme 3. Conjugate reduction of the enone 10.

Stereoselective conjugate reduction of the enone 10 enabled the requisite K-ring hydroxyl group
to be installed by enolate oxidation (Scheme 4). Regioselective deprotonation of a mixture of ketones
11a and 11b (4:1 ratio) with potassium bis(trimethylsilyl)amide and reaction of the resulting enolate
with the N-sulfonyl oxaziridine 12 [33,34] produced the α-hydroxy ketone 13 in 43% yield (54% when
adjusted to account for the isomer ratio of starting material 11) and with a very high level of
diastereocontrol. The same transformation was performed by generation of the triethylsilyl enol
ether and subsequent Rubottom oxidation with 3-chloroperoxybenzoic acid [35], but poor yields were
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obtained and so this sequence was not a viable alternative to direct enolate oxidation. The α-hydroxy
ketone 13 was then subjected to stereoselective reduction with diisobutylaluminium hydride to
give the diol 14 [36]. The stereochemical outcome of the reaction can be explained by a reaction
mechanism in which complexation of the aluminium reagent to the hydroxyl and carbonyl groups
produces a cyclic chelate and addition of diisobutylaluminium hydride occurs from the top face of
the molecule (as drawn). At this stage, it was necessary to differentiate the hydroxyl groups of the
syn diol 14 to enable construction of ring L. Selective protection of the hydroxyl group adjacent to
the K-ring methyl substituent was accomplished by reaction of the diol 14 with dibutyltin oxide to
give a cyclic dialkylstannylene acetal followed by regioselective fluoride-mediated alkylation with
2-bromomethylnaphthalene [37,38]. The Nap-protected alcohol 15 was obtained in reasonable yield
and a small amount of unreacted diol 14 was recovered from the reaction.

Scheme 4. Hydroxylation and further elaboration of ring K.

An alternative approach to functionalisation of ring K that did not involve sequential conjugate
reduction and enolate oxidation was explored (Scheme 5). The tricyclic enone 10 was first subjected to
Luche reduction which proceeded to give the allylic alcohol 16 in excellent yield and with a high level
of diastereocontrol. Directed epoxidation of the allylic alcohol with t-butyl hydroperoxide mediated by
vanadyl acetylacetonate produced the epoxide 17 in a highly stereoselective manner. Protection of the
hydroxyl group as a triisopropylsilyl ether afforded the epoxide 18 in a yield of 66% from the enone
10. It was now possible to rearrange the epoxide to give an allylic alcohol by reaction of the epoxide
18 with lithium 2,2,6,6-tetramethylpiperidide in the presence of the Lewis acid diethylaluminium
chloride [39]. The allylic alcohol 19, in which the acetal on ring I had been cleaved under the reaction
conditions to reveal the enone, was obtained. Rearrangement of the epoxide 18 by treatment with
p-toluenesulfonic acid was also successful; in this case ethylene glycol was added to the reaction
mixture to ensure that the acetal protecting group was retained in product 20. In both cases, the yield
of the rearranged product was modest. Unfortunately, subsequent chemoselective and stereoselective
hydrogenation of the exocyclic alkene to produce the K-ring methyl substituent proved to be difficult
to accomplish. It was expected that selective directed hydrogenation of the allylic alcohol 20 would
be possible by use of Crabtree’s catalyst [40]. However, the hydrogenation reaction did not take
place when a catalyst loading of 1 mol % was used and decomposition of the substrate occurred
when higher catalysts loadings (≥10 mol %) were employed. When Wilkinson’s catalyst was used to
hydrogenate the alkoxide generated by deprotonation of the allylic alcohol 20 with sodium hydride in
the presence of 15-crown-5 [41,42], the terminal alkene in the side chain was reduced instead of the
exocyclic 1,1-disubstituted alkene in ring K.
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Scheme 5. An alternative approach to the elaboration of ring K.

Construction of ring L to complete the tetracyclic ciguatoxin I–L core framework was accomplished
as shown in Scheme 6. The allyl side chain in the alcohol 15 was subjected to isomerisation by treatment
with the ruthenium complex 21 in methanol at reflux to give the alcohol 22 as a mixture of alkene
isomers (E/Z) along with some side-products [43]. At this juncture, construction of ring L as a
pentenolide by conversion of the alcohol 22 into a simple acrylate ester followed by direct RCM was
considered. However, there were concerns regarding the rate of initiation of the metathesis reaction
because the substrate would contain an acrylate and an internal alkene branched at the α position;
consequently, a relay RCM reaction was employed as a precaution [44]. Subjection of the alcohol 22 to
Steglich esterification with the known carboxylic acid 23 [45] delivered the relay metathesis precursor
24 and subsequent treatment with the ruthenium complex 21 resulted in relay RCM to give the lactone
25 corresponding to the tetracyclic framework found in the I–L ring system of the Pacific ciguatoxins.
The modest yield for the three-step sequence implies an average of 50% per step; it can be accounted
for by the scale on which the reactions were performed and by-product formation during isomerisation
(15→ 22). The unsaturation in ring L would enable subsequent introduction of the requisite methyl
substituents by conjugate addition with a suitable methyl nucleophile and trapping of the resulting
enolate with a methyl electrophile [46].

Scheme 6. Use of relay RCM to construct ring L and form the I–L ring system of the Pacific ciguatoxins.
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3. Conclusions

The synthesis of the I–L ring system of the Pacific ciguatoxins has been accomplished in 10 steps
starting from the tricyclic bis-enone 1. Elaboration of ring K by stereoselective Tsuji-Trost allylation
was accomplished after selective protection of the I-ring enone by acetal formation. The configuration
at the methyl-bearing stereogenic centre in ring K was controlled during conjugate reduction of
the enone and the hydroxyl substituent was installed in a highly stereoselective manner by enolate
oxidation according to the Davis procedure. Stereoselective ketone reduction followed by selective
protection of the resulting 1,2-diol then allowed the metathesis trigger to be attached to the K-ring
by esterification of the hydroxyl group. Relay RCM, mediated by the Grubbs second generation
ruthenium complex, resulted in formation of ring L and completed the tetracyclic framework with the
functionality necessary for subsequent elaboration of ring I, installation of the methyl substituents in
ring L and construction of ring M.

4. Materials and Methods

Air- and moisture-sensitive reactions were performed under an atmosphere of argon in flame-dried
apparatus. Tetrahydrofuran (THF), toluene, dichloromethane and diethyl ether were purified using a
Pure-SolvTM 500 Solvent Purification System. Other dry solvents and starting materials were obtained
from commercial sources and used as received unless stated otherwise. Petroleum ether (pet. ether) used
for column chromatography was the 40–60 ◦C fraction. Triethylamine and 2,2,6,6-tetramethylpiperidine
were distilled and stored under argon prior to use. n-Butyllithium solutions were titrated against
diphenylacetic acid to obtain accurate molarity. 4 Å molecular sieves were oven dried prior to use.

Reactions were monitored by thin layer chromatography (TLC) using Merck silica gel 60 covered
aluminium-backed plates F254. TLC plates were visualised under UV light and stained using potassium
permanganate solution or acidic ethanolic anisaldehyde solution. Flash column chromatography was
performed with silica gel (Geduran Si 60 35–70 μm) as solid support.

IR spectra were recorded using a Shimadzu FT IR-8400S ATR instrument (Shimadzu UK,
Milton Keynes, UK). The IR spectrum of each compound (solid or liquid) was acquired directly
on a thin layer at ambient temperature.

NMR spectra were recorded on Bruker Avance III 400 MHz and 500 MHz spectrometers (Bruker UK,
Coventry, UK) at ambient temperature. 1H NMR chemical shifts are reported in ppm relative to CHCl3
(7.26) or CDCl2H (5.32) on the δ scale followed by integration, multiplicity (s = singlet, d = doublet,
t = triplet, q = quartet, m = multiplet, br. = broad, app. = apparent or a combination of these) and
coupling constant(s) J (Hz). 13C NMR spectra were recorded at 101 MHz and 126 MHz and chemical
shifts are reported in ppm relative to CDCl3 (77.16) or CD2Cl2 (54.00) on the δ scale.

High resolution mass spectra (HRMS) were recorded by the University of Glasgow mass
spectrometry service using a JEOL MStation JMS-700 instrument [positive electron impact ionisation
(EI+)] (JEOL Ltd., Tokyo, Japan) or a Bruker micrOTOF-Q instrument [positive ion electrospray (ESI+)]
(Bruker UK, Coventry, UK).

Optical rotations were recorded with an error of ≤ ±0.1 using an automatic polarimeter Autopol
V (Rudolph Research Analytical, Hackettstown, USA) and melting points were recorded with an
Electrothermal IA 9100 apparatus (Cole-Parmer, Stone, UK).

(1′S,3′R,9′S,11′R,15′Z)-4′-Methyl-2′,8′,12′-trioxaspiro(1,3-dioxolane-2,14′-tricyclo-[9.6.0.03,9]heptadecane)-
4′,15′-dien-6′-one (7)

To a solution of the bis-enone 1 (870 mg, 3.13 mmol) in dichloromethane (63 mL) at −60 ◦C was
added, 1,2-bis(trimethylsiloxy)ethane (0.81 mL, 3.3 mmol) and trimethylsilyl trifluoromethanesulfonate
(0.06 mL, 0.3 mmol). The solution was allowed to warm to −25 ◦C and stirred for 16 h. The reaction
mixture was diluted with diethyl ether (252 mL) and the mixture was washed with sat. aq. ammonium
chloride (2 × 100 mL) and brine (100 mL). The organic phase was dried (MgSO4) and concentrated
under reduced pressure to afford the acetal 7 (960 mg) as a brown oil. The unpurified acetal was
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used directly in the next reaction. For analytical purposes, a sample was purified by flash column
chromatography (5–30% ethyl acetate in pet. ether) to afford 7 as a colourless solid. M.p. 145–146 ◦C;
Rf = 0.43 (60% ethyl acetate in pet. ether); [α]D +22.6 (c = 0.50 in CHCl3, 29 ◦C); νmax 3028, 2953, 2932,
2884, 1655, 1443, 1348, 1115, 1086, 1074, 943, 893, 768 cm−1; 1H NMR (500 MHz, CDCl3) δ 5.90 (1H, dq,
J = 1.2, 1.2 Hz), 5.82 (1H, ddd, J = 11.6, 9.5, 7.5 Hz), 5.63 (1H, d, J = 11.6 Hz), 4.23 (1H, d, J = 18.3 Hz),
4.13 (1H, d, J = 18.3 Hz), 3.94–3.83 (4H, m), 3.67 (1H, ddq, J = 9.0, 1.2, 1.2 Hz), 3.61 (1H, d, J = 12.7 Hz),
3.50 (1H, d, J = 12.7 Hz), 3.47 (1H, ddd, J = 11.7, 9.3, 4.4 Hz), 3.33 (1H, ddd, J = 9.3, 5.8, 4.0 Hz),
3.30 (1H, ddd, J = 11.7, 9.0, 4.7 Hz), 2.89 (1H, ddd, J = 13.5, 9.5, 4.0 Hz), 2.56 (1H, ddd, J = 13.5, 7.5,
5.8 Hz), 2.36 (1H, ddd, J = 12.1, 4.7, 4.4 Hz), 1.97 (3H, dd, J = 1.2, 1.2 Hz), 1.61 (1H, ddd, J = 12.1,
11.7, 11.7 Hz); 13C NMR (101 MHz, CDCl3) δ 201.4, 155.1, 133.9, 130.3, 127.1, 108.0, 82.8, 82.5, 78.1,
77.6, 77.4, 74.2, 64.8, 64.6, 38.3, 30.1, 22.9; HRMS (ESI+) [C17H22O6Na]+ found 345.1299, [M + Na]+

calcld. 345.1309.

(1′S,3′R,9′S,11′R,15′Z)-4′-Methyl-2′,8′,12′-trioxaspiro(1,3-dioxolane-2,14′-tricyclo-[9.6.0.03,9]heptadecane)-
4′,6′,15′-trien-6′-yl prop-2-en-1-yl carbonate (8)

To a solution of the acetal 7 in THF (57 mL) was added, allyl chloroformate (1.58 mL, 14.9 mmol).
The resultant solution was cooled to −78 ◦C and sodium bis(trimethylsilyl)amide (3.0 mL of a 2.0 M
solution in THF, 6.0 mmol) was added dropwise. The reaction mixture was stirred for 4 h, diluted
with 5% aq. potassium dihydrogen phosphate (240 mL) and the mixture was extracted with diethyl
ether (3 × 60 mL). The combined organic extracts were washed with brine (3 × 60 mL), dried (MgSO4)
and concentrated under reduced pressure. The residue was dissolved in toluene (100 mL) and then
concentrated under reduced pressure and the procedure was repeated. Residual material was purified
by flash column chromatography (5–40% diethyl ether in pet. ether) to give the allylic carbonate
8 (610 mg, 48% over 2 steps) as a colourless oil. Rf = 0.57 (60% ethyl acetate in pet. ether); [α]D +96.1
(c = 1.00 in C6H6, 29 ◦C); νmax 2951, 2891, 1759, 1663, 1451, 1364, 1246, 1225, 1198, 1126, 1090, 1055,
995, 947, 770 cm−1; 1H NMR (500 MHz, CD2Cl2) δ 6.62 (1H, d, J = 1.6 Hz), 5.96 (1H, ddt, J = 17.3, 10.5,
5.7 Hz), 5.86 (1H, ddd, J = 11.5, 9.6, 7.5 Hz), 5.67 (1H, d, J = 11.5 Hz), 5.54 (1H, dqd, J = 1.6, 1.6, 1.3 Hz),
5.37 (1H, ddt, J = 17.3, 1.4, 1.4 Hz), 5.29 (1H, dddd, J = 10.5, 1.4, 1.4, 1.4 Hz), 4.64 (2H, ddd, J = 5.7,
1.4, 1.4 Hz), 3.95–3.87 (4H, m), 3.74 (1H, ddq, J = 7.9, 1.3, 1.3 Hz), 3.65 (1H, ddd, J = 11.4, 7.9, 4.9 Hz),
3.63 (1H, d, J = 12.8 Hz), 3.54 (1H, d, J = 12.8 Hz), 3.52 (1H, ddd, J = 11.8, 9.4, 4.4 Hz), 3.32 (1H, ddd,
J = 9.4, 5.7, 4.1 Hz), 2.92 (1H, ddd, J = 13.4, 9.6, 4.1 Hz), 2.56 (1H, ddd, J = 13.4, 7.5, 5.7 Hz), 2.49 (1H, ddd,
J = 12.1, 4.9, 4.4 Hz), 1.89 (3H, dd, J = 1.6, 1.3 Hz), 1.67 (1H, ddd, J = 12.1, 11.8, 11.4 Hz); 13C NMR
(126 MHz, CD2Cl2) δ 155.0, 141.2, 138.5, 135.0, 134.2, 132.0, 130.7, 119.3, 118.8, 108.4, 81.8, 80.1, 78.0,
77.9, 74.6, 69.5, 65.1, 65.0, 38.7, 30.4, 21.9; HRMS (ESI+) [C21H26O8Na]+ found 429.1507, [M + Na]+

calcld. 529.1520.

(1′S,3′R,7′R,9′S,11′R,15′Z)-4′-Methyl-7′-(prop-2-en-1-yl)-2′,8′,12′-trioxaspiro(1,3-dioxolane-2,14′-
tricyclo[9.6.0.03,9]heptadecane)-4′,15′-dien-6′-one (10)

A mixture of tetrakis(triphenylphosphine)palladium(0) (67 mg, 0.058 mmol, 5 mol%) and
(4R)-t-butyl-2-[2-(diphenylphosphino)phenyl]-4,5-dihydroxazole (9) (56 mg, 0.14 mmol, 13 mol%) was
dissolved in THF (20 mL). The solution was stirred for 45 min and a solution of the allylic carbonate
8 (471 mg, 1.16 mmol) in THF (38 mL) was added. The mixture was stirred at rt for a further 3.5 h
and then adsorbed onto Celite. The crude material was dry loaded on to a column of silica gel and
purified by flash column chromatography (5–20% ethyl acetate in pet. ether) to afford the enone
10 (398 mg, 95%, >20:1 dr) as a pale yellow oil. Rf = 0.57 (60% ethyl acetate in pet. ether); [α]D +15.0
(c = 0.50 in CHCl3, 30 ◦C); νmax 2949, 2888, 2855, 1657, 1443, 1279, 1111, 1088, 999, 949, 918 cm−1;
1H NMR (500 MHz, CDCl3) δ 5.89 (1H, dq, J = 1.1, 1.1 Hz), 5.87 (1H, ddd, J = 11.5, 9.6, 7.5 Hz),
5.78 (1H, dddd, J = 17.0, 10.2, 6.8, 6.8 Hz), 5.70 (1H, d, J = 11.5 Hz), 5.12–5.00 (2H, m), 4.17 (1H, dd,
J = 7.7, 4.4 Hz), 3.98–3.89 (4H, m), 3.68 (1H, ddq, J = 8.9, 1.1, 1.1 Hz), 3.67 (1H, d, J = 12.7 Hz), 3.55 (1H, d,
J = 12.7 Hz), 3.50 (1H, ddd, J = 11.7, 9.3, 4.4 Hz), 3.40 (1H, ddd, J = 9.3, 5.5, 4.1 Hz), 3.33 (1H, ddd,
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J = 11.3, 8.9, 4.7 Hz), 2.97 (1H, ddd, J = 13.6, 9.6, 4.1 Hz), 2.59 (1H, ddd, J = 13.6, 7.5, 5.5 Hz), 2.49 (1H, ddd,
J = 14.3, 6.8, 4.4 Hz), 2.41 (1H, ddd, J = 12.2, 4.7, 4.4 Hz), 2.36 (1H, ddd, J = 14.3, 7.7, 6.8 Hz), 2.01 (3H, dd,
J = 1.1, 1.1 Hz), 1.70 (1H, ddd, J = 12.2, 11.7, 11.3 Hz); 13C NMR (126 MHz, CDCl3) δ 203.6, 153.7,
134.0, 133.5, 130.4, 126.7, 117.7, 107.9, 86.5, 82.5, 82.5, 77.6, 77.0, 74.2, 64.8, 64.6, 38.2, 38.1, 30.1, 22.7;
HRMS (ESI+) [C20H26O6Na]+ found 385.1606, [M + Na]+ calcld. 385.1622.

(1′S,3′R,4′S,7′R,9′S,11′R,15′Z)-4′-Methyl-7′-(prop-2-en-1-yl)-2′,8′,12′-trioxaspiro(1,3-dioxolane-2,14′-
tricyclo[9.6.0.03,9]heptadecan)-15′-en-6′-one (11a) and (1′S,3′R,4′R,7′R,9′S,11′R,15′Z)-4′-Methyl-7′-(prop-2-
en-1-yl)-2′,8′,12′-trioxaspiro(1,3-dioxolane-2,14′-tricyclo[9.6.0.03,9]heptadecan)-15′-en-6′-one (11b)

(a) Conjugate reduction of 10 with of ‘hot’ Stryker’s reagent

To 1,2-bis(diphenylphosphino)benzene (491 mg, 1.10 mmol) and copper(II) acetate hydrate
(220 mg, 1.10 mmol) was added degassed toluene (19 mL). The resultant mixture was stirred vigorously
and sparged continuously with argon for 15 min. The mixture was then sonicated for a further 30 min,
at which point a pale blue suspension had formed. Tetramethyldisiloxane (0.80 mL, 4.4 mmol) was
added to the mixture and it was stirred vigorously for a further 30 min, at which point the suspension
developed a green colour. After refrigeration for 16 h, a red stock solution (0.055 M) had formed.

To the enone 10 (18 mg, 50 μmol) was added ‘hot’ Stryker’s reagent (2.0 mL of a 0.055 M solution
in toluene, 0.11 mmol). The solution was stirred at 0 ◦C for 48 h and then concentrated under reduced
pressure. The residue was dissolved in THF (5 mL) and sat. aq. potassium fluoride (2 mL) was added.
The biphasic mixture was stirred vigorously for 16 h and then diluted with water (10 mL). The mixture
was extracted with diethyl ether (3 × 5 mL) and the combined organic extracts were dried (MgSO4)
and concentrated under reduced pressure. The residue was purified by flash column chromatography
(10–20% ethyl acetate in pet. ether) to afford a diastereomeric mixture of the ketones 11a and 11b

(12 mg, 66%, 9:1 a:b) as a colourless film.

(b) Conjugate reduction of 10 with lithium n-butyl(diisobutyl)aluminium hydride

To a solution of 2,6-diphenylphenol (380 mg, 1.50 mmol) in toluene (2 mL) at 0 ◦C was added
dropwise trimethylaluminium (0.25 mL of a 2.0 M solution in toluene, 0.50 mmol) and the mixture was
stirred for 10 min. After gas evolution had subsided, a solution of the enone 10 (145 mg, 0.400 mmol)
in toluene (1 mL) was added and the resultant solution cooled to −78 ◦C and stirred for 10 min.

To a solution of diisobutylaluminium hydride (0.60 mL of a 1.0 M solution in heptane, 0.60 mmol)
in THF (2 mL) at 0 ◦C was added dropwise n-butyllithium (0.26 mL of a 2.33 M solution in hexane,
0.60 mmol) and solution was stirred for 10 min. The solution was added to the aforementioned toluene
solution of the enone 10 and aluminium tris(2,6-diphenylphenoxide) at −78 ◦C and the mixture was
stirred for 2 h at this temperature. The mixture was then diluted with diethyl ether (50 mL) and sat. aq.
Rochelle salt (50 mL) was added and the mixture was stirred vigorously for 16 h. The phases were
separated and the organic phase was washed with water (25 mL) and brine (25 mL), then dried (MgSO4)
and concentrated under reduced pressure. The residue was purified by flash column chromatography
(2.5–20% ethyl acetate in pentane) to afford the ketone 11b (57 mg, 39%) as a colourless solid and
the diketone (17 mg, 12%), resulting from deacetalation of the ketone 11b, as a colourless film. 11a

Rf = 0.20 (20% ethyl acetate in pet. ether); [α]D +117.5 (c = 1.00 in CHCl3, 27 ◦C); νmax 2080, 3028, 2959,
2934, 2916, 2876, 1713, 1643, 1260, 1088, 1059, 949, 912, 891, 802, 769 cm−1; 1H NMR (500 MHz, CDCl3)
δ 5.88 (1H, ddd, J = 11.6, 9.5, 7.5 Hz), 5.79 (1H, dddd, J = 17.1, 10.3, 6.9, 6.9 Hz), 5.67 (1H, d, J = 11.6 Hz),
5.11–5.04 (2H, m), 3.98–3.89 (4H, m), 3.80 (1H, dd, J = 7.9, 5.0 Hz), 3.66 (1H, d, J = 12.7 Hz), 3.54 (1H, d,
J = 12.7 Hz), 3.46 (1H, ddd, J = 11.6, 9.3, 4.4 Hz), 3.28 (1H, ddd, J = 9.3, 5.8, 4.1 Hz), 2.96 (1H, ddd,
J = 11.1, 9.3, 4.6 Hz), 2.89 (1H, ddd, J = 13.4, 9.5, 4.1 Hz), 2.88–2.78 (2H, m), 2.57 (1H, ddd, J = 13.4, 7.5,
5.8 Hz), 2.41–2.25 (3H, m), 2.12 (1H, dd, J = 11.5, 1.9 Hz), 1.69–1.57 (1H, m), 1.63 (1H, ddd, J = 12.4, 11.6,
11.1 Hz), 1.13 (3H, d, J = 6.6 Hz); 13C NMR (126 MHz, CDCl3) δ 215.2, 133.6, 133.1, 130.7, 118.0, 108.0,
86.5, 85.7, 81.6, 79.8, 77.9, 74.2, 64.8, 64.5, 45.1, 38.8, 37.2, 35.7, 30.1, 20.3; HRMS (ESI+) [C20H28O7Na]+

94



Toxins 2020, 12, 740

found 387.1766, [M + Na]+ calcld. 387.1778. 11b M.p. 108–110 ◦C; Rf = 0.25 (20% ethyl acetate in
pet. ether); [α]D +87.1 (c = 2.00 in CHCl3, 29 ◦C); νmax 2957, 2936, 2884, 2855, 1711, 1641, 1288, 1090,
1061, 1042, 995, 949, 920, 770 cm−1; 1H NMR (500 MHz, CDCl3) δ 5.87 (1H, ddd, J = 11.5, 9.6, 7.4 Hz),
5.80 (1H, dddd, J = 17.1, 10.2, 6.9, 6.9 Hz), 5.70 (1H, d, J = 11.5 Hz), 5.11–5.02 (2H, m), 3.98–3.90 (4H, m),
3.71 (1H, dd, J = 8.3, 4.2 Hz), 3.67 (1H, d, J = 12.7 Hz), 3.54 (1H, d, J = 12.7 Hz), 3.41–3.34 (3H, m),
3.20 (1H, ddd, J = 11.1, 9.6, 5.0 Hz), 3.03–2.94 (1H, m), 3.00 (1H, dd, J = 11.7, 2.2 Hz), 2.50 (1H, ddd,
J = 13.5, 7.4, 4.4 Hz), 2.42 (1H, ddddd, J = 13.4, 6.9, 4.2, 1.3, 1.3 Hz), 2.37 (1H, ddd, J = 12.1, 5.0, 4.2 Hz),
2.34–2.25 (3H, m), 1.65 (1H, ddd, J = 12.1, 11.3, 11.1 Hz), 0.86 (3H, d, J = 7.0 Hz); 13C NMR (126 MHz,
CDCl3) δ 215.5, 133.9, 133.6, 130.9, 117.8, 107.8, 87.1, 83.1, 81.7, 77.7, 74.9, 74.4, 64.8, 64.6, 44.3, 38.5, 37.5,
31.9, 30.1, 12.3; HRMS (ESI+) [C20H28O6Na]+ found 387.1765, [M + Na]+ calcld. 387.1778.

(1′S,3′R,4′S,5′S,7′R,9′S,11′R,15′Z)-5′-Hydroxy-4′-methyl-7′-(prop-2-en-1-yl)-2′,8′,12′-trioxaspiro(1,3-
dioxolane-2,14′-tricyclo[9.6.0.03,9]heptadecan)-15′-en-6′-one (13)

To a solution of the ketones 11a and 11b (18 mg of a 4:1 mixture, 50 μmol) in THF (2.9 mL) at −78
◦C, a solution of potassium bis(trimethylsilyl)amide (0.10 mL of a 0.50 M solution in toluene, 50 μmol)
was added and the mixture was stirred for 1 h. A solution of the oxaziridine 12 (14 mg, 50 μmol) in
THF (1 mL) was then added to the mixture dropwise and the resulting mixture was stirred for 1 h.
The reaction mixture was diluted with sat. aq. sodium thiosulfate (20 mL) and the extracted with
diethyl ether (3 × 10 mL). The combined organic extracts were washed with sat. aq. ammonium
chloride (10 mL) and brine (2 × 10 mL), dried (MgSO4) and concentrated under reduced pressure.
The residue was purified by flash column chromatography (10–30% diethyl ether in pet. ether) to give
the α-hydroxyketone 13 (8 mg, 43%) and recovered starting material 11a (2 mg, 11%) as colourless oils.
Rf = 0.73 (60% ethyl acetate in pet. ether); [α]D +75.8 (c = 0.60 in CHCl3, 26 ◦C); νmax 3474, 2926, 2874,
2855, 1713, 1643, 1283, 1096, 1047, 949, 922, 770 cm−1; 1H NMR (400 MHz, CDCl3) δ 5.88 (1H, ddd,
J = 11.5, 9.5, 7.5 Hz), 5.78 (1H, ddd, J = 16.9, 9.8, 7.0 Hz), 5.67 (1H, d, J = 11.5 Hz), 5.13–5.06 (2H, m),
4.30 (1H, dd, J = 11.2, 6.4 Hz), 4.08 (1H, dd, J = 7.7, 5.0 Hz), 3.97–3.91 (4H, m), 3.66 (1H, d, J = 12.7 Hz),
3.54 (1H, d, J = 12.7 Hz), 3.46 (1H, ddd, J = 11.7, 9.3, 4.5 Hz), 3.33 (1H, d, J = 6.4 Hz), 3.28 (1H, ddd,
J = 9.3, 5.8, 4.2 Hz), 3.01–2.94 (2H, m), 2.90 (1H, ddd, J = 13.5, 9.5, 4.2 Hz), 2.58 (1H, ddd, J = 13.5, 7.5,
5.8 Hz), 2.48–2.32 (3H, m), 1.63 (1H, app. q, J = 11.7 Hz), 1.54–1.44 (1H, m), 1.28 (3H, d, J = 6.3 Hz);
13C NMR (101 MHz, CDCl3) δ 215.5, 133.6, 132.4, 130.6, 118.7, 108.1, 85.5, 83.6, 81.7, 79.8, 77.7, 75.1,
74.2, 64.8, 64.5, 43.2, 38.6, 37.9, 30.1, 15.3; HRMS (ESI+) [C20H28O7Na]+ found 403.1715, [M + Na]+

calcld. 403.1727.

(1′S,3′R,4′S,5′S,6′S,7′R,9′S,11′R,15′Z)-4′-Methyl-7′-(prop-2-en-1-yl)-2′,8′,12′-trioxaspiro(1,3-dioxolane-
2,14′-tricyclo[9.6.0.03,9]heptadecan)-15′-ene-5′,6′-diol (14)

To a solution of α-hydroxyketone 13 (31 mg, 81 μmol) in dichloromethane (2.9 mL) at −78◦C,
diisobutylaluminium hydride (0.32 mL of a 1.0 M solution in dichloromethane, 0.32 mmol) was added
and the resultant solution stirred for 2 h. Further diisobutylaluminium hydride (0.32 mL of a 1.0 M
solution in dichloromethane, 0.32 mmol) was added and the mixture was stirred for a further 2 h.
The reaction mixture was diluted with sat. aq. Rochelle salt (20 mL) and ethyl acetate (20 mL) and
stirred vigorously for 1 h. The phases were separated and the organic phase was washed with brine
(2 × 10 mL), dried (MgSO4) and concentrated under reduced pressure. The residue was purified by
flash column chromatography (20–100% diethyl ether in pet. ether) to afford the diol 14 (20 mg, 64%)
and starting material 13 (6 mg, 19%) as colourless films. Rf = 0.30 (60% ethyl acetate in pet. ether);
[α]D +18.4 (c = 0.50 in CHCl3, 27 ◦C); νmax 3447, 2926, 2874, 1647, 1456, 1285, 1090, 1042, 1013, 916,
770 cm−1; 1H NMR (400 MHz, CDCl3) δ 5.90 (1H, ddd, J = 11.4, 9.6, 7.6 Hz), 5.85 (1H, dddd, J = 17.1,
10.2, 6.9, 6.9 Hz), 5.67 (1H, d, J = 11.4 Hz), 5.17–5.04 (2H, m), 3.94 (4H, m), 3.86 (1H br s), 3.71 (1H, d,
J = 9.4 Hz), 3.65 (1H, d, J = 12.7 Hz), 3.56 (1H, ddd, J = 7.6, 5.5, 5.5 Hz), 3.55 (1H, d, J = 12.7),
3.48 (1H, ddd, J = 11.6, 9.3, 4.4 Hz), 3.37 (1H, ddd, J = 11.4, 9.3, 4.6 Hz), 3.22 (1H, ddd, J = 9.3, 5.9,
4.1 Hz), 2.88 (1H, ddd, J = 13.6, 9.6, 4.1 Hz), 2.72 (1H, dd, J = 9.3, 9.0 Hz), 2.59 (1H, ddd, J = 13.6, 7.6,
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5.9 Hz), 2.39–2.24 (3H, m), 2.21 (1H, br s), 2.12 (1H, ddq, 9.4, 9.0, 6.7 Hz), 1.94 (1H, br s), 1.48 (1H,
ddd, J = 12.1, 11.6, 11.4 Hz), 1.15 (3H, d, J = 6.7 Hz); 13C NMR (101 MHz, CDCl3) δ 134.8, 133.4, 130.8,
117.5, 108.2, 84.8, 82.7, 81.7, 78.3, 78.2, 77.7, 74.1, 73.4, 64.8, 64.5, 39.4, 39.0, 38.0, 30.3, 15.4; HRMS (ESI+)
[C20H30O7Na]+ found 405.1871, [M + Na]+ calcld. 405.1884.

(1′S,3′R,4′S,5′S,6′R,7′R,9′S,11′R,15′Z)-4′-Methyl-5′-[(naphthalen-2-yl)methoxy]-7′-(prop-2-en-1-yl)-
2′,8′,12′-trioxaspiro(1,3-dioxolane-2,14′-tricyclo[9.6.0.03,9]heptadecane)-15′-en-6′-ol (15)

To a solution of diol 14 (20 mg, 52 μmol) in methanol (5.2 mL), dibutyltin oxide (14 mg, 58 μmol)
was added. The resultant suspension was stirred at reflux for 2 h to form a colourless solution. The
mixture was concentrated under reduced pressure and dried by azeotropic distillation with toluene.
The mixture was redissolved in DMF (5.2 mL) and 2-(bromomethyl)naphthalene (14 mg, 62 μmol)
and caesium fluoride (9 mg, 0.06 mmol) were added. The reaction mixture was stirred for 16 h and
then quenched with water carefully. The mixture was extracted with diethyl ether (3 × 10 mL) and
the combined organic extracts were washed with brine (3 × 10 mL), dried (MgSO4) and concentrated
under reduced pressure. The residue was purified by flash column chromatography (20–100% diethyl
ether in pet. ether) to afford the naphthyl ether 15 (17 mg, 62%) and recovered diol 14 (4 mg, 20%)
as colourless films. Rf = 0.39 (80% diethyl ether in pet. ether); [α]D +14.8 (c = 1.00 in CHCl3, 27 ◦C);
νmax 3466, 2928, 2874, 2853, 1643, 1456, 1090, 949, 916, 1051, 818, 752 cm−1; 1H NMR (400 MHz, CDCl3)
δ 7.87–7.80 (3H, m), 7.76 (1H, s), 7.52–7.44 (3H, m), 5.91 (1H, ddd, J = 11.5, 9.6, 7.5 Hz), 5.83 (1H, dddd,
J = 17.2, 10.3, 6.6, 6.6 Hz), 5.69 (1H, d, J = 11.5 Hz), 5.13–5.02 (2H, m), 4.74 (1H, d, J = 11.3 Hz),
4.65 (1H, d, J = 11.3 Hz), 3.98–3.92 (4H, m), 3.90 (1H, dd, J = 5.0, 2.2 Hz), 3.66 (1H, d, J = 12.7 Hz),
3.59 (1H, ddd, J = 7.9, 5.0, 5.0 Hz), 3.55 (1H, d, J = 12.7), 3.53 (1H, dd, J = 8.8, 2.2 Hz), 3.50 (1H,
ddd, J = 11.6, 9.5, 4.3 Hz), 3.49 (1H, ddd, J = 11.6, 9.4, 4.5 Hz), 3.24 (1H, ddd, J = 9.4, 5.7, 4.1 Hz),
2.92 (1H, ddd, J = 13.7, 9.6, 4.1 Hz), 2.78 (1H, dd, J = 9.5, 7.7 Hz), 2.59 (1H, ddd, J = 13.7, 7.5, 5.7 Hz),
2.39–2.19 (4H, m), 1.46 (1H, ddd, J = 11.6, 11.6, 11.6 Hz), 1.18 (3H, d, J = 6.9 Hz); 13C NMR (101 MHz,
CDCl3) δ 135.4, 134.9, 133.5, 133.3, 133.2, 130.9, 128.4, 128.0, 127.9, 127.1, 126.4, 126.3, 126.2, 117.2,
108.1, 85.4, 82.0, 81.8, 81.8, 78.2, 77.3, 74.3, 74.1, 72.6, 64.8, 64.5, 39.0, 39.0, 36.8, 30.3, 16.4; HRMS (ESI+)
[C31H38O7Na]+ found 545.2497, [M + Na]+ calcld. 545.2510.

(1′S,3′R,6′S,7′R,9′S,11′R,15′Z)-4′-Methyl-7′-(prop-2-en-1-yl)-2′,8′,12′-trioxaspiro(1,3-dioxolane-2,14′-
tricyclo[9.6.0.03,9]heptadecane)-4′,15′-dien-6′-ol (16)

To a solution of the enone 10 (292 mg, 0.806 mmol) in methanol (16 mL), cerium(III) chloride
heptahydrate (361 mg, 0.969 mmol) was added. The solution was cooled to −78 ◦C and sodium
borohydride (37 mg, 0.97 mmol) was added and the mixture was stirred for 2 h. The mixture was
diluted with ethyl acetate (80 mL) and washed with sat. aq. ammonium chloride (3 × 40 mL).
The organic phase was dried (MgSO4) and concentrated under reduced pressure to afford the crude
allylic alcohol 16 (294 mg) as a colourless gum. The residue was used directly in the next reaction
without purification. For analytical purposes, a sample of the product was purified by flash column
chromatography (25–75% diethyl ether in pentane) to afford the allylic alcohol 16 as a colourless gum.
Rf = 0.68 (60% ethyl acetate in pet. ether); [α]D +13.5 (c = 1.00 in CHCl3, 21 ◦C); νmax 2994, 2942, 2880,
1701, 1641, 1377, 1101, 1087, 984, 959, 854 cm−1; 1H NMR (400 MHz, CDCl3) δ 5.91 (1H, dddd, J = 17.1,
10.3, 6.9, 6.9 Hz), 5.88 (1H, ddd, J = 11.4, 9.6, 7.6 Hz), 5.69 (1H, d, J = 11.4 Hz), 5.47 (1H, ddq, J = 2.2,
1.6, 1.6 Hz), 5.17–5.00 (2H, m), 4.05 (1H, dd, J = 8.8, 2.2 Hz), 3.99–3.89 (4H, m), 3.66 (1H, ddq, J = 9.0,
1.6, 1.6 Hz), 3.66 (1H, d, J = 12.7 Hz), 3.55 (1H, d, J = 12.7 Hz), 3.45 (1H, ddd, J = 11.7, 9.2, 4.4 Hz),
3.35–3.23 (1H, m), 3.29 (1H, ddd, J = 11.2, 9.0, 4.7 Hz), 3.26 (1H, ddd, J = 9.2, 5.5, 4.1 Hz), 2.94 (1H, ddd,
J = 13.6, 9.6, 4.1 Hz), 2.55 (1H, ddd, J = 13.6, 7.6, 5.5 Hz), 2.49 (1H, ddddd, J = 14.6, 6.9, 3.5, 1.3, 1.3 Hz),
2.30 (1H, ddd, J = 12.1, 4.7, 4.4 Hz), 2.20 (1H, ddddd, J = 14.6, 8.2, 6.9, 1.3, 1.3 Hz), 1.78 (3H, dd, J = 1.6,
1.6 Hz), 1.58 (1H, ddd, J = 12.1, 11.7, 11.2 Hz); 13C NMR (101 MHz, CDCl3) δ 137.7, 135.3, 133.6, 130.8,
129.0, 117.0, 108.0, 83.9, 82.2, 81.7, 78.2, 77.8, 74.2, 73.4, 64.7, 64.6, 38.9, 37.8, 30.1, 21.9; HRMS (ESI+)
[C20H28O6Na]+ found 387.1771, [M + Na]+ calcld. 387.1778
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(1′S,3′S,4′R,6′R,7′R,8′R,10′S,12′R,16′Z)-4′-Methyl-8′-(prop-2-en-1-yl)-2′,5′,9′,13′-tetraoxaspiro(1,3-
dioxolane-2,15′-tetracyclo[10.6.0.03,10.04,6]octadecane)-16′-en-7′-ol (17)

To a stirred solution of allylic alcohol 16 (294 mg) in benzene (41 mL), vanadyl acetylacetonate
(42 mg, 0.16 mmol, >20 mol%) was added. A teal solution formed after 10 min and then t-butyl
hydroperoxide (0.32 mL of a 5.0 M in decane, 1.6 mmol) was added to form a red solution. The solution
was stirred at 60 ◦C for 2 h during which time the solution turned yellow. The reaction mixture
was diluted with diethyl ether (40 mL) and washed with sat. aq. sodium sulfite (2 × 40 mL), sat. aq.
ammonium chloride / 10% aq. ammonium hydroxide (4:1, 2× 40 mL) and brine (2× 40 mL). The organic
phase was dried (Na2SO4) and concentrated under reduced pressure to afford the epoxide 17 (290 mg)
as a yellow oil. The residue was used directly in the next reaction without purification. For analytical
purposes, a sample of the product was purified by flash column chromatography (25–75% diethyl
ether in pentane) to afford the epoxide 17 as a colourless oil. Rf = 0.39 (60% ethyl acetate in pet.
ether); [α]D +11.8 (c = 1.00 in CHCl3, 22 ◦C); νmax 3457, 2924, 2872, 2855, 1641, 1443, 1281, 1111, 1086,
1055, 1018, 882, 770 cm−1; 1H NMR (400 MHz, CD2Cl2) δ 5.93–5.81 (2H, m), 5.66 (1H, d, J = 11.5 Hz),
5.12–5.02 (2H, m), 3.95–3.86 (4H, m), 3.75 (1H, ddd, J = 8.9, 8.2, 1.0 Hz), 3.59 (1H, d, J = 12.7 Hz),
3.52 (1H, d, J = 12.7 Hz), 3.46 (1H, ddd, J = 11.6, 9.1, 4.5 Hz), 3.29 (1H, d, J = 9.1 Hz), 3.28–3.19 (2H, m),
3.15 (1H, ddd, J = 11.5, 9.1, 4.7 Hz), 3.08 (1H, d, J = 1.0 Hz), 2.86 (1H, ddd, J = 13.7, 9.6, 4.0 Hz),
2.60 (1H, ddd, J = 13.7, 6.9, 6.9 Hz), 2.53 (1H, ddd, J = 14.5, 6.9, 6.9 Hz), 2.26 (1H, ddd, J = 12.0, 4.7, 4.5
Hz), 2.12 (1H, ddd, J = 14.5, 7.7, 7.7 Hz), 2.02 (1H, d, J = 8.2 Hz), 1.42 (1H, ddd, J = 12.0, 11.6, 11.5 Hz),
1.40 (3H, s); 13C NMR (101 MHz, CD2Cl2) δ 135.8, 134.1, 130.7, 117.1, 108.5, 82.7, 82.2, 80.5, 78.0, 75.7,
74.4, 72.9, 67.2, 65.1, 64.9, 61.5, 38.9, 37.8, 30.5, 21.3; HRMS (EI+) [C20H28O7]+ found 380.1831, [M]+

calcld. 380.1835.

[(1′S,3′S,4′R,6′R,7′R,8′R,10′S,12′R,16′Z)-4′-Methyl-8′-(prop-2-en-1-yl)-2′,5′,9′,13′-tetraoxaspiro(1,3-
dioxolane-2,15′-tetracyclo[10.6.0.03,10.04,6]octadecane)-16′-en-7′-yloxy]tris(propan-2-yl)silane (18)

The reaction was performed two batches. To a solution of the epoxy alcohol 17 (145 mg) in
dichloromethane (20 mL), 4-dimethylaminopyridine (244 mg, 2.00 mmol), triethylamine (1.12 mL,
8.0 mmol) and triisopropylsilyl trifluoromethanesufonate (1.61 mL, 6.0 mmol) were added. The mixture
was stirred for 16 h and diluted with diethyl ether (80 mL). The mixture was washed with sat. aq.
ammonium chloride (3× 50 mL), dried (Na2SO4) and concentrated under reduced pressure. The residue
was purified by flash column chromatography (5–15% diethyl ether in pet. ether). The batches were
combined to give the silyl ether 18 (284 mg, 66% over 3 steps) as a colourless oil. Rf = 0.51 (20% ethyl
acetate in pet. ether); [α]D +39.2 (c = 0.50 in CHCl3, 27 ◦C); νmax 2943, 2893, 2866, 1641, 1464, 1109, 1089,
883, 912, 718 cm−1; 1H NMR (400 MHz, CD2Cl2) δ 5.89 (1H, ddd, J = 11.5, 9.6, 7.5 Hz), 5.86 (1H, dddd,
J = 17.1, 10.3, 6.8, 6.8 Hz), 5.66 (1H, d, J = 11.5 Hz), 5.09–4.98 (2H, m), 3.97 (1H, dd, J = 9.2, 1.0 Hz),
3.94–3.86 (4H, m), 3.59 (1H, d, J = 12.7 Hz), 3.52 (1H, d, J = 12.7 Hz), 3.45 (1H, ddd, J = 11.6, 9.2, 4.4 Hz),
3.29–3.25 (1H, m), 3.27 (1H, d, J = 9.2 Hz), 3.21 (1H, ddd, J = 9.2, 6.0, 4.0 Hz), 3.14 (1H, ddd, J = 11.5, 9.2,
4.7 Hz), 3.01 (1H, d, J = 1.0 Hz), 2.87 (1H, ddd, J = 13.5, 9.6, 4.0 Hz), 2.65–2.53 (2H, m), 2.25 (1H, ddd,
J = 11.9, 4.7, 4.4 Hz), 2.02 (1H, ddddd, J = 14.4, 10.1, 6.8, 1.3, 1.3 Hz), 1.40 (1H, ddd, J = 11.9, 11.6,
11.5 Hz), 1.38 (3H, s), 1.16–1.02 (21H, m); 13C NMR (101 MHz, CD2Cl2) δ 136.4, 134.1, 130.7, 116.7,
108.5, 82.8, 82.3, 81.2, 78.1, 75.6, 74.4, 74.4, 67.4, 65.1, 64.9, 61.2, 38.9, 37.8, 30.6, 21.5, 18.6, 18.5, 13.6;
HRMS (ESI+) [C29H48O7SiNa]+ found 559.3047, [M + Na]+ calcld. 559.3062.

(1S,3R,5S,6S,7R,9S,11R,15Z)-5-Hydroxy-4-methylidene-7-(prop-2-en-1-yl)-6-{[tris(propan-2-yl)silyl]oxy}-
2,8,12-trioxatricyclo[9.6.0.03,9]heptadec-15-en-14-one (19)

To a solution of 2,2,6,6-tetramethylpiperidine (0.05 mL, 0.3 mmol) in toluene (0.45 mL) at −10 ◦C,
a solution of n-BuLi (0.5 mL of a 0.6 M solution in toluene and hexane, 3:2, 0.3 mmol) was added
dropwise. The mixture was stirred for 30 min to produce an orange solution. Diethylaluminium
chloride (0.30 mL of a 1.0 M solution in hexane, 0.30 mmol) was added dropwise and the mixture
was stirred for a further 30 min resulting in the formation of a colourless solution. To the resultant
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solution of the complex was added a solution of the epoxide 18 (27 mg, 50 μmol) in toluene (0.70 mL).
The reaction mixture was allowed to reach rt over 16 h and then diluted with diethyl ether (8 mL).
Sat. aq. Rochelle salt (10 mL) was added and the mixture was stirred vigorously for 2 h. The phases
were separated and the organic phase was washed with sat. aq. ammonium chloride (10 mL) and brine
(10 mL), then dried (MgSO4) and concentrated under reduced pressure. The residue was purified by
flash column chromatography (10–40% diethyl ether in pentane) to afford the allylic alcohol 19 (10 mg,
40%) as a yellow oil. Rf = 0.60 (60% ethyl acetate in pet. ether); [α]D +5.8 (c = 0.50 in CHCl3, 27 ◦C);
νmax 3476, 2891, 2866, 1676, 1643, 1464, 1098, 1016, 997, 918, 883 cm−1; 1H NMR (400 MHz, CDCl3) δ
6.47 (1H, ddd, J = 12.4, 8.8, 7.6 Hz), 5.87 (1H, dddd, J = 17.1, 10.2, 6.9, 6.6 Hz), 5.86 (1H, dddd, J = 12.4,
1.6, 1.6, 1.1 Hz), 5.45 (1H, ddd, J = 1.3, 1.3, 1.3 Hz), 5.39 (1H, ddd, J = 1.3, 1.3, 1.3 Hz), 5.13–5.04 (2H, m),
4.51 (1H, dd, J = 17.8, 1.1 Hz), 4.47 (1H, ddd, J = 2.5, 1.3, 1.3 Hz), 4.20 (1H, d, J = 17.8 Hz), 3.80 (1H, dd,
J = 6.7, 2.5 Hz), 3.68 (1H, ddd, J = 11.2, 9.6, 4.3 Hz), 3.64 (1H, ddd, J = 9.6, 1.3, 1.3 Hz), 3.55 (1H, ddd,
J = 9.7, 6.7, 3.0 Hz), 3.41 (1H, ddd, J = 11.4, 9.1, 4.2 Hz), 3.32 (1H, ddd, J = 9.1, 9.1, 1.6 Hz),
2.70 (1H, dddd, J = 14.9, 7.6, 1.6, 1.6 Hz), 2.64 (1H, dddd, J = 14.9, 9.1, 8.8, 1.6 Hz), 2.46 (1H, ddddd,
J = 14.4, 6.9, 3.0, 1.3, 1.3 Hz), 2.34 (1H, ddd, J = 11.6, 4.3, 4.2 Hz), 2.16 (1H, ddddd, J = 14.4, 9.7, 6.6, 1.3,
1.3 Hz), 1.65 (1H, ddd, J = 11.6, 11.4, 11.2 Hz), 1.15–1.03 (21H, m); 13C NMR (101 MHz, CDCl3) δ 203.7,
145.1, 138.1, 135.3, 129.0, 117.7, 117.0, 85.3, 83.1, 82.0, 78.7, 78.6, 77.4, 77.0, 76.3, 38.3, 38.2, 35.1, 18.3, 13.0;
HRMS (ESI+) [C27H44O6SiNa]+ found 515.2775, [M + Na]+ calcld. 515.2799.

(1′S,3′R,5′S,6′S,7′R,9′S,11′R,15′Z)-4′-Methylidene-7′-(prop-2-en-1-yl)-6′-{[tris(propan-2-yl)silyl]oxy}-
2′,8′,12′-trioxaspiro(1,3-dioxolane-2,14′-tricyclo[9.6.0.03,9]heptadecane)-15′-en-5′-ol (20)

To a solution of epoxide 18 (43 mg, 80 μmol) in THF (4 mL), p-toluenesulfonic acid (69 mg,
0.40 mmol) and 4 Å molecular sieves (3 g) were added. The resultant mixture was stirred for 16 h
and dried (4 Å molecular sieves) ethylene glycol (1 mL) was added. The reaction mixture was stirred
for a further 24 h and diluted with sat. aq. sodium bicarbonate (25 mL). The organic phase was
extracted with diethyl ether (3 × 10 mL) and the combined organic extracts were washed with brine
(3 × 10 mL), dried (MgSO4) and concentrated under reduced pressure. The residue was purified by
flash column chromatography (10–30% diethyl ether in pet. ether) to afford allylic alcohol 20 (17 mg,
40%) and starting epoxide 18 (11 mg, 26%) as colourless films. Rf = 0.63 (60% ethyl acetate in pet.
ether); [α]D +32.4 (c = 1.00 in CHCl3, 27 ◦C); νmax 3476, 2941, 2866, 1643, 1464, 1090, 1018, 901, 883 cm−1;
1H NMR (400 MHz, CDCl3) δ 5.92 (1H, ddd, J = 11.4, 9.5, 7.5 Hz), 5.87 (1H, dddd, J = 17.1, 10.3, 7.1, 6.5
Hz), 5.68 (1H, d, J = 11.4 Hz), 5.45 (1H, ddd, J = 1.4, 1.4, 1.4 Hz), 5.35 (1H, ddd, J = 1.4, 1.4, 1.4 Hz),
5.12–5.02 (2H, m), 4.44 (1H, dddd, J = 4.1, 2.7, 1.4, 1.4 Hz), 3.98–3.91 (4H, m), 3.79 (1H, dd, J = 6.9,
2.7 Hz), 3.66 (1H, d, J = 12.8 Hz), 3.61 (1H, ddd, J = 9.6, 1.4, 1.4 Hz), 3.56 (1H, d, J = 12.8 Hz), 3.54–3.46
(3H, m), 3.38 (1H, ddd, J = 9.3, 5.5, 4.1 Hz), 2.96 (1H, ddd, J = 13.4, 9.5, 4.1 Hz), 2.62 (1H, ddd, J = 13.4,
7.5, 5.5 Hz), 2.45 (1H, ddddd, J = 14.5, 7.1, 2.8, 1.3, 1.3 Hz), 2.31 (1H, d, J = 4.1 Hz), 2.30 (1H, ddd,
J = 11.7, 4.4, 4.4 Hz), 2.15 (1H, ddddd, J = 14.5, 9.6, 6.5, 1.4, 1.4 Hz), 1.53 (1H, app. dt, J = 11.7, 11.4 Hz),
1.13–1.04 (21H, m); 13C NMR (101 MHz, CDCl3) δ 145.6, 135.4, 133.5, 130.9, 117.0, 116.9, 108.0, 83.2,
82.0, 82.0, 78.6, 78.2, 77.8, 76.1, 74.1, 64.8, 64.6, 38.7, 38.3, 30.3, 18.3, 13.1; HRMS (ESI+) [C29H48O7SiNa]+

found 559.3041, [M + Na]+ calcld. 559.3062.

(1′R,3′S,5′Z,10′R,12′S,14′R,19′S,20′S,21′S)-21′-Methyl-20′-[(naphthalen-2-yl)methoxy]-2′,9′,13′,18′-
tetraoxaspiro[1,3-dioxolane-2,7′-tetracyclo(10.9.0.03,10.014,19]henicosane)-5′,15′-dien-17′-one (25)

To a solution of alcohol 15 (8 mg, 0.02 mmol) in methanol (0.64 mL), the ruthenium complex 21

(3 mg, 0.03 mmol, 20 mol%) was added. The solution was stirred at reflux for 1 h and concentrated
under reduced pressure. The residue was purified by flash column chromatography to afford an E / Z
mixture of alcohol 22 (4 mg) as a colourless film. The residue was used directly in the next reaction
without purification.

To a solution of (2E)-4-(prop-2-en-1-yloxy)but-2-enoic acid 23 (2 mg, 0.02 mmol) in dichloromethane
(0.8 mL), N,N′-dicyclohexylcarbodiimide (3 mg, 0.02 mmol) and 4-dimethylaminopyridine (0.2 mg,
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0.02 mmol) were added. The resultant suspension was added to 22 (4 mg) and the mixture stirred for
16 h. The mixture was diluted with diethyl ether (4.2 mL) and filtered. The filtrate was concentrated
under reduced pressure and the residue was purified by flash column chromatography (5–60% diethyl
ether in pet. ether) to give an isomeric mixture of esters 24 (2 mg) as a colourless film. The residue was
used directly in the next reaction without purification.

To a solution of ester 24 (2 mg) in dichloromethane (16 mL), the ruthenium complex 21 (1 mg,
1 μmol) was added. The solution was stirred for 6 h at reflux and concentrated under reduced pressure.
The residue was purified by flash column chromatography (0–25% diethyl ether in dichloromethane)
to deliver the tetracyclic lactone 25 (1 mg, 12% over 3 steps) as a colourless film. Rf = 0.23 (80% diethyl
ether in pet. ether); [α]D +48 (c = 0.08 in CHCl3, 36 ◦C); νmax 2922, 2851, 1734, 1636, 1559, 1119, 1042,
818 cm−1; 1H NMR (500 MHz, CDCl3) δ 7.88–7.81 (3H, m), 7.80 (1H, s), 7.54–7.42 (3H, m), 6.82 (1H, dd,
J = 9.9, 1.6 Hz), 5.93 (1H, dd, J = 9.9, 2.5 Hz), 5.91 (1H, ddd, J = 11.4, 9.7, 7.4 Hz), 5.73 (1H, d, J = 11.4 Hz),
4.87 (1H, d, J = 11.5 Hz), 4.86 (1H, ddd, J = 10.5, 2.5, 1.6 Hz), 4.81 (1H, d, J = 11.5 Hz), 4.26 (1H, dd,
J = 10.5, 0.7 Hz), 3.96 (4H, m), 3.90 (1H, ddd, J = 11.0, 9.3, 5.5 Hz), 3.83 (1H, dd, J = 2.6, 0.7 Hz),
3.67 (1H, d, J = 12.7 Hz), 3.54 (1H, d, J = 12.7 Hz), 3.43 (1H, ddd, J = 12.4, 9.1, 4.3 Hz), 3.23 (1H, ddd,
J = 9.1, 7.2, 5.5 Hz), 2.97 (1H, ddd, J = 13.5, 9.7, 7.2 Hz), 2.93 (1H, dd, J = 9.3, 5.7 Hz), 2.54 (1H, ddd,
J = 13.5, 7.4, 5.5 Hz), 2.33 (1H, ddd, J = 11.8, 5.5, 4.3 Hz), 2.27 (1H, qdd, J = 7.4, 5.7, 2.6 Hz), 1.47 (1H, ddd,
J = 12.4, 11.8, 11.0 Hz), 1.18 (3H, d, J = 7.4 Hz); 13C NMR (126 MHz, CDCl3) δ 163.4, 149.9, 135.6, 133.8,
133.3, 133.1, 130.8, 128.3, 128.1, 127.9, 126.8, 126.3, 126.1, 126.1, 119.4, 107.9, 86.9, 82.9, 81.8, 81.0, 77.7,
75.4, 74.4, 73.0, 69.8, 64.8, 64.7, 39.9, 39.0, 32.1, 19.9; HRMS (ESI+) [C31H34O8Na]+ found 557.2124,
[M + Na]+ calcld. 557.2146.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/12/740/s1, 1H and
13C NMR spectra for key compounds, plus additional 1H NMR NOE data for selected intermediate compounds.
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Abstract: Ciguatera poisoning (CP) results from the consumption of seafood contaminated with
ciguatoxins (CTXs). This disease is highly prevalent in French Polynesia with several well-identified
hotspots. Rapa Island, the southernmost inhabited island in the country, was reportedly free of
CP until 2007. This study describes the integrated approach used to investigate the etiology of a
fatal mass-poisoning outbreak that occurred in Rapa in 2009. Symptoms reported in patients were
evocative of ciguatera. Several Gambierdiscus field samples collected from benthic assemblages tested
positive by the receptor binding assay (RBA). Additionally, the toxicity screening of ≈250 fish by RBA
indicated ≈78% of fish could contain CTXs. The presence of CTXs in fish was confirmed by liquid
chromatography tandem mass spectrometry (LC-MS/MS). The potential link between climate change
and this range expansion of ciguatera to a subtropical locale of French Polynesia was also examined
based on the analysis of temperature time-series data. Results are indicative of a global warming
trend in Rapa area. A five-fold reduction in incidence rates was observed between 2009 and 2012,
which was due in part to self-regulating behavior among individuals (avoidance of particular fish
species and areas). Such observations underscore the prominent role played by community outreach
in ciguatera risk management.

Keywords: ciguatera poisoning; French Polynesia; Gambierdiscus; ciguatoxins; epidemiology;
toxicological analyses; risk management; climate change

Key Contribution: This study describes the epidemiological and ecotoxicological features of an
unprecedented ciguatera poisoning (CP) event in Rapa Island (Australes archipelago, French
Polynesia). Confirmation of the bioaccumulation of several Pacific ciguatoxins (P-CTXs) in Rapa fish
is provided for the first time. Results of temperature time-series data analyses are indicative of a
global warming trend in Rapa area. The prominent role of education and community outreach in
ciguatera policy and management is highlighted.
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1. Introduction

Increasing numbers of poisonings linked to the consumption of seafood contaminated with marine
toxins are being reported worldwide [1–4]. Among the dozen of poisoning syndromes described
so far [5], ciguatera poisoning (CP) represents the most common non-bacterial seafood poisoning
globally. Ciguatera results from the consumption of fish contaminated with lipid soluble toxins known
as ciguatoxins (CTXs), which originate from assemblages of epiphytic dinoflagellates of the genera
Gambierdiscus and Fukuyoa [6–8] (for reviews, and references therein). Yet, other marine organisms such
as bivalves, echinoderms, gastropods, and arthropods may also be involved [9–14]. Gambierdiscus and
Fukuyoa spp. algal ciguatoxins are readily transferred through the food web from algae to herbivorous
and then carnivorous fish, and ultimately to humans [15,16].

Ciguatera is characterized by a complex array of gastrointestinal, neurological, and cardiovascular
symptoms of variable intensity, which are often complicated by chronic manifestations that can last
for months to years [17–20]. The most commonly reported symptoms include diarrhea, vomiting,
paresthesia of extremities, circumoral paresthesia, cold allodynia, generalized pruritus, myalgia,
arthralgia, bradycardia, hypotension, extreme fatigue, etc. [19]. Although ciguatera-related fatalities
are rare (<0.1% of reported cases), the high morbidity of this debilitating and sometimes long-lasting
illness makes it both a prominent public health issue [4,15,19] and a major impediment for subsistence
and recreational fisheries worldwide [21–24].

Until the 2000s, the distribution of ciguatera-causing organisms and ciguatoxic fish were thought
to be limited to regions between latitudes 35◦ N and 35◦ S, with the highest poisoning incidence
rates consistently reported from two tropical, historical CP-endemic areas, the Pacific and Caribbean
regions [4] (for review and references therein) and [25,26], which is a situation due in part to the strong
reliance of local communities on marine resources. The first reports of consumer illness and/or detection
of ciguatoxic fish caught in previously non-endemic areas can be found in the literature as early as
2004 from localized areas such as the Macaronesia (Canary Islands, Madeira) [27–36], the eastern
Mediterranean [37], the Gulf of Mexico [38], or the coast of Cameroon in West Africa [21]. In most of
these instances, confirmation of the presence of CTXs in implicated toxic meals was consistent with the
detection of Gambierdiscus species within the respective regions [38–48].

The current expansion of CP to novel areas such as Macaronesia and east and southeast
Asia since the 2000s is now well established [4]. Multiple factors are believed to contribute to
this expansion of the geographical range of CP, such as anthropogenic disturbances [49–51], naturally
occurring environmental changes, including long-term climatic oscillations and global warming [52,53],
which likely provide favorable conditions for the migration and settlement of CP causative organisms
in temperate-like (and warmer) areas of the globe [4,54] (for reviews and references therein). Modeling
CP occurrences based on long-term time-series data and/or temperature projections has also been
addressed in several papers [55,56]; however, few studies have actually provided a clear assessment of
the link between global warming and increased number of CP cases [25,57–59].

French Polynesia is a long-standing ciguatera hotspot as evidenced by the epidemiological data
available for this country since 1960 [17,60–62]. Since 2007, a country-wide epidemiological surveillance
program of CP cases is conducted jointly by the Institut Louis Malardé and the Public Health Directorate
of French Polynesia (www.ciguatera.pf [63]). None of the five archipelagoes of French Polynesia is
completely immune from ciguatera [23]. Although the general trend observed in ciguatera annual
incidence rate (IR) points toward a stable IR in French Polynesia as a whole, IR rates can differ
considerably from one island to another, ranging from 2 to over 1800 cases per 10,000 inhabitants [4].
As previously reported in other endemic localities of the South Pacific [62], these figures are likely
under-estimated and could quite possibly be at least doubled [64]. Of note, a distance gradient is
generally observed in the IRs, with the island groups furthest from Tahiti (Society archipelago) showing
the highest IRs, due mainly to dietary differences observed between island groups [17]. In this respect,
Rapa (Iti) Island located in the southernmost part of the Australes archipelago (Figure 1a) stood as an
exception: until 2007, this island was reputed free of ciguatera [60], whereas its sister island Raivavae
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consistently showed some of the highest IRs in the Australes between 2007 and 2008 [50]. This small
island (40 km2) is commonly referred to as the “little sister” of Rapa Nui (Easter Island), and it is
regarded as one of the most isolated islands in the South Pacific, along with Pitcairn and Easter Island:
indeed, there is no airport on Rapa Island (Figure 1b) and it takes around 50 h to reach the island by
cargo ship from Tahiti. Boats traveling there are few and far between (every two to three months),
and patrol boats of the French Navy also carry out episodic liaison missions from Tahiti. Due to its
extreme southern location at a temperate-like latitude, Rapa’s climate is characterized by seasonal
variations more pronounced than in the rest of French Polynesia, with an annual average temperature
of 20 ◦C and an important precipitation regime [65].

Figure 1. Maps of (a) French Polynesia and (b) Rapa Island (Australes archipelago). Yellow dots
represent the 29 sampling sites prospected during the 2010 field study. The sampling sites highlighted
in green and/or red indicate the locations where assemblages of Gambierdiscus spp. and/or Ostreopsis
spp., respectively, were found on various macroalgal host species.

In October 2009, an unprecedented mass-poisoning outbreak occurred in this island following
community fishing in the rāhui (conservation) area. Within months, this outbreak is believed to have
affected nearly half of the resident population and even resulted in two fatalities. Faced with the
magnitude and severity of this outbreak, the local public health authorities mandated scientists from
the Institut Louis Malardé to conduct environmental and toxicological investigations in Rapa Island in
order to investigate the etiology of this mass poisoning. In parallel to the field survey, a community
outreach program was also conducted among the local population, as early as January 2010, and was
continued throughout 2010 and in the ensuing years. In particular, individuals were advised not to
consume specific parts of the fish (head, viscera) and to avoid particular fish species and fishing areas.
The importance of a systematic report of CP incidents was also emphasized.

The present paper describes the epidemiological and field investigations conducted in 2010 in
Rapa, as well as the benefits that aroused from community outreach interventions among the local
population. In addition to analyses by the receptor-binding assay conducted in 2010, fish samples
from the event were re-analyzed with recently optimized methods (Neuro2a assay and tandem mass
spectrometry). Finally, retrospective temperature data series collated from different sources were also
examined to assess the current climate trend in Rapa area. Taken together, our results confirm the
current expansion of ciguatera to this temperate-like locale of French Polynesia, as well as the relevance
and usefulness of an integrated approach in CP risk management in newly affected hotspots.
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2. Results

2.1. Epidemiology of the 2009 Outbreak in Rapa Island

While no case was reported in 2007, six isolated CP incidents occurred starting from 2008, involving
a carnivorous fish, Seriola lalandi (king fish, or ma’aki in native language), and an herbivorous fish,
Kyphosus cinerascens (highfin chub or karamami in native language), for three (50%) and two (33%) of
these cases, respectively (Table 1).

At the peak of the 2009 outbreak, a total of 87 resident people was seen in consultation at the
infirmary, giving an IR of 1805 cases per 10,000 people for 2009. Of note, the majority of poisoning cases
(78%) occurred in October (28%) and November 2009 (50%). The unusual severity of this outbreak
even resulted in two fatalities. However, between 2009 and 2012, an 80% reduction in the number of
poisoning cases was reported. Recent data point to an IR (128 cases/10,000 people on average in the past
two years) comparable to the one reported in 2008 (IR = 145 cases/10,000 people) (Table 1). According
to observations made by the nurse on site, first symptoms appeared between 1 and 72 h following the
ingestion of the toxic meal (Table 2), except for one female patient, aged 52, who developed symptoms
within minutes after consumption of the viscera of a seagrass parrotfish (Leptoscarus vaigiensis). Yet,
apart from this rapid onset of poisoning symptoms, this patient displayed clinical signs typical of a
moderate CP. Individuals presented with digestive and neurological symptoms highly evocative of
ciguatera: in 2009–2010, during the peak of the epidemic, digestive disorders (diarrhea) were recorded
in 68% of affected patients, while cold allodynia (84%), paresthesia (88%), dysesthesia (79%) and itching
(71%) were among the predominant neurological symptoms (Table 2).

The prevalence of symptoms reported in patients according to the trophic status of the implicated
fish was also examined, showing a strong dietary preference for herbivores (n = 84) vs. carnivores
(n = 24) among Rapa residents. Data in Figure 2 indicate that digestive and cardiovascular disorders
were more prevalent in carnivore-based poisoning, with the caveat that this comparison is based on
groups with different and limited sample size. Interestingly, behavioral disorders were reported only
in toxic incidents following the consumption of herbivores (Figure 2).

Of the 87 patients seen at the Rapa infirmary in 2009, 54% declared having previously experienced
at least one or multiple (two to three) CP-like poisoning events. Moreover, for 52% and 47% of them,
fish meal included viscera and head, respectively, vs. 33% who limited their fish consumption to
the flesh only. By 2010, the proportion of CP cases involving the consumption of viscera and head
had decreased to 22% and 37%, respectively, whereas the percentage of patients who consumed only
flesh had increased by almost two-fold (60%). Of note, two fatalities were recorded in 2009, while one
patient required hospitalization in 2010. Moreover, based on declaration forms, the percentage of
unreported cases (i.e., guests who had shared a toxic meal with reporting patients and went on
developing symptoms, but for whom no declaration form was completed) was estimated at 40% and
10% in 2009 and 2010, respectively. Of note, this rate remained around 18% on average until 2014.

Data collected at the infirmary revealed the fish involved in poisoning events were caught from
two main areas, i.e., in the rāhui zone located in the vicinity of Ahurei village and Akatamiro Bay,
a daily fishing site for local residents located north of the island, which accounted for 49 and 33% of
reported events respectively, in 2009 (Figure 1 and Table 1). In addition to S. lalandi and K. cinerascens,
another herbivorous species was frequently mentioned in declaration forms, namely Leptoscarus
vaigiensis (seagrass parrotfish, or komokomo in native language) (Figure 3). All together, these three
species accounted for 80 and 72% of the reported events in 2009 and 2010, respectively. Interestingly,
a noticeable shift in both the fish species and fishing areas involved in CP events was observed
following the 2010 field campaign and public outreach interventions in the island: indeed, this group
of fish represented no more than 12, 38, and 27% of the fish involved in poisoning events in 2012, 2013,
and 2014, respectively (Table 1).
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Table 2. Clinical signs experienced by patients during the 2009–2010 mass ciguatera outbreak in Rapa
Island. The number of patients concerned by each clinical sign and corresponding percentage (%) is
given. Symptoms most frequently recorded are highlighted in bold characters.

Year 2009 2010

Total number of CP cases reported 87 27

Digestive disorders

Nausea/vomiting 28 (32%) 11 (39%)
Diarrhea 59 (68%) 19 (68%)

Cardiovascular disorders 1

Bradycardia 10 (14%) 1 6 (22%)

Hypotension 9 (12%) 1 3 (11%)

Neurological and systemic disorders

Cold allodynia 80 (92%) 15 (54%)
Paresthesia 83 (95%) 17 (61%)
Dysesthesia 75 (86%) 15 (54%)
Itching 69 (79%) 12 (43%)
Dizziness/headaches 50 (57%) 10 (36%)
Muscular disorders 67 (77%) 19 (68%)
Joint pains 56 (64%) 11 (39%)
Chills/hypothermia 54 (62%) 8 (29%)
Burning sensation (throat, mouth)/”metallic” taste 43 (49%) 4 (14%)
Urogenital burning/pain/discomfort 15 (17%) 4 (14%)
Behavioral disorders (agitation, disorientation) 9 (10%) 2 (7%)

1 For 2009, the prevalence of cardiovascular symptoms was estimated from n = 72 declaration forms (data not
available for 15 patients). Data source: Bureau de Veille Sanitaire, Public Health Directorate of French Polynesia,
and Institut Louis Malardé.

Figure 2. Prevalence (in percentage) of the major clinical symptoms reported in patients following the
ingestion of herbivorous vs. carnivorous toxic fish during the 2009–2010 poisoning outbreak in Rapa
Island. The prevalence of cardiovascular symptoms was calculated from n = 74 and n = 19 declaration
forms for herbivores and carnivores, respectively.
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Figure 3. Photographs of three of the fish species regarded as major contributors to the mass-poisoning
outbreak reported in Rapa Island: (a) Kyphosus cinerascens (highfin chub—karamami, herbivore);
(b) Leptoscarus vaigiensis (seagrass parrotfish—komokomo, herbivore); (c) Seriola lalandi (king
fish—ma’aki, carnivore). (photo credit: © Institut Louis Malardé).

Likewise, altogether, the rāhui zone and Akatamiro Bay, which were implicated in 82% of poisoning
events in 2009, were mentioned in 41 and 28% of declaration forms in 2012 and 2013, respectively.
Conversely, 35 and 44% of the implicated fishing sites in 2012 and 2013, respectively, corresponded to
new fishing areas located in the north (e.g., Turoa Pari Ati Bay), south (e.g., Motu Tauturau, Akaomua
Bay, Kaongi offshore shoals), or west (e.g., Iripau Bay, Ana Rua Bay, Vavai Cliffs) of Rapa Island (Figure 1
and Table 1). In 2017, no declaration form was received at all, while in 2018, 50% of the implicated
fishing sites corresponded to locations other than the rāhui zone and Akatamiro Bay (Table 1).

2.2. Abundance, Distribution, and Toxicity of Gambierdiscus Populations

Overall, 50 macroalgal samples were collected in 29 distinct locations and analyzed for the presence
of ciguatera-causing organisms. Gambierdiscus populations were present in four of the sampling sites
(Figure 1 and Table 3), i.e., Motu Tarakoi, Akatamiro Bay, Cape Komire, and Iripau Bay.

Table 3. Gambierdiscus spp. and Ostreopsis spp. cell abundance in benthic assemblages found on various
macroalgal host species. The ciguatoxins (CTX)-like activity data for Gambierdiscus wild samples as
assessed by the radioactive receptor binding assay (rRBA) are also presented.

Genus Gambierdiscus spp. Ostreopsis spp.

Sampling Sites
Macroalgal Host

Species
Abundance

(Cells)
CTX-Like
Activity 2

Macroalgal Host
Species

Abundance
(Cells)

Turoa Pari Ati Bay Lobophora variegata 6.1 × 106

Akatamiro Bay Lobophora variegata 2250 13.5 Lobophora variegata 5.4 × 106

Motu Aturapa Dictyota bartayresiana 13 × 106

Cape Komire Dictyota dichotoma 10,300 0.5
Cape Ongoriki Sargassum sp. 15.7 × 106

Piriauta Bay 1 Sargassum sp. 19 × 106

Motu Tarakoi 1 Lobophora variegata 5000 1.6 * Sargassum sp. 3.4 × 106

Motu Rapa Iti 1 Lobophora variegata 15.8 × 106

Anatakuri Bay 1 Lobophora variegata 2.2 × 106

Motu Karapoo Nui Lobophora variegata 1.7 × 106

Iripau Bay Lobophora variegata 10,350 3.5
1 Rāhui zone. 2 Composite CTX-like activity expressed in pg CTX3C eq cell−1 (n = 1). * Wild sample collected in
January 2010 during the peak of the outbreak.
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Cell yields in Gambierdiscus wild samples ranged from 2250 cells (Akatamiro Bay) to 10,350 cells
(Iripau Bay). Gambierdiscus species are not easily distinguishable by light microscopy and, unfortunately,
quantitative PCR assays useful to discriminate between species of this dinoflagellate were not yet
available at the time of this study. Thus, it was not possible to document the diversity and relative
abundance of the different Gambierdiscus species present in these wild samples. Gambierdiscus preferred
macroalgal host was Lobophora variegata (kautake in native language) (Table 3). The other dominant
Fucophycea observed in Rapa waters was Sargassum sp. (Figure 4a,b). Interestingly, these two
macroalgae were also colonized by dense populations of Ostreopsis spp., most notably in three sites
within the rāhui zone where an abundance of up to 19 × 106 (Piriauta Bay), 15.8 × 106 (Motu Rapa Iti,
Figure 4c), and 15.7 × 106 cells (Cape Ongoriki) were recorded. It should be noted that an additional
Ostreopsis spp. bloom (13 × 106 cells) was also sampled from the species Dictyota bartayresiana
(Fucophycea) collected near Motu Aturapa (Table 3).

Figure 4. Photographs of the two dominant macroalgal hosts present in Rapa waters and wild
sample of benthic microalgal species found on these substrates: (a) Lobophora variegata (Fucophyceae);
(b) Sargassum sp. (Fucophyceae); (c) benthic assemblage composed almost exclusively of Ostreopsis spp
cells collected from Motu Rapa Iti (photo credit: © Institut Louis Malardé).

Toxicity analyses conducted by the radioactive receptor binding assay (rRBA) confirmed a
composite CTX-like activity in extracts of Gambierdiscus wild samples, ranging from 0.5 to 13.5 pg
CTX3C eq cell−1 (Table 3). Of note, the sample collected from Motu Tarakoi at the peak of the poisoning
outbreak (i.e., in January 2010) displayed a CTX-like activity of 1.6 pg CTX3C eq cell−1.

2.3. rRBA, CBA-N2a and LC-MS/MS Toxicity Data in Fish

A total of 251 fish specimens representing different feeding types (i.e., herbivores, carnivores,
and to a lesser extent omnivores) were spear-fished and tested individually using the rRBA in the
frame of a large-scale toxicity survey conducted in the same study sites as those screened for the
presence of Gambierdiscus assemblages. Species commonly consumed in Rapa were primarily targeted,
including surgeonfish, parrotfish, chubs, goatfish, groupers, and jacks (Table S1). The rRBA data
allowed confirmation of a CTX-like activity in 78% of fish (Table S1), with a similar contamination
rate in herbivores (85%, n = 159) vs. carnivores (78%, n = 89) (Table S1), and no significant differences
between the rRBA values monitored in herbivores vs. carnivores (p value = 0.8109). Concerning
specifically L. vaigiensis and K. cinerascens, the two herbivore fish species primarily involved in
the 2009 outbreak (Table 1), rRBA data showed 92 and 79% of samples, respectively, tested rRBA
positive, with maximum CTX-like activity of 12.4 and 4.1 μg CTX3C eq kg−1, respectively (Table S1).
It should be noted that a majority of the tested fish harbored exceptionally high levels of CTX-like
compounds, which are well above the concentration that causes ciguatera in humans in the Pacific, i.e.,
0.1 ppb or 0.1 μg CTX1B eq kg−1 [15]. For example, the highest CTX-like activity found in the herbivore
L. vaigiensis #237 and the carnivore G. plessisi #156 were 12.4 μg CTX3C eq kg−1 (or 5.2 μg CTX1B eq kg−1)
and 14.5 μg CTX3C eq kg−1 (or 6.1 μg CTX1B eq kg−1), respectively (Table S1). No correlation was found
between the size/weight of fish and rRBA values (linear correlation test, p values > 0.05). Interestingly,
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several of the study sites within the rāhui zone and the northern bays clearly appeared as high-risk
locations for ciguatera, with >80% of positive samples. In contrast, the frequency of rRBA CTX positive
fish was remarkably low in areas sampled in the south of the island, i.e., Akaomua Bay (7%, n = 15),
Makatea Peak (0%, n = 4), and to a lesser extent, Ana Rua Bay (46%, n = 13) (Table S1).

Twelve fish selected among the rRBA negative (x5) and positive (x7) samples were subsequently
analyzed using recently optimized protocols of the CBA-N2a [66] and liquid chromatography tandem
mass spectrometry (LC-MS/MS) for confirmation of the presence of CTX congeners [67] (Table 4).

Table 4. CTX-like activity estimates (expressed in μg CTX3C eq kg−1) as assessed by rRBA, CBA-N2a,
and LC-MS/MS in a selection of 12 fish specimens sampled from Rapa Island. Results were obtained
from one (rRBA and LC-MS/MS) and three independent experiments (CBA-N2a). For additional details,
see Section 5.5.

Sampling Site ID # Scientific Name Diet rRBA CBA-N2a * LC-MS/MS

Iripau Bay 74 Ctenochaetus striatus H 7.3 0.33 ± 0.05 <LOQ
Akaomua Bay 159 Kyphosus cinerascens H <LOD <LOD <LOQ
Motu Ta’una 143 Kyphosus cinerascens H 1.4 0.52 ± 0.09 <LOQ

Akaomua Bay 161 Chlorurus microrhinos H <LOD 0.05 ± 0.01 <LOD
Motu Rapa Iti 209 Chlorurus microrhinos H 7.8 0.31 ± 0.03 <LOQ
Akaomua Bay 163 Leptoscarus vaigiensis H <LOD <LOD <LOD
Motu Rapa Iti 214 Leptoscarus vaigiensis H 5.0 4.75 ± 0.25 0.75
Akaomua Bay 167 Epinephelus fasciatus C <LOD <LOD <LOD
Tapuaki Bay 48 Epinephelus fasciatus C 0.8 0.23 ± 0.02 <LOD
Ahurei Bay 229 Epinephelus merra C 1.4 0.11 ± 0.02 <LOQ

Anatakuri Bay 198 Monotaxis grandoculis C <LOD 0.10 ± 0.01 <LOD
Motu Rapa Iti 211 Pseudocaranx dentex C 1.0 1.18 ± 0.08 <LOQ

H: Herbivore. C: Carnivore. LOD: Limit of detection. LOQ: Limit of quantification. * CBA-N2a data correspond to
the sum of the CTX-like activity measured in both LF90/10 and LF100 dry extracts.

For rRBA negative samples, CBA-N2a was able to detect a low CTX-like cytotoxic activity in
C. microrhinos #161 and M. grandoculis #198 (Table 4), whereas a fairly good concordance was found
between rRBA and LC-MS/MS results, i.e., all negative samples by rRBA were also identified as negative
by LC-MS/MS, except for Kyphosus cinerascens #159 in which CTXs <LOQ (limit of quantification) were
detected (Table 4).

For rRBA positive samples, data showed the rRBA consistently gave higher estimates than
CBA-N2a for five of these samples, except for L. vaigiensis #214 and P. dentex #211 for which similar
CTX-like activity estimates were obtained (Table 4). When N2a cells were exposed to increasing
concentrations of LF90/10 dry extracts of L. vaigiensis #214 (Figure 5a) and P. dentex #211 (Figure 5b),
no cytotoxic effects were observed in the absence of ouabain (O) and veratridine (V) (i.e., OV- conditions).
Conversely, a sigmoidal dose–response curve with a negative slope was obtained in OV+ conditions
for both fish (Figure 5a,b). A similar pattern was observed with the LF100 dry extracts of both
fish (Figure S1a,b). This response is typical of the activity of voltage gated sodium channel (VGSC)
activators such as CTX3C and CTX1B (Figure S1c,d). Of note, the LF90/10 fraction concentrated 82.5
and 94.6% of the total composite CTX-like activity of L. vaigiensis #214 and P. dentex #211, respectively.

Analyses by LC-MS/MS also confirmed the presence of CTX compounds in all positive samples,
but at levels below the LOQ, except in L. vaigiensis #214, for which both the toxin profile and CTX
estimate (0.75 μg CTX3C eq kg−1) were provided (Figure 6 and Table S2). Overall, six different CTX
congeners could be detected in this highly toxic herbivore, i.e., in decreasing order, 49-epiCTX3C or
CTX3B (0.24 μg CTX3C eq kg−1), CTX3C (0.2 μg kg−1), 2-hydroxyCTX3C (0.17 μg CTX3C eq kg−1),
and a mix of 52-epi-54-deoxyCTX1B (or CTX2), and possibly 54-deoxyCTX1B (or CTX3) and a CTX3C
isomer (4) not yet characterized at levels below the LOQ (i.e., 0.15 μg CTX3C eq kg−1 of fish tissue,
(see Section 5.5.3) (Figure 6c). Moreover, there are some indications that the CTX-like compounds
present <LOQ in other positive samples, including P. dentex #211, actually correspond to two additional
unidentified CTX3C isomers (1) and (3) (Figure 6d). It should be noted that the three CTX3C isomers
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(1), (3), and (4) detected in Rapa fish are also currently found in the culture extracts of a highly toxic
strain of G. polynesiensis (Figure 6b).

 

(a) (b) 

Figure 5. Composite cytotoxicity dose-response curves of N2a cells in OV- (open symbols) and
OV+ (solid symbols) conditions when exposed to increasing concentrations of LF90/10 extracts of
(a) Leptoscarus vaigiensis #214 and (b) Pseudocaranx dentex #211 collected from Rapa Island. Data
represent the mean ± SD of three independent experiments, each concentration run in triplicate (n = 9).
The dotted vertical line corresponds to the maximum concentration of LF90/10 dry extracts for matrix
interference (MCE = 10,000 pg μL−1).

Figure 6. LC-MS/MS chromatograms of (a) mix of Pacific ciguatoxins (P-CTXs) standards (Institut
Louis Malardé, Papeete, Tahiti, French Polynesia), (b) Gambierdiscus polynesiensis culture extract (NHA4,
Marquesas Island), (c) Leptoscarus vaigiensis #214 fish extract, and (d) Pseudocaranx dentex #211 fish
extract. The signal-to-noise (S/N) represented on chromatogram (d) was calculated with three standard
deviations for the m/z transition 1023.6 > 1005.6.
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2.4. Temperature Trends in Rapa Island

The trends observed in the average annual minimum (Tmin), maximum (Tmax), and mean
(Tmean) values of atmospheric temperature values recorded at the Rapa synoptic weather station
between 1960 and 2016, were analyzed by means of the Mann–Kendall test. Results showed a significant
increase of +0.86 ◦C in the average annual temperature values over the 57-years time period (Table 5
and Figure 7).

Table 5. Results of the non-parametric Mann–Kendall test when applied to the average annual
minimum (Tmin), maximum (Tmax), mean (Tm) values of atmospheric temperature, and sea surface
temperature (SST) datasets available for Rapa between 1960 and 2016. This test was used to detect
monotonic trends in the data series. The H0 hypothesis states that temperature data come from a
population with independent measures and are identically distributed, whereas the HA hypothesis
states temperature data follow a monotonic trend.

Temperature Data Series Kendall’s Tau 2-Sided p Value Alpha Conclusion

Tmax 0.202 (2.14) 3.2 × 10−2 0.05 HA
Tmin 0.473 (5.07) 3.58 × 10−7 0.05 HA
Tmean 0.347 (3.71) 2.1 × 10−4 0.05 HA
SST (ERSSTv5) 0.067 (0.71) 0.48 0.05 H0

Figure 7. Average annual sea surface (SST) and atmospheric i.e., minimum (Tmin), maximum (Tmax),
and mean (Tmean) temperatures recorded in Rapa area between 1960 and 2016. Yellow and red dotted
lines represent the trend curves observed for Tmin (f(x) = 0.0188x + 17.9646) and Tmax (f(x) = 0.0085x +
22.7549), respectively.

Of note, this increase was due more to a warming of annual minimum temperatures (+1.07 ◦C) than
to the one of maximum temperatures (+0.48 ◦C) (Figure 7). Contrastingly, the positive trend (+0.48 ◦C)
noted in the sea surface temperatures (SST) obtained from the Extended Reconstructed Sea Surface
Temperature (ERSST)v5 database was not considered significant. Likewise, no significant increase
was observed in the SST data provided by the Group for High Resolution Sea Surface Temperature
(GHRSST) Level 4 MW_OI (data not shown).

Next, given the limited spatial resolution of ERSSTv5 (too sparse data for the Rapa area), we chose
another approach by examining the potential correlations between the mean annual GHRSST, ERSSTv5,
and atmospheric temperatures in Rapa. Results of the Pearson correlation test show a strong positive
correlation between the GHRSST high resolution SST data and Tmin, Tmax, and Tmean for the
1998–2016 time period, both on a monthly and annual time scale (correlation coefficients r > 0.8,
on average) (Table 6). In contrast, no significant correlation was found between the GHRSST and
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ERSSTv5 data, whatever the study period, i.e., 1998-2016 (r = 0.25) or 1960–2016 (data not shown)
(Table 6).

Table 6. Pearson correlation coefficient values (r, CI = 0.95) between Group for High Resolution Sea
Surface Temperature (GHRSST) Level 4 MW_OI and Extended Reconstructed Sea Surface Temperature
(ERSST)v5 sea surface temperature data series, and the Tmax, Tmin, and Tmean of atmospheric
temperatures data series obtained from the Rapa synoptic weather station between 1998 and 2016.

Time Period (Scale) GHRSST/ERSST GHRSST/Tmax GHRSST/Tmin GHRSST/Tmean

1998–2016 (month) 0.91 0.95 0.92 0.94
1998–2016 (year) 0.25 0.86 0.78 0.87

3. Discussion

The present study describes the integrated approach used to investigate the etiology
of an unprecedented mass-poisoning event that occurred in Rapa Island (Australes, French
Polynesia) between 2009 and 2010. This approach, which combined epidemiological, environmental,
and toxicological investigations, confirms this toxic outbreak as a ciguatera event and is consistent
with a range expansion in the spatial distribution of both Gambierdiscus spp. and ciguatoxic fish to
temperate-like locales of French Polynesia.

The first evidence provided is the symptomatology of the illness described in patients’ declaration
forms during the peak of the outbreak. Clinically, CP is characterized by a complex combination
of non-specific manifestations, with up to 175 different symptoms recorded in both the acute and
chronic phases of the illness, including gastrointestinal, cardiovascular, and neurological disturbances
appearing in a non-pyretic and non-allergic context [68]. In the absence of a refined, universal case
definition of this illness, defining ciguatera in terms of a small, reliable group of symptoms remains
difficult. However, some clues should be regarded as strong indicators of CP, especially if two or more
consumers of fish at the same meal experience symptoms. Highly evocative of CP are neurological
pruritus and complainants of cold allodynia, an intense and painful tingling, burning, or electric
sensation in response to cold stimuli [69], which is considered characteristic of CP [17,19,70–72]. In the
present study, almost all patients during 2009 experienced cold allodynia. The predominance of
neurological symptoms over other symptoms among Rapa patients (>80% on average) is also another
characteristic feature of CP illness in French Polynesia [17] and more broadly in the Pacific [19] (for a
review and references therein).

Classically, ciguatera-related fatalities are rare (<0.1% of reported cases) [15,73]. In this regard,
the mass-poisoning event in Rapa that resulted in two fatalities in 2009 stands out by its unusual
magnitude and severity. Chan 2016 [74] has identified several contributory factors to ciguatera-related
deaths, including the consumption of large portions of fish parts rich in CTXs such as viscera and head.
Here, approximately half of the victims declared they had consumed the viscera and head of the fish.
Yet, the limited medical resources available at the Rapa infirmary, both in terms of drug supply and
supportive care capacity, may have also contributed to this high fatality rate. Finally, the potential
co-exposure of Rapa Island residents to other toxin suites cannot be completely ruled out and may
explain the unusual severity of the toxic incident reported in Rapa. Indeed, massive blooms of Ostreopsis
spp were consistently observed in numerous fishing locations within the rāhui zone (e.g., Motu Rapa Iti,
Piriauta Bay), which was incriminated in ≈50% of the reported events in 2009. Ostreopsis proliferation
has become highly problematic in several temperate and subtropical areas due to the formation of
intense blooms associated with the production of palytoxin (PLTX) and related analogs (ovatoxins,
ostreocins, etc.) that have deleterious impacts on human health [54] (for review and references therein).
Three distinct species, O. lenticularis, O. cf. ovata, and O. siamensis, were tentatively identified in
wild samples of Rapa on the basis of their morphological characteristics [75]. These findings are
consistent with previous and recent observations that these potentially toxic species frequently co-occur
with Gambierdiscus spp. in benthic assemblages of ciguateric biotopes in French Polynesia [76–79].
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Interestingly, further CBA-N2a screening of the major Ostreopsis spp. bloom sampled from Piriauta Bay
suggested the presence of trace amounts of PLTX in this wild sample [75]. In tropical areas, PLTX-like
compounds may accumulate and contaminate fish and marine invertebrates, and their ingestion by
humans can have dramatic health impacts, in addition to the well-known risk of CP [80–82]. In Japan,
Taniyama et al. (2003) [83] provided evidence that Ostreopsis spp. was the likely origin of PLTX
bioaccumulated in the parrotfish Scarus ovifrans through food chain. Thus, the unusual severity of the
CP toxic episode in Rapa raises the question of the potential contribution of Ostreopsis spp. and PLTX in
the observed fatalities. Of note, LC-MS/MS analyses performed on the twelve fish specimens selected
in this study failed to confirm the presence of PLTX and its derivatives in samples (data not shown).

The environmental investigations conducted in various locations around the island also confirmed
the presence of Gambierdiscus spp. in several benthic assemblages, although these latter were often
dominated by Ostreopsis spp. (Ostreopsis spp. cells were 1000-fold more abundant on average than
Gambierdiscus spp.). Antagonist relationships between Gambierdiscus spp. and co-occurring Ostreopsis
spp. have been documented in a number of field surveys [6] (for review and references therein).
In vitro studies also showed that extracts of Ostreopsis sp. were able to suppress Gambierdiscus growth
and adherence capacity [84,85] and that these allelopathic effects may be under the control of various
environmental factors such as temperature or salinity [85]. It is hypothesized that during the time lapse
between the peak of the outbreak in 2009 and samplings conducted in the frame of the present study,
Ostreopsis spp. filled the ecological niche following Gambierdiscus outbreaks, as previously observed in
other ciguateric locations of French Polynesia [77].

This low abundance of Gambierdiscus populations contrasted with the remarkably high CTX-like
activities detected by rRBA in some of these samples, which were in the range of the toxic potency
displayed by Pacific strains of G. polynesiensis as determined by either CBA-N2a or LC-MS/MS [75,86,87].
Previous field studies have outlined the frequent lack of correlation between sample toxicity and
biomass [88,89] suggesting bloom toxicity and hence, the severity of CP incidents, which is primarily
driven by the presence of selected, highly toxic species/strains, even if they may not be the numerically
dominant ones [7,13,87]. In any case, the current knowledge gap concerning the taxonomic diversity
of Gambierdiscus species present in Rapa waters warrants further investigations.

A total of 251 fish representative of different trophic levels were screened for their toxicity using a
functional test (rRBA). This large-scale survey brought to light the high CTX-like activity measured
in numerous herbivorous and carnivorous fish specimens in the Rapa food web: indeed, the highest
rRBA values were measured in a herbivore (L. vaigiensis) and a carnivore (G. plessisi), and exceeded
by 500 and 600 times, respectively, the advisory level of 0.01 μg CTX1B eq kg−1 recommended by
the US Food and Drug Administration (FDA) [90], which is considered by the European Food Safety
Authority (EFSA) as the concentration expected not to exert effects in sensitive individuals [91].
Long-term surveys showed there is usually a lag time of several months between the appearance of
Gambierdiscus, the subsequent transfer of ciguatoxins into the food web, and the first reported CP cases
in consumers [58,92]. The transfer of algal CTXs in the food web requires passage through herbivorous
fish; therefore, in ciguatera-prone reef ecosystems, shifts in the types of reef fishes involved in CP are
generally observed beginning with herbivores and then followed by carnivores years later [10,93,94].
Herein, the detection of significant amounts of ciguatoxins in a variety of fish species, including
those from higher trophic levels (groupers, snappers, and jacks) suggests that ciguatera was well
established in the island long before this major 2009 outbreak. The proof is, in 2009 declaration forms,
an unexpected high number of patients (54%) that declared they had previously experienced one or
multiple poisoning episodes, suggesting a significant number of CP cases may have been overlooked
or under-reported in Rapa in months or years prior to the 2009 toxic episode. The under-reporting
of ciguatera cases is one of the major causes of the underestimation in CP prevalence worldwide [4]
(for a review and references therein). In the South Pacific, reported CP cases likely represent only 20%
of the actual cases [62]. Based on the number of guests who shared a toxic meal with declarants and
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subsequently presented with symptoms, but did not report at the Rapa infirmary, it is believed that the
2009 statistics could be at least doubled.

Toxicity data from this large-scale fish survey also supported the epidemiological findings that
L. vaigiensis and K. cinerascens were indeed major contributors to the mass-poisoning outbreak in
Rapa in 2009, as 92% and 71% of these fish were found to be rRBA positive. Interestingly, according
to the local fishermen, komokomo (L. vaigiensis) and karamami (K. cinerascens) are known to feed
preferentially on Lobophora variegata and Sargassum sp., the two dominant brown macroalgal species in
Rapa waters, which also appeared as Gambierdiscus spp. and/or Ostreopsis spp. preferred algal host
substrates. Unlike what is observed in other CP endemic areas such as the Indian Ocean, the Caribbean,
the eastern Atlantic Ocean, and the western Pacific [95–99], where CP events rarely involve herbivorous
species, Scaridae, Acanthuridae, and Kyphosidae are frequently reported in CP cases occurring in
French Polynesia and the Cook Islands [10,50,75,100]. By way of example, between 2008 and 2018,
herbivorous species consistently ranked among the top five species most frequently involved in CP
cases recorded annually in French Polynesia (www.ciguatera.pf [63]). Finally, analysis of the clinical
data showed no striking differences in the prevalence of symptoms with regard to the trophic status of
implicated fish, although the limited sample size of declaration forms prevents any definite conclusion.
It is believed that the severity of CP incidents in a given area may be driven by both the genetic
diversity in wild populations of the causative microalgae Gambierdiscus and the species-specific CTX
profiles in fish, which have been shown to vary regionally [101,102]. Yet, a previous study conducted
between 2002 and 2008 in French Polynesia on 3222 CP cases showed no link between the fish feeding
type and the severity of CP cases (sum of symptoms) [61].

Twelve fish selected among the rRBA negative and positive fish samples were subsequently
analyzed by CBA-N2a and LC-MS/MS for confirmation of the presence of CTXs. Although the limited
sample size for CBA-N2a and LC-MS/MS data limits constructive comparison with rRBA results, several
interesting findings were highlighted. First, for all five negative samples identified by rRBA, toxicity
data were well correlated, with none of these samples containing more than trace amounts of CTX
when measured by CBA-N2a (≤0.1 μg CTX3C eq kg−1). All positive samples by rRBA were also found
positive by CBA-N2a, although rRBA consistently gave higher estimates than CBA-N2a for five of these
samples, which is a result confirming previous observations in fish from the Caribbean [24,103–105].
This well-known tendency for overestimation by the rRBA as compared to the CBA-N2a, which
has been consistently observed for samples submitted to identical extraction procedures [103,105],
somewhat questions the strikingly high prevalence of toxic fish monitored in Rapa. However, from
a risk management perspective, the use of rRBA as a screening tool in the present study proved
highly relevant, as it likely contributed to raise immediate awareness among Rapa residents and thus
limit the spread of CP. Another observed difference concerns the single fish (i.e., L. vaigiensis #211) in
which CTXs could be detected in quantifiable amounts by LC-MS/MS, whereas rRBA and CBA-N2a
were able to quantify CTX-like toxicity in all seven positive samples. This quantitation divergence
between functional and chemical methods has been previously documented in large-scale field surveys
conducted in the Kiribati and the Canary Islands [11,36]. It is well established that LC-MS/MS is a
methodology with higher detection limits, which, additionally, can quantify only known targeted CTX
analogs and may overlook congeners not yet described, while rRBA and CBA-N2a rather reflect a
global response indicative of the binding affinity or cytotoxic effects of the suite of CTX compounds
present in fish samples [11,36]. Additional factors may also explain these observed differences, such as
the use of various extraction techniques for samples analyzed in the present study (see Section 5.4),
which may have affected both the extraction efficiency and recovery of CTX compounds. Indeed,
Harwood et al. (2017) [106] found that the use of methanol as the extraction solvent gives good
extraction efficiency of CTXs but results in high levels of co-extractives, causing severe ion suppression
with LC-MS.

The toxin profile in Rapa fish consisted of 49-epiCTX3C (or CTX3B), CTX3C, 2-hydroxyCTX3C,
one uncharacterized CTX3C isomer, as well as two CTX analogs belonging to the CTX1B type, i.e.,

116



Toxins 2020, 12, 759

52-epi-54-deoxyCTX1B (or CTX2) and 54-deoxyCTX1B (or CTX3), as formally identified by LC-MS/MS
in the highly toxic herbivore L. vaigiensis #214. Two potential unidentified CTX3C isomers were also
detected at levels below the LOQ in most of the positive samples identified by LC-MS/MS, including in
the carnivorous fish species P. dentex #211. Previous field surveys have confirmed CTX3B, CTX3C,
and unidentified CTX3C isomers are commonly present in food webs and marine environments of
ciguateric biotopes in French Polynesia [13,14,107]. By way of example, in Anaho Bay, a long-standing
CP hotspot in Nuku Hiva Island (Marquesas archipelago), a complex toxin suite comprised of CTX3B
and CTX3C, 51-hydroxyCTX3C, and two congeners of the CTX1B group, i.e., CTX4A (or 52-epi-CTX4B)
and CTX4B has been characterized in various marine invertebrates responsible for acute poisoning
cases [13,14]. In the present study, the bioaccumulation of two additional CTX1B-type congeners
(i.e., 52-epi-54-deoxyCTX1B and 54-deoxyCTX1B) was evidenced for the first time in Rapa food
web, which is a finding consistent with observations in food web components of Pacific coral reef
ecosystems [11]. Interestingly, several of these CTX congeners have also been formally identified in
cultures of highly toxic strains of Gambierdiscus such as G. polynesiensis [87], which is a species regarded
as the primary source of CTXs in French Polynesia, and the South Pacific area in general [8] (for review
and references therein). These observations suggest that Gambierdiscus is the actual source of CTXs
detected in Rapa fish, at least in herbivores. Since the genetic composition of Gambierdiscus populations
in toxic areas may contribute in shaping the toxin profile in fish [102,108], further investigations are
most needed to clarify the taxonomic diversity of Gambierdiscus populations in Rapa and gain insights
into the toxin suites involved in local CP cases.

With regard to the climate trend status in the Rapa area, our results showed the average annual
Tmin, Tmax, and Tmean values of atmospheric temperatures recorded at Rapa from 1960 to present
days are trending upward, which is a strong indication of climate change in the area. However,
analysis of the SST data available from both ERSST and GHRSST using the Mann–Kendall method
failed to confirm this finding. This can be explained by the low spatial resolution of ERSST data
that may have contributed to smooth the climate change signal and the low temporal resolution of
GHRSST data. Nevertheless, the strong positive correlation between the average annual values of
atmospheric temperature and GHRSST SST data for the 1998–2016 time period suggests these two
datasets likely followed similar trends, thus allowing to conclude that the Rapa area is currently
affected by global warming. Numerous field observations linking climate change to CP outbreaks in
the tropical Pacific can be found in the literature: cyclical weather patterns such as El Niño, associated
with unusual warming of Pacific Ocean waters, have resulted in spikes of ciguatera cases in the
Republic of Kiribati, Western Samoa, the State of Tuvalu, and the Cook Islands [57], which is consistent
with observations by Tester et al. (2010) [25] and Gingold et al. (2014) [59], who found an association
between CP incidence and warmer sea surface temperatures in the Caribbean basin. While studying
the fluctuations of Gambierdiscus populations in a ciguateric site in Tahiti Island (French Polynesia),
Chinain et al. (1999) [88] found an increase in both the density and frequency of Gambierdiscus blooms
following unusually elevated water temperatures, which is concomitant with a severe coral bleaching
episode affecting large areas of the study site. As a result, the peak number of CP cases was recorded
three months after these peak densities of Gambierdiscus [58]. Recently, Zheng et al. (2020) [56]
examined the potential link between several indicators relating to SST data and ciguatera occurrences
in French Polynesia and the Cook Islands, and they found that SST anomaly is proven to be a strong
positive predictor of an increased ciguatera incidence for both countries. A general consensus is that
global warming may lead to a substantial shift in both the distribution and abundance of ciguatera
dinoflagellates [55,109], provided that species-specific habitat requirements are met [54] (for review and
references therein). In addition to temperature as a potential forcing factor of CP, previous studies have
also outlined reef disturbances or degradations linked to extreme climatic events (e.g., cyclone activity,
heavy rains) or infestations of crown-of-thorns starfish often precede ciguatoxic events [15,23,51].
All these observations substantiate the idea that global warming as a result of climate change is among
the likely causes of the observed expansion of ciguatera to Rapa Island.
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However, climate may not be the only driver for ciguatera occurrence in Rapa. Local human
activities resulting in significant environmental changes may also be tangible contributors to the
problem, as is the case in Akatamiro Bay and Iripau Bay. Indeed, these two areas regarded as at
high risk of CP (i.e., confirmed presence of Gambierdiscus spp. and/or Ostreopsis spp. in benthic
assemblages, and high prevalence of toxic fish) are also the sites of major anthropogenic pressure:
Akatamiro Bay is characterized by highly altered habitats, which is a likely consequence of soil erosion
and subsequent runoffs (nutrient-rich inputs) from land masses due to unrestrained goat ranching,
and Iripau Bay is used on a daily basis for the community-based cultivation of taro (Colocasia esculenta).
There are some indications that nutrient levels in ciguateric biotopes correlate well with Gambierdiscus
abundance [110,111], but this is not a consistent finding [112–114]. Nutrient inputs can also cause a
major shift in the distribution and abundance of ciguatera-related dinoflagellates: in several locations
of the Northern Great Barrier Reef (Australia) affected by ongoing coastal eutrophication, benthic
assemblages in inshore reefs once dominated by Gambierdiscus were composed primarily of Prorocentrum
and Ostreopsis, whilst Gambierdiscus was still dominant in offshore locations [26].

In parallel to the 2010 field survey, a community outreach program was conducted in Rapa
to warn individuals against specific risk-taking behaviors and stress the importance of systematic
report of CP incidents. Information about the fish species and fishing areas most at risk of ciguatera
were also provided. These outreach interventions appeared to create self-regulating behavior among
individuals in the years following the 2010 field campaign, as shown by (i) the noticeable shift in both
fish species and fishing areas involved in CP cases; (ii) the significant drop in the prevalence of patients
who declared they consumed fish viscera and/or head, and (iii) the lower under-reporting rate of CP
incidents perceptible until 2014, which could also be attributed, in part, to a significant change in
the population’s eating habits evidenced in the 2012–2014 declaration forms (data not shown), i.e.,
individuals clearly avoided sharing meals of potentially toxic fish with other (multiple) guests to limit
poisoning risk. All these adjustments to CP among the local community may have contributed to the
five-fold reduction in CP incidence rate between 2009 and 2012. Moreover, IRs recorded in recent years
have also returned to a level comparable to 2008. It should be noted that similar results following
outreach programs were achieved in Raivavae, which is another CP-prone island in the Australes
archipelago [50]. In this island, educating the resident public (e.g., local leaders, fishermen, the general
public, school children, etc.) about the origin of the disease and preventive measures proved useful to
the community by reducing poisoning cases by two-fold. This was achieved through public meetings,
dissemination of guidebooks, flyers, informational posters available in French and native language,
and distributed to health centers, schools, and the town hall, as well as educational modules targeted
at primary schools. All these observations support the idea that consumers’ education is critically
important in the management of seafood poisonings [2].

4. Conclusions

The field study conducted in Rapa Island following an unprecedented toxic episode among
its resident population allowed confirming that CP is no longer confined to the tropical
part of French Polynesia, which is a long-standing endemic area, but should now also be
considered to be well established in subtropical zones. The integrated (multi-disciplinary) approach,
which combined epidemiological, environmental, and toxicological investigations, proved effective
in confirming the presence of toxin-producing Gambierdiscus assemblages in Rapa waters. Moreover,
CTX bioaccumulation in a locally caught herbivorous fish species identified as a primary contributor to
the 2009 poisoning outbreak was confirmed by using three different analytical techniques. Speculation
that additional toxins such as those linked to the proliferation of Ostreopsis spp. in the Rapa environment
might have contributed to the unusual severity and magnitude of this toxic incident warrants more
thorough investigations. Finally, this study also underscores the relevance and benefits of education
and public outreach interventions, in parallel to field investigations, for an effective management of
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ciguatera risk. Expanding this sentinel approach to other ciguatera-prone areas will undoubtedly help
break the persistence of this disease among French Polynesian communities.

5. Materials and Methods

5.1. Study Site

Located in the South Pacific Ocean, French Polynesia is composed of five island groups, namely
Society, Marquesas, Tuamotu, Gambier, and Australes archipelagoes, spread over a surface as large
as Europe (Figure 1a). Rapa Island is located in the Australes archipelago, equidistant between New
Zealand and Easter Island (27.595369 S–144.362151 W) and approximately 1240 km (771 miles) south
of the main island of Tahiti (Figure 1a). Monthly average maximum and minimum temperatures in
Rapa range from 20.4 to 26.4 ◦C, and from 15.8 to 22.4 ◦C, respectively, with a precipitation regime of
251.7 cm of water per year on average (median value for 1981–2010) [65].

Based on the 2007 census, Rapa counted 482 inhabitants (www.ISPF.pf [115]) regrouped primarily
in the main village of Ahurei (Figure 1b). The population in Rapa relies primarily on agriculture
and subsistence fishing, and it is a very close-knit community. Rapa is subject to the custom of rāhui,
which is a form of fishing taboo for conservation purposes [96,97] that restricts access to specific fishing
grounds tenured by the “Conseil des Sages” of Rapa. This customary practice imposes the spatial
closure of the main fishing grounds in the island during most of the year, and fish catch is allowed
only at specified celebration periods.

Samples analyzed in this study were collected in the frame of a field campaign conducted in
December 2010, i.e., approximately one year after the report of the mass-poisoning outbreak. A total of
29 sampling locations distributed around the island were screened for the presence of toxic Gambierdiscus
assemblages and fish (Figure 1b).

5.2. Biological Samples

5.2.1. Macroalgal Samples

All Gambierdiscus wild samples examined in the present study were collected from macroalgal
substrates according to the method described in Chinain et al. (2010) [50] since the artificial substrate
method (i.e., windows screens) developed by Tester et al. (2014) [116] was not yet available at the time of
these field investigations. Briefly, 200 to 400 g of the most abundant and widely distributed macroalgal
substrates (e.g., Lobophora variegata and Sargassum sp.) were collected at water depths between 1 and
5 m and examined for the presence of Gambierdiscus cells and other benthic dinoflagellate species often
found in association with ciguatera-causing organisms in benthic assemblages of ciguateric biotopes,
e.g., Ostreopsis spp. and Prorocentrum spp [117]. Macroalgal samples were sealed within plastic bags
underwater and shaken and kneaded vigorously to dislodge dinoflagellate cells. For each macroalgal
sample, the detrital suspension was successively filtered through 125, 40, and 20 μm mesh sieves.
Thus, sub-samples (1 mL) of the 40 and 20 μm fractions obtained were preserved in 50 mL of 5%
formalin–seawater for cell enumeration. The total cell yields were assessed under light microscopy
from n = 2 to 5 counts of 100 μL aliquots. The remaining 40 and 20 μm fractions were centrifuged at
2000× g for 20 min, and the resulting cell pellets stored at −20 ◦C until further extraction.

5.2.2. Fish Samples

The fish species primarily targeted in this study were those deemed edible by the local population
and those most frequently involved in poisoning cases based on the ciguatera declaration forms
available at the infirmary of Rapa (the only medical structure on the island) and on a questionnaire
survey conducted prior to field samplings, respectively. As fish toxicity is likely to vary depending
on age, several individuals per species were spear-fished to screen the largest range of size/weight
possible: for instance, for Kyphosus cinerascens, Leptoscarus vaigiensis, and Chlorurus microrhinos catches,
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sample weights ranged from 235 to 3450 g, from 290 to 1070 g, and from 465 to 2300 g, respectively
(Table S1). Each fish was measured and weighed, and its flesh conditioned in the form of fillets stored
at −20 ◦C. Back at the laboratory, pooled fillets obtained from each fish specimen were thawed and
homogenized by grinding in a blender (Groupe SEB, Lourdes, France) waste disposal unit and stored at
−20 ◦C until extraction. In addition, for each fish specimen, 50 g of ground flesh tissue were transferred
into a ziplock plastic bag, and freeze-dried for 20 h, at −20 ◦C, 1 mbar, then for 4 h, at −60 ◦C, 0.01 mbar
(Martin Christ, Beta 1-8 LDplus) prior to LC-MS/MS analyses.

5.3. Epidemiological Data

The epidemiological data presented herein were compiled from patients’ declaration forms filled
out by the medical staff of Rapa infirmary between 2008 and 2019. These data were collected in the
frame of the country-wide epidemiological survey on CP cases currently in place in French Polynesia [4]
(www.ciguatera.pf [63]). Information is gathered on age, gender, clinical symptoms reported following
fish intake, number of previous poisonings, number of affected guests, as well as details of the toxic
meal, e.g., fishing area, marine species involved, parts of the fish eaten, etc. (see Supplementary
Material Figure S2).

5.4. Toxin Extraction

5.4.1. Micro-Algal Samples

Gambierdiscus sample extracts were prepared following the protocols described in Chinain et al.
(2010) [50]. Briefly, each cell pellet was extracted twice in pure methanol (MeOH) and twice in
MeOH/H2O (50/50) under sonication for 30 min. After centrifugation, the resulting supernatants were
pooled and dried under vacuum. The crude extract thus obtained was further partitioned between
dichloromethane (CH2Cl2) and MeOH/H2O (60/40). The resulting CH2Cl2 phase, in which CTXs-like
compounds are preferentially recovered, was dried under vacuum. Then, dry extracts of Gambierdiscus
wild samples corresponding to 2250 to 10,350 cells eq (Table 3) were resuspended in 1 mL of rRBA
incubation buffer [118] and stored at +4 ◦C until tested for their composite binding affinity via the rRBA.

5.4.2. Fish Samples

For rRBA analyses: The extraction protocol used in 2010 followed the one described in Darius et al.
(2007) [100], with slight modifications. For each fish sample, a portion of 10 g of flesh was extracted in
14 mL MeOH under sonication for 2 h and left to stand at −20 ◦C overnight. Then, the resulting crude
extract was centrifuged and purified by solid phase extraction (SPE) technique. The supernatant from
each tube was adjusted to MeOH/H2O (70/30) and passed through Sep-Pak C18 cartridges (360 mg;
Waters®, Saint-Quentin, France) pre-conditioned with MeOH/H2O (70/30) before loading extracts.
Then, after an initial washing step with MeOH/H2O (70/30), each column was eluted successively with
MeOH/H2O (90/10) and pure MeOH. The resulting liposoluble fraction likely to contain the majority
of CTXs (LF90/10) was further dried under vacuum, resuspended in rRBA incubation buffer at a
concentration of 10 g flesh equivalent (eq) mL−1, and stored at +4 ◦C until tested for its composite
binding affinity. Due to the high lipid nature of the flesh of herbivorous fish from Rapa, the precipitation
(delipidation) step at −20 ◦C was repeated followed by a washing step using MeOH/H2O (80/20) prior
to the elution step with MeOH/H2O (90/10).

For CBA-N2a analyses: Samples intended for CBA-N2a analyses were extracted using an optimized
protocol described in Darius et al. (2018) [13]. Briefly, each sample (10 g) was extracted twice in
methanol and twice in MeOH/H2O (50/50), under sonication for 4 h, followed by a liquid/liquid
partition between CH2Cl2 and MeOH/H2O (60/40). The CH2Cl2 phase was dried under vacuum and
defatted by a second solvent partition using cyclohexane and MeOH/H2O (80/20). Then, the aqueous
methanol fraction was evaporated and purified on Sep-Pak C18 cartridges as previously described [13].
Then, the resulting liposoluble fractions likely to contain CTXs (i.e., LF90/10 and LF100) were dried in a
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SpeedVac concentrator (ThermoFisherScientific, Waltham, MA, USA) and weighed on a microbalance
(model MC 410 S, Sartorius, Göttingen, Germany) at a reading accuracy of 0.1 mg. Finally, each dry
extract was resuspended in MeOH at a concentration of 10 mg mL−1 and stored at −20 ◦C until tested
for composite cytotoxicity.

For LC-MS/MS analyses: Fish extracts were prepared according to the protocols described in
Sibat et al. (2018) [67], with slight modifications. Briefly, for each fish sample, freeze-dried samples
corresponding to 50 g (wet weight) of flesh tissue were extracted twice with MeOH/H2O (90/10)
(150 mL). After centrifugation at 3500× g for 10 min, the supernatants were pooled and evaporated at
60 ◦C with a rotary evaporator under reduced pressure. The residue was resuspended in MeOH/H2O
(90/10) (30 mL) and defatted twice with n-hexane (60 mL). The aqueous MeOH layer was concentrated
to dryness under nitrogen (N2) flux at 40 ◦C. The resulting crude extract was dissolved in 5 mL
of ethyl acetate (EtOAc)/MeOH (85/15 v/v) prior to purification using two successive SPE clean-up
steps. After conditioning with 3 mL of EtOAc/MeOH (85/15 v/v), sample extracts (2 mL, equivalent
to 20 g of fish flesh wet weight) were loaded onto Bond Elut Florisil® cartridges (500mg, Agilent
technologies, Santa Clara, CA, USA). Cartridges were eluted with 2 × 2 mL of the same solvent.
The three fractions were combined (6 mL) and evaporated under N2 flux at 40 ◦C. The resulting residue
(E1) was dissolved in MeOH/H2O (70/30) (2 mL). For the second SPE purification step, Bond Elut LRC
C18 cartridges (500 mg, Agilent technologies, Santa Clara, CA, USA) were used. The cartridges were
first conditioned with MeOH/H2O (70/30) (3 mL), prior to the loading of the purified extract. Then,
the C18 cartridges were washed with MeOH/H2O (75/25) (3 mL) and the P-CTXs were eluted with
MeOH/H2O (90/10) (2 × 3 mL). The two eluting fractions were combined and evaporated under N2
flux at 40 ◦C. The resulting purified extract (E2) was resuspended in 500 μL of pure MeOH prior to
LC-MS/MS analysis.

5.5. Toxicological Analyses

5.5.1. Radioactive Receptor Binding Assay (rRBA)

Gambierdiscus and fish samples were initially tested for their CTX binding affinity via the radioactive
receptor binding assay (rRBA) performed in a tube format following the method previously described
by Darius et al. (2007) [100]. For wild Gambierdiscus samples, a full curve was run based on eight
concentrations ranging from 2 to 900 and 12 to 4140 cell mL−1 for the lowest to highest cell amounts
available and tested in one rRBA experiment. For fish samples, four to eight concentrations were tested
in duplicate in one rRBA experiment. Radioactivity (counts per minute, cpm) was determined using
a Microbeta Trilux 1450 liquid scintillation counter (Perkin Elmer, Courtaboeuf, France). The cpm
data were fitted to a sigmoidal dose–response curve based on the four parameters model (4PL) using
GraphPad Prism v8.4.3 software (GraphPad, San Diego, CA, USA) allowing the calculation of IC50

values (concentrations causing 50% inhibition of [3H]PbTx-3 binding on rat brain synaptosomes)
expressed in cells mL−1 or flesh equivalent mg mL−1 for Gambierdiscus and fish samples, respectively.
Calibration of the assay was achieved using CTX3C and CTX1B toxin standard solutions sourced from
the Institut Louis Malardé (Papeete, French Polynesia). The CTX-like toxicity in Gambierdiscus and fish
samples was estimated based on the comparison of their IC50 values with the one of CTX3C standard
(IC50 of CTX3C/IC50 of sample). The CTX-like toxicity was expressed in pg CTX3C eq cell−1 and μg
CTX3C eq kg−1 of fish flesh for Gambierdiscus and fish samples, respectively. The mean IC50 values
obtained for CTX3C and CTX1B were 0.62 ± 0.16 and 0.26 ± 0.14 ng mL−1, respectively [100]; hence,
to obtain rRBA values expressed in μg CTX1B eq kg−1, a conversion factor of x0.42 should be applied.
The limit of detection (LOD) and limit of quantification (LOQ) of the assay were established at 0.015
and 0.31 pg CTX3C eq cell−1 for Gambierdiscus and 0.16 and 0.31 μg CTX3C eq kg−1 for fish samples.
All fish samples <LOD were identified as negative samples.
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5.5.2. Neuroblastoma Cell-Based Assay (CBA-N2a)

Several negative and positive herbivorous and carnivorous fish specimens identified by rRBA
were selected among the species primarily involved in CP incidents and/or preferentially consumed by
the local population and subsequently analyzed by the neuroblastoma cell-based cytotoxicity assay
(CBA-N2a) using the recently optimized protocol detailed in Viallon et al. (2020) [66]. The maximum
concentrations of dry extract (MCE) that did not induce unspecific cytotoxic effects in neuroblastoma
(N2a) cells were established at 10,000 and 50,000 pg μL−1 for F90/10 and LF100 fish extracts, respectively.
First, a qualitative screening of both fractions was performed using the MCE in OV- and OV+ conditions,
i.e., non-destructive Ouabain (O) and Veratridine (V) treatments between 80/8 and 90/9 μM (final
concentrations) [66]. For positive fractions, the first dilution was adjusted, and a serial dilution 1:2
(eight concentrations) was undertaken to obtain a full dose–response curve run in parallel with CTX3C
as the toxin standard. Another standard, namely CTX1B, was also run in parallel with the two positive
samples showing the highest CTX-like activity (Figure S1c,d). Each positive fraction was tested in three
independent experiments, and each concentration was run in triplicate (n = 9). Net absorbance data
were fitted to a sigmoidal dose–response curve based on the 4PL model allowing the calculation of
half-maximal effective concentration (EC50) values using GraphPad Prism v8.4.3 software. Following
the determination of the EC50 values of CTX3C standard (EC50 of CTX3C, fg μL−1) and of the tested
fraction (EC50 of dry extract, pg μL−1), the CTX-like toxicity in the fish sample (T) was estimated
according to Viallon et al. 2020 [66], using the following equation:

(T) = [(EC50 of CTX3C)/(EC50 of dry extract)]*(DEW/FW),

in which T (μg CTX3C eq kg−1 of fish flesh) is the CTX-like toxicity, and DEW and FW represent the
dry extract weight (mg) and the sample fresh weight (g), respectively. Of note, the (T) values for each
fish sample indicated in Table 4 corresponded to the CTX-like activity measured in both LF90/10 and
LF100 dry extracts. The LOD and LOQ of the assay for the LF90/10 fraction, which concentrates the
majority of the cytotoxic activity, were determined at 0.03 ± 0.01 and 0.06 ± 0.02 μg CTX3C eq kg−1,
respectively [66].

5.5.3. Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

LC-MS/MS analyses were also performed on the previously selected fish samples in order
to provide unequivocal confirmation of the presence of P-CTXs congeners in toxic fish and gain
information on their specific toxin profiles. These analyses were conducted using a UHPLC system
(UFLC Nexera, SHIMADZU, Kyoto, Japan) coupled to a hybrid triple quadrupole-linear ion-trap
API4000 QTRAP mass spectrometer (SCIEX, Redwood City, CA, USA) equipped with a TurboV®

electrospray ionization source (ESI). A 1.8 μm C18 Zorbax Eclipse plus column (50*2.1 mm, AGILENT
TECHNOLOGIES, Santa Clara, CA, USA) was employed at 40 ◦C and eluted at 400 μL/min with a
linear gradient. Eluent A is water and eluent B is methanol, both eluents containing 2 mM ammonium
formiate and 50 mM formic acid. The elution gradient ran from 78 to 88% over 10 min and was held
for 4 min before re-equilibration during 5 min.

Mass spectrometry detection was operated in positive Multiple Reaction Monitoring (MRM)
mode. The MRM acquisition method was created using the scheduled MRM algorithm. This algorithm
optimizes the dwell times and cycle time to provide a better peak detection and improve reproducibility.
A detection window of 120 s and a target scan time of 2 s were chosen for the MRM method. The selected
m/z transitions are repertories in Table S2. The MRM experiments were established by using the
following source settings: curtain gas set at 25, ion spray at 5500 V, a turbogas temperature of 300 ◦C,
gas 1 set at 40 and gas 2 set at 60 psi, with an entrance potential of 10 V. The instrument control,
data processing, and analysis were conducted using Analyst software 1.6.3 (SCIEX, Redwood City,
CA, USA).
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A calibration solution of CTX3C (Institut Louis Malardé, Papeete, Tahiti, French Polynesia) was
prepared in MeOH with concentration ranging from 10 to 500 ng mL−1. The LOD and LOQ were
respectively determined at 0.05 and 0.15 μg CTX3C eq kg−1of fish tissue, respectively. To complete
chromatogram profile, a mix of Pacific CTX standards (Institut Louis Malardé, Papeete, Tahiti, French
Polynesia) was injected in the sequence.

In order to quantify the P-CTX congeners and due to the lack of standards, concentrations
were estimated from the P-CTX3C calibration curve assuming equivalent molar response. Thus,
the respective CTX concentrations were expressed in μg CTX3C eq kg−1 of fish tissue.

5.6. Time-Series Temperature Data

Classically, 50-year temperature datasets are required to assess global warming trends, as at
this timescale, low-frequency oscillations in sea surface temperature (SST) such as the Inter decadal
Pacific Oscillation (IPO) interfere little with the climate change signal [119]. In the present study,
both atmospheric temperature (AMT) and SST data were used to analyze the current climate change
state in the Rapa area. The AMT data series for the 1960–2016 time period were obtained from the
Météo France synoptic weather station located in Ahurei village in Rapa, and they were used to
calculate the daily minimum (Tmin), maximum (Tmax), and mean (Tmean) values of atmospheric
temperatures, as well as the average annual Tmin, Tmax, and Tmean values. The mean annual SST
values were estimated from global monthly SST data available from the Extended Reconstructed Sea
Surface Temperature version 5 (ERSSTv5) database that covers a time period from 1854 to present days.
ERSSTv5 combines both data from in situ observations by ships and buoys and a decade of near-surface
data from Argo floats [120]. For the present study, we focused on the 1960–2016 time-period using a 2◦
× 2◦ grid resolution. As a result of the poor spatial resolution of the ERSSTv5 dataset particularly in the
Southern Hemisphere, we also utilized daily SST data obtained from the Group for High Resolution
Sea Surface Temperature (GHRSST Level 4 MW_OI) available only from 1998/01/01 to 2017/12/31, but
with a spatial resolution of 0.25◦ × 0.25◦, which is best adapted to the scale of Rapa Island. Then,
the average monthly and annual temperature data thus obtained were used to assess the potential
correlations between GHRSST, ERSSTv5, and Météo France station data series, and qualify the global
warming trend in the Rapa area.

5.7. Statistical Analyses

To determine whether rRBA values differed significantly between the herbivorous and carnivorous
fish, standard deviations (SD) and 95% confidence interval (CI; p value < 0.05) were first calculated, and
a Mann–Whitney test (non-parametric test) was performed using GraphPad Prism v8.4.3. To analyze
whether there was a significant correlation between the size/weight of fish and rRBA values, a linear
correlation test was performed using RStudio v1.0.153 (RStudio, Inc., Boston, MA, USA).

Climatic trend in Rapa was assessed using the Mann–Kendall test at a 95% confidence interval.
Analysis was completed by estimating the linear trend with the least squares method. Given the
limited sample size of the GHRSST data set (i.e., time coverage < 50 years), only the correlations
between GHRSST, ERSSTv5 and Météo France data series were tested using the Pearson correlation
test (CI = 0.95).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/12/759/s1,
Table S1: Toxicity data of Rapa fish, according to species and sampling sites, as assessed by rRBA, Table S2:
Selected m/z transitions and LC-MS/MS instrument parameters used for the scheduled MRM method, Figure S1:
Composite toxicity dose-response curves of N2a cells in OV- (open symbols) and OV+ (solid symbols) conditions
when exposed to increasing concentrations of LF100 fish extracts and pure Pacific CTXs, Figure S2: Standardized
declaration form for Ciguatera and seafood poisoning cases.
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Abstract: Ciguatera poisoning is a foodborne disease caused by the consumption of seafood
contaminated with ciguatoxins (CTXs) produced by dinoflagellates in the genera Gambierdiscus and
Fukuyoa. Ciguatera outbreaks are expected to increase worldwide with global change, in particular as
a function of its main drivers, including changes in sea surface temperature, acidification, and coastal
eutrophication. In French Polynesia, G. polynesiensis is regarded as the dominant source of CTXs
entering the food web. The effects of pH (8.4, 8.2, and 7.9), Nitrogen:Phosphorus ratios (24N:1P vs.
48N:1P), and nitrogen source (nitrates vs. urea) on growth rate, biomass, CTX levels, and profiles
were examined in four clones of G. polynesiensis at different culture age (D10, D21, and D30).
Results highlight a decrease in growth rate and cellular biomass at low pH when urea is used as
a N source. No significant effect of pH, N:P ratio, and N source on the overall CTX content was
observed. Up to ten distinct analogs of Pacific ciguatoxins (P-CTXs) could be detected by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) in clone NHA4 grown in urea, at D21.
Amounts of more oxidized P-CTX analogs also increased under the lowest pH condition. These data
provide interesting leads for the custom production of CTX standards.

Keywords: Gambierdiscus polynesiensis; French Polynesia; ciguatera; ciguatoxins; LC-MS/MS;
toxin profile; nitrate; urea; culture medium acidification

Key Contribution: This study documents for the first time the response of Gambierdiscus polynesiensis
strains to some key drivers of global change, i.e., pH and nutrients availability. Both the acidification
and the use of different sources and/or concentrations of nitrogen in culture medium had significant
effects on G. polynesiensis growth and ciguatoxin production. The acidification of the culture medium
also stimulates the production of more oxidized forms of P-CTXs in G. polynesiensis. This study
may benefit Research and Development (R&D) programs aiming at the custom production of
CTX standards.

1. Introduction

Ciguatera poisoning (CP) is the most prevalent, phycotoxin-related seafood intoxication affecting
mainly populations living in tropical and subtropical areas of the world. CP cases occur after the
consumption of seafood contaminated with toxins known as ciguatoxins (CTXs) that are produced
by dinoflagellates in the genera Gambierdiscus and Fukuyoa. Ciguatera toxins enter marine food webs
through grazing by herbivores and detritivores and are further accumulated through predation and
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bio-transformed in carnivores [1,2]. Overall, eighteen species of Gambierdiscus are now recognized
worldwide [3–14]. The phylogeny of these species based on large subunit ribosomal ribonucleic acid
(LSU rDNA) D8–D10 region sequences is provided by Kretzschmar et al. [11]. Ciguatoxin production
has been shown by the neuroblastoma cell-based assay (CBA-N2a) to vary considerably according to
species [15,16] but, interestingly, has only been confirmed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) in G. polynesiensis since the genus Gambierdiscus has been enlarged from
G. toxicus to other species [3,17].

Numerous field observations linking the effects of climate change to CP events can be found
in the literature [18–24]. In particular, cyclical weather patterns such as El Niño, associated with
unusual warming of ocean waters in the Pacific, have resulted in spikes of ciguatera [25], consistent
with observations by Gingold et al. [26], who found an association between CP incidence and warmer
sea surface temperatures in the Caribbean basin. Many laboratory studies have also investigated
Gambierdiscus and Fukuyoa spp. growth responses and/or toxin production under varying environmental
conditions, including temperature, salinity, and irradiance (for reviews, see References [27] and [28],
and references therein). Results confirm that differences among strains exist not only across but
also within species [15,29–33]. All these observations substantiate the idea that ocean warming as a
result of climate change may increase the global distribution of CTX-producing dinoflagellates and,
hence, CP incidence worldwide. However, the influence of other environmental drivers commonly
associated with global change, such as ocean acidification and increasing eutrophication of coastal
marine ecosystems, also deserve to be investigated.

Oceans serve as one of the largest carbon reserves on earth, absorbing nearly one third of all
carbon dioxide emissions [34]. Increasing amounts of CO2 diffusing from the atmosphere into the
oceans results, among others, in ocean acidification [35], currently estimated as a decrease in seawater
pH by 0.11 units since the 1870s [36], with the current pH being 8.06 on average [37]. Following the fifth
Intergovernmental Panel on Climate Change report, forecasts predict an additional decrease in ocean
pH from 0.07 (Representative Concentration Pathway 2.6; RCP 2.6) to 0.33 units (RCP 8.5) by 2100 [37,38].
Furthermore, over the past decades, there have also been significant increases in marine eutrophication
globally [39]. Still, eutrophication should be considered a localized phenomenon and, in some regions,
improvements have shown to lead to reduction of harmful algal blooms (HABs), e.g., in the Japanese
Inland Sea [40]. Nitrogen (N) and phosphorus (P), two major drivers of marine eutrophication,
are commonly regarded as key limiting nutrients in most aquatic ecosystems [41]. Eutrophication
episodes can lead to hypoxia and anoxia, reduced water quality, alteration of food web structure,
habitat degradation, loss of biodiversity, and even harmful algal bloom (HAB) events [39,42–44],
which in turn may result in health risks and economic losses, including losses of fish and wildlife
production and losses of recreational amenities [45,46]. By way of example, French Polynesian lagoons
are well-known oligotrophic ecosystems characterized by low concentrations of dissolved mineral
nitrogen [47–49]. However, more recently, intensified agriculture and aquaculture (e.g., pearl-farming)
practices, as well as increasing development of coastal activities, have caused major changes in local
environments via the release of nutrient-rich inputs [44,50,51].

The influence nutrients and pH have on the ecophysiology and toxicity of ciguatera-causing
dinoflagellates is still poorly documented. To our knowledge, no published study has currently
investigated the effects of pH on the growth and toxin production of Gambierdiscus and Fukuyoa spp.
However, several studies have shown the effect of pH on various HAB species (Reference [47]
and references therein), such as Alexandrium and Pseudo-Nitzschia spp. [48–57]. Likewise, few field
studies have examined the correlation between Gambierdiscus cell densities and nutrient levels in
various ciguatera-prone areas of the Pacific (French Polynesia, Hawaii) [57–59], Caribbean (British and
U.S. Virgin Islands) [60–62], and Indian Ocean (Mauritius) [63]. While some of these studies were
limited by non-detectable nutrient concentrations [63], others gave contradictory results [57–62].
There is also limited data on the role of nutrients in stimulating Gambierdiscus and Fukuyoa spp.
toxin production [32,64–67]. These studies, which examined the effects of both nutrient levels and
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various nitrogen sources (i.e., nitrate, ammonium, urea), showed that species matters, as results suggest
that the various species of Gambierdiscus may have different nutrient physiologies and uptake kinetics.

In French Polynesia, G. polynesiensis is regarded as the dominant source of CTXs entering the food
web [68]. A recent study conducted on four G. polynesiensis isolates originating from distinct geographic
locations in French Polynesia, showed that these strains produce at least nine distinct P-CTX analogs
in culture, namely P-CTX4B, P-CTX4A (52-epi-P-CTX4B), P-CTX3C, P-CTX3B (49-epi-P-CTX3C),
2-hydroxy-P-CTX3C, M-seco-P-CTX3C, and three P-CTX3B/C isomers not fully characterized yet,
and confirmed that clonal variation in toxin production exists in this species [33].

As a follow-up study, the present work aimed at assessing the in vitro growth and toxin production
in G. polynesiensis at different growth phases, when cultured under various combinations of pH (8.4, 8.2,
and 7.9) and Nitrogen:Phosphorus (N:P) ratios (24N:1P vs. 48N:1P), while using two distinct N
sources, i.e., nitrate vs. urea. Variations in both overall cellular CTX concentrations and toxin profiles
were characterized by LC-MS/MS. How these data can help promote the custom production of algal
CTX standards currently needed for the implementation of CP risk and management programs is
further discussed.

2. Results

2.1. Effects of Culture Age, pH, Nitrogen Source, and N:P Ratio on G. polynesiensis Growth Rate and Biomass

The mean growth rates exhibited by each G. polynesiensis strain 10 days (D10) and 21 days (D21)
post-inoculation, under three different pH and two N:P ratios using either nitrate or urea as N source,
are presented in Table 1.

In nitrate growth experiments, all strains displayed a typical growth pattern at pH = 8.4 and
8.2, characterized by a maximum growth rate of 0.2 division day−1 (div day−1) on average at the
exponential growth phase (from D0 to D10) and a mean growth rate of 0.1 div day−1 at the stationary
phase (from D10 to D21), whatever the N:P ratio tested. At pH = 7.9, although a similar growth rate
around 0.2 div day−1 was reached at the exponential growth phase, cultures rapidly declined after
10 days contrarily to cultures maintained at pH 8.4 or 8.2. Overall, for G. polynesiensis considered as
a whole, statistical analyses revealed no significant effect of pH or N:P ratio on the growth rate in
nitrate-based culture media (data not shown).

In urea growth experiments, a different growth pattern was demonstrated in all four strains as
compared to nitrate conditions (Table 1). From D0 to D10, growth rates never exceeded 0.14 div day−1

(clone RIK7, 48N:1P) at pH = 8.4, for the two N:P ratios tested. At pH = 8.2, strains showed a different
growth response characterized by a latency phase from D0 to D10, an exponential phase from D10 to
D21 with a maximum growth rate of 0.2 div day−1 (RIK7, 48N:1P), followed by a stationary phase
from D21 to D30 for all strains (data not shown). At pH = 7.9, a similar growth trend was observed,
although growth rates were generally lower than at pH = 8.2 (Table 1).

The cell biomass reached after 30 days of culture are presented in Table 2. It can be noted that
data significantly differed between nitrate and urea supply, most notably at 24N:1P ratio (Table 2),
with final cell yields in nitrate being 3-fold higher on average than those obtained in urea. At a given
pH, no N:P ratio effect on cell biomass was noticed when strains were grown in nitrate, whereas cell
yields obtained for all strains at 48N:1P were almost 2-fold higher on average than at 24N:1P in urea.
For a given N source, cell yields were also lower at pH = 7.9 than at pH = 8.4 at the two N:P ratios
tested. Of note, in nitrate conditions, the lowest cell yields were generally observed in the RAI-1 strain.
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Table 1. Mean growth rates ± standard deviation (SD) (in div day−1, n = 2) of G. polynesiensis clones
(NHA4, RAI-1, RIK7, and RG92) as assessed at day 10 (D10) and day 21 (D21), under three different pH
conditions (8.4, 8.2, and 7.9), using either nitrate or urea as nitrogen (N) source when tested at two
distinct N:P ratios (24N:1P and 48N:1P).

Culture Age N Source N:P Ratio PH NHA4 RAI-1 RIK7 RG92

D0→D10

Nitrate

24N:1P
8.4 0.20 ± 0.01 0.18 ± 0.00 0.20 ± 0.03 0.15 ± 0.00
8.2 0.17 ± 0.01 0.20 ± 0.02 0.17 ± 0.00 0.21 ± 0.01
7.9 0.22 ± 0.01 0.23 ± 0.00 0.22 ± 0.00 0.18 ± 0.00

8.4 0.23 ± 0.00 0.15 ± 0.00 0.22 ± 0.02 0.19 ± 0.00
48N:1P 8.2 0.22 ± 0.01 0.20 ± 0.03 0.21 ± 0.03 0.13 ± 0.00

7.9 0.26 ± 0.01 0.12 ± 0.01 0.16 ± 0.00 0.21 ± 0.01

Urea

24N:1P
8.4 0.04 ± 0.01 0.03 ± 0.02 0.08 ± 0.01 0.03 ± 0.02
8.2 −0.08 ± 0.01 −0.06 ± 0.03 −0.07 ± 0.00 −0.11 ± 0.07
7.9 −0.05 ± 0.01 −0.05 ± 0.01 −0.04 ± 0.03 −0.05 ± 0.01

48N:1P
8.4 0.12 ± 0.02 0.11 ± 0.01 0.14 ± 0.01 0.04 ± 0.01
8.2 0.02 ± 0.03 −0.06 ± 0.01 0.00 ± 0.02 0.00 ± 0.02
7.9 0.01 ± 0.01 −0.01 ± 0.01 0.00 ± 0.01 −0.02 ± 0.00

D10→D21

Nitrate

24N:1P
8.4 0.09 ± 0.02 0.09 ± 0.00 0.08 ± 0.01 0.13 ± 0.00
8.2 0.15 ± 0.00 0.07 ± 0.03 0.13 ± 0.01 0.09 ± 0.01
7.9 −0.02 ± 0.02 −0.06 ± 0.04 0.00 ± 0.01 −0.07 ± 0.03

48N:1P
8.4 0.08 ± 0.01 0.13 ± 0.01 0.08 ± 0.03 0.11 ± 0.00
8.2 0.07 ± 0.04 0.04 ± 0.04 0.08 ± 0.02 0.15 ± 0.00
7.9 0.04 ± 0.08 −0.05 ± 0.02 0.00 ± 0.00 −0.07 ± 0.01

Urea

24N:1P
8.4 0.05 ± 0.01 0.05 ± 0.02 0.07 ± 0.05 0.05 ± 0.01
8.2 0.15 ± 0.02 0.11 ± 0.01 0.16 ± 0.01 0.17 ± 0.05
7.9 0.04 ± 0.02 0.07 ± 0.02 0.06 ± 0.07 0.02 ± 0.01

48N:1P
8.4 0.07 ± 0.01 0.10 ± 0.01 0.09 ± 0.02 0.10 ± 0.03
8.2 0.17 ± 0.03 0.16 ± 0.04 0.20 ± 0.03 0.17 ± 0.01
7.9 0.09 ± 0.01 0.11 ± 0.00 0.13 ± 0.01 0.10 ± 0.01

Table 2. Mean ± SD (n = 2) of final cell biomass yielded at D30 for each G. polynesiensis clones (NHA4,
RAI-1, RIK7. and RG92), under three different pH conditions (8.4, 8.2, and 7.9), and two distinct N:P
ratios (24N:1P and 48N:1P) when nitrate or urea were used as N source.

N Source N:P Ratio PH NHA4 RAI-1 RIK7 RG92

Nitrate

24N:1P
8.4 359,210 ± 62,793 235,365 ± 42,083 327,392 ± 27,340 355,867 ± 10,714
8.2 369,212 ± 16,423 187,680 ± 13,356 351,475 ± 36,808 224,060 ± 33,932
7.9 130,333 ± 11,857 151,357 ± 17,596 166,912 ± 64,067 171,303 ± 38,440

48N:1P
8.4 295,035 ± 49,244 222,077 ± 39,746 264,010 ± 49,939 412,392 ± 19,155
8.2 386,863 ± 69,359 165,353 ± 24,543 299,937 ± 7,630 203,235 ± 17,276
7.9 189,182 ± 12,229 122,088 ± 23,412 238,283 ± 14,594 169,433 ± 16,245

Urea

24N:1P
8.4 95,207 ± 1,202 102,435 ± 27,400 198,646 ± 48,861 108,437 ± 44,900
8.2 87,269 ± 21,779 101,969 ± 11,809 100,867 ± 21,885 94,374 ± 2,404
7.9 59,397 ± 1,465 75,607 ± 17,721 67,019 ± 9,035 55,444 ± 11,268

48N:1P
8.4 283,196 ± 81,070 259,798 ± 14,566 256,197 ± 8,309 120,589 ± 38,608
8.2 245,882 ± 23,122 212,219 ± 27,011 249,582 ± 37,724 243,359 ± 13,188
7.9 125,726 ± 15,384 175,371 ± 18,907 164,946 ± 6,384 110,912 ± 15,593

2.2. Diversity of P-CTX Analogs in G. polynesiensis

The LC-MS/MS analyses performed on crude methanol extracts of all four clones revealed that
depending on the strain and culture conditions applied, the number of detectable P-CTX analogs
in cultures of G. polynesiensis could range from four up to ten analogs consisting of: (i) two major
compounds, P-CTX3B and P-CTX3C, and (ii) eight minor CTXs analogs: two non-polar analogs from
the P-CTX1B group, i.e., P-CTX4A and P-CTX4B, two oxidized forms of P-CTX3C, i.e., 2-OH-P-CTX3C
and M-seco-P-CTX3C, and four hitherto undescribed isomers belonging to the P-CTX3B/C group,
referred to as P-CTX3B/C group isomers 1, 2, 3, and 4 (Figure 1).
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Figure 1. Chromatogram of scheduled Multiple Reaction Monitoring (MRM) LC-MS/MS showing the
different P-CTX analogs detected in crude methanol extracts of G. polynesiensis strain NHA4 cultivated
during 21 days in urea 48N:1P at pH = 7.9. The different colors correspond to the different MRM
transitions (m/z) selected for the analysis method, scanning three transitions for each P-CTX analogs
(see Supplementary Table S1 for further information about m/z transitions selected).

Of note, only P-CTX3B/C group isomers 2 and 3 were produced at quantifiable amounts,
whereas P-CTX3B/C isomers 1 and 4 were consistently present at levels below the limit of quantification
(LOQ = 10 ng mL−1) and, therefore, are not represented in the following figures and tables.

Quantitation of the different P-CTXs analogs was carried out using P-CTX3C, the only commercially
available reference material. Assuming equal molar response and applying the same LOD and LOQ,
the estimated concentrations were calculated against the P-CTX3C calibration curve and expressed in
equivalent P-CTX3C. The sum of the estimated concentrations of all analogs allowed estimation of the
overall cellular toxin content (expressed in pg P-CTX3C eq cell−1).

2.3. Effects of Strain, Culture Age, Nitrogen, and pH on the Overall P-CTX Cell Content in G. polynesiensis

The overall P-CTX cell content in the four strains ranged from 0.1 to 4.0 pg P-CTX3C eq cell−1,
depending on culture age, strain, and culture conditions (Figure 2). Of note, the P-CTX content in NHA4
(i.e., 2.12± 0.99 pg P-CTX3C eq cell−1, on average) was significantly higher than the one measured in the
three other clones (p-values ranged from <0.0001 to 0.004). Conversely, RG92 showed the lowest P-CTX
content with an average of 0.44 ± 0.24 pg P-CTX3C eq cell−1 (Figure 2). Also, P-CTX contents measured
at D10 were significantly lower than at D21 and D30 (p-value < 0.05). In contrast, the pH, N source,
or N:P ratio had no significant effects on the overall cellular CTX content of G. polynesiensis strains.

135



Toxins 2020, 12, 767

Figure 2. Mean overall P-CTX content (expressed in pg P-CTX3C eq cell−1) measured by LC-MS/MS at
three distinct culture ages (D10, D21, and D30) in four G. polynesiensis strains (NHA4, RAI-1, RG92,
and RIK7) when grown at three different pH (7.9, 8.2, and 8.9), in nitrate: 24N:1P (A) and 48N:1P
(B) vs. urea: 24N:1P (C) and 48N:1P (D). Data represent the mean P-CTX content in each strain tested
in two technical replicates.
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2.4. Effects of Strain, Culture Age, Nitrogen, and pH on G. polynesiensis Toxin Profiles

2.4.1. Clonal Variations in P-CTX Profiles

While RAI-1 (Australes strain) and RIK7 (Gambier strain) had similar toxin profiles composed of six
analogs in all experiments (Figure 3), two additional analogs, i.e., 2-OH-P-CTX3C and M-seco-P-CTX3C,
were quantified in NHA4 (Marquesas strain) cultures, whereas P-CTX4A analog was not quantified in
RG92 (Tuamotu strain). Figure 3 shows that the amounts of P-CTX3B and P-CTX3C were significantly
higher in NHA4 than in the three other clones (p-value < 0.0001), and significantly lower in RG92 than
in other clones (p-value < 0.0001), based on pairwise comparisons.

Figure 3. Mean cellular concentrations expressed in pg P-CTX3C equivalent cell−1 (eq cell-1) of each
P-CTX analog measured by LC-MS/MS in four G. polynesiensis strains (NHA4, RIK7, RAI-1, and RG92).
Data represent the mean ± 95% confidence interval (CI) of n = 72 samples (two technical replicates
per strain when grown under three pH conditions and two different N sources tested at two N:P
ratios, at three culture ages). The letters a, b and c shown on P-CTX3B and -3C bars indicate statistical
differences observed between clones based on pairwise comparisons.

2.4.2. Effects of Culture Age on G. polynesiensis P-CTX Concentrations

The concentrations of the different P-CTX analogs detected in each of the four clones at different
culture ages, i.e., D10, D21, and D30, are presented in Figure 4. Overall, only five analogs could
be quantified at D10 vs. up to eight analogs at D30 depending on the strain considered (Figure 4).
Moreover, a progressive increase in P-CTX3B and -3C concentrations, the two major toxins produced
by G. polynesiensis strains, was noticed in RIK7 from D10 to D30 (Figure 4B), whereas for the three
other clones, no significant differences were observed between D21 and D30 for these two compounds
(Figure 4A,C,D). Interestingly, while P-CTX3B/C isomer 2 significantly decreased between D10 and
D30 in strain RG92 (Figure 4D), P-CTX4A and -4B concentrations increased in the three other strains
(Figure 4A–C).
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Figure 4. Mean cellular concentrations (expressed in pg P-CTX3C eq cell−1) of P-CTX analogs measured
by LC-MS/MS in four G. polynesiensis clones at three different culture ages (D10, D21, and D30):
(A) NHA4, (B) RIK7, (C) RAI-1, and (D) RG92. Data represent the mean ± 95% CI of n = 24 samples
(two technical replicates per strain when grown under three pH conditions and two different N sources
tested at two N:P ratios). Letters indicate statistical differences observed between samples based on
pairwise comparisons.

2.4.3. Effects of N Source and N:P Ratio on G. polynesiensis P-CTXs Concentrations

The variations in P-CTX analogs diversity observed between four strains of G. polynesiensis when
grown under different N sources and N:P ratios are presented in Figure 5 In nitrate-based experiments,
only three quantifiable analogs were detected in cultures, i.e., P-CTX3B/C isomer 3, P-CTX3B and -3C
with no significant effects of N:P ratio on their respective levels, except for clone RG92 (Figure 5D).
In urea-based experiments, the number of quantifiable analogs substantially increased to five analogs
in RG92 (Figure 5D), six in RAI-1 and RIK7 (Figure 5B,C), and eight in NHA4 (Figure 5A).
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Figure 5. Mean cellular concentrations (expressed in pg P-CTX3C eq cell−1) of P-CTX analogs measured
by LC-MS/MS in NHA4 (A), RIK7 (B), RAI-1 (C), and RG92 (D) clones grown in nitrate 24N:1P and
48N:1P vs. urea 24N:1P and 48N:1P. Data represent the mean ± 95% CI of n = 18 samples (two technical
replicates analyzed at three culture ages and three pH conditions). Letters indicate statistical differences
observed between samples based on pairwise comparisons.

2.4.4. Effects of pH on G. polynesiensis P-CTX Concentrations

The variations in P-CTX analogs diversity observed in strains of G. polynesiensis when grown under
different pH conditions are illustrated in Figure 6. It can be seen that in RAI-1, amounts of P-CTX3B
increased significantly from pH = 8.4 to pH = 7.9 (Figure 6C). In NHA4 and RG92, amounts of P-CTX3B
and -3C did not vary significantly at pH = 8.2 and pH = 8.4 but were significantly higher at pH = 7.9
(Figure 6A,D). In RIK7, amounts of P-CTX3B and -3C were significantly higher at pH = 8.2 (Figure 6B).
In addition, the levels of a minor, more polar analog, namely P-CTX3B/C isomer 3, tended to increase
at pH = 7.9 in all the clones as compared to 8.4 (Figure 6A–D). The same observations apply to two
other analogs, i.e., 2-OH-P-CTX3C and M-seco-P-CTX3C, which were detected at quantifiable amounts
only in NHA4 (Figure 6A). In contrast, P-CTX3B/C isomer 2 and P-CTX4A/4B amounts remained stable
across all pH values (Figure 6), except for P-CTX3B/C isomer 2 in RG92, which was significantly higher
in pH = 8.2 (Figure 6D).

Table 3 summarizes the different parameters showing significant positive or negative effects on
cell yields, overall toxin content, and/or individual analog concentrations in G. polynesiensis strains,
based on multiple statistical comparisons. Results indicate that the clonal strain influenced both the
diversity (number of analogs) and concentrations of each P-CTX analog produced. The final cell
yield, the overall cell toxin content, and the levels of P-CTX analogs with low polarity significantly
increased in aged cultures, whereas growth stage had no significant effect on the amounts of more polar
analogs, except for P-CTX3B/C isomer 2. Contrastingly, decreasing the pH in the culture medium led
to reduced cell yields and stimulated the production of more polar forms of P-CTX analogs, while no
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significant effect was noticed on less polar analogs, except for P-CTX3B. Overall, a 2-fold increase in
nitrogen concentrations (from 24N:1P to 48N:1P) resulted in enhanced cell biomass but had little effect
(if any) on the overall cell toxin content and the amounts of the various P-CTX analogs composing
G. polynesiensis toxin profile. Finally, modifying the nitrogen source from nitrate to urea significantly
reduced the final cell yields but was highly beneficial to the production of several P-CTX analogs.

Figure 6. Mean cellular concentrations (expressed in pg P-CTX3C eq cell−1) of P-CTX analogs measured
by LC-MS/MS in NHA4 (A), RIK7 (B), RAI-1 (C), and RG92 (D) clones under three different pH
conditions. Data represent the mean ± 95% CI of n = 24 samples (two technical replicates analyzed
at three culture ages and two different N sources tested at two N:P ratios). Letters indicate statistical
differences observed between samples based on pairwise comparisons.

Table 3. Effects of strain, culture age, N:P ratio, N source, and pH on the cell biomass, overall toxin
content, and P-CTXs profile in G. polynesiensis. The statistical significance of each of these parameters is
indicated. The different P-CTX analogs are listed by increasing polarity. The “→ “symbol indicates
which condition comparison has been conducted.

Parameter Strain
Culture Age

D10→D21/D30
N:P Ratio

24N:1P→48N:1P
N Source

Nitrate→Urea
pH

8.4→8.2/7.9

Cell yields at D30 ns *** * *** **
Overall toxin content *** * ns ns ns

P-CTX4A *** *** * *** ns
P-CTX4B *** *** ** *** ns
P-CTX3B *** *** ns ns *
P-CTX3C *** *** ns * ns

P-CTX3B/C isomer 2 * *** * *** ***
P-CTX3B/C isomer 3 *** ns ns *** ***

2-OH-P-CTX3C *** ns ns *** **
M-seco-P-CTX3C *** ns ns *** **

* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, ns = non significant, increase, decrease.
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3. Discussion

Ciguatera occurrences at a global scale depend on a combination of trend drivers. Among them,
global ocean warming attributable to global change is often cited as a main driver of the current
expansion of CP to novel areas and reportedly increased CP incidence (see References [23,24] for reviews
and references therein). In contrast, the potential impacts of ocean acidification and eutrophication on
CP trends is a topic that remains largely under-studied. The present work aimed at assessing the growth
and toxin production in four toxic clones of G. polynesiensis isolated from French Polynesia when grown
under different combinations of pH, nitrogen ratios, and sources, three environmental parameters
regarded as representative of ocean acidification and eutrophication. Several experimental constraints
were encountered in the course of this study, such as the limited number of technical replicates set up in
growth experiments, or the lack of replicate measures and certified reference standards in LC-MS/MS
analyses. Also, the direct addition of HCl drops in G. polynesiensis culture medium for pH stabilization
appears as a less ecologically relevant method than bubbling with CO2-enriched air. Hence, the data
presented here should be regarded as preliminary results pending further confirmatory studies.

Despite these limits, this study yielded interesting novel results. In particular, it was shown for
the first time that when grown at pH = 7.9, a value close to the predicted ocean pH for the end of this
century, cells of G. polynesiensis were able to survive, even if they required higher pH to achieve optimal
growth. Cellular processes (such as phytoplankton productivity and toxin production) have been
shown to be sensitive to shifts in CO2 concentrations, including in diatoms and dinoflagellates [69–72],
but there is still a striking lack of published data on the response of Gambierdiscus spp. to varying pH.
To our knowledge, only one other study has examined the effects of pH on the growth and toxicity
of two strains isolated from Marakei Island (Republic of Kiribati) and identified as G. balechii [73]
and Gambierdiscus sp. type 5 [74] (Chan, pers. comm.). In that study, low pH values stimulated the growth
while negatively impacting the toxin production in Gambierdiscus sp. type 5, which is in marked contrast
with our results on G. polynesiensis. These contrasting findings suggest that Gambierdiscus growth as a
response to acidification might differ across species, and that ocean acidification may result in a shift in
both the composition and abundance of Gambierdiscus spp. in the environment. Regarding the effect of
pH on G. polynesiensis toxin production, this study showed that acidification of the culture medium
stimulated the production of more polar (oxidized) forms of P-CTXs in this species, i.e., P-CTX3B/C
isomer 3 in all four clones, and 2-OH-P-CTX3C and M-seco-P-CTX3C in NHA4. It is well established
that the biooxidation undergone by CTXs in the food chain leads to more toxic analogs [2]. Our findings
thus suggest that ocean acidification may result in less abundant but also more toxic populations of
G. polynesiensis, a major contributor to toxin flux in ciguateric biotopes in the Pacific [30,33,68,75,76],
which, in turn, may lead to increased CP risk. Indeed, it is recognized that the toxicity in a given area
depends primarily on the presence of selected highly toxic species of Gambierdiscus that may not be the
numerically dominant species, but which contribute disproportionately to the overall toxicity of the
region [33,77]. In any case, since ciguatera occurrence is generally associated with complex assemblages
of multiple Gambierdiscus species [15,68,78], these preliminary observations warrant further studies on
the physiological and toxicological responses of the other Gambierdiscus species frequently encountered
in benthic assemblages of ciguateric biotopes, in order to inform reliable risk models on CP trends in
the context of global change.

The role played by nutrients in ciguatera events remains unclear. Again, very few field studies
with reported statistical results have measured nutrient concentrations concurrently to ciguatera
dinoflagellate densities. Of these, both Carlson and Tindall [62] and Loeffler et al. [60] reported a
positive correlation between nutrient concentrations and Gambierdiscus abundance in the U.S. Virgin
Islands. Conversely, Yasumoto et al. [57] and Ichinotsubo et al. [59] found no direct correlation
between nutrients and cell densities in French Polynesia and Hawaii respectively, consistent with the
observations by Parsons and Preskitt [58] in several Hawaiian locations, although according to these
authors, the highest cell densities occurred at the site with the highest nutrient concentrations. All this
data suggest that nutrient loadings in coastal environments may not necessarily lead to Gambierdiscus
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blooms and, in fact, the linkage between increased HAB occurrences and eutrophication remains
largely inconclusive for a number of microalgal taxa (References [63,78,79] and references therein).
However, according to Skinner et al. [80], nutrient inputs can cause a major shift in the distribution
and abundance of ciguatera-related dinoflagellates, as evidenced in the Northern Great Barrier Reef
(Australia): in several locations affected by on-going coastal eutrophication, benthic assemblages in
inshore reefs once dominated by Gambierdiscus were composed primarily of Prorocentrum and Ostreopsis,
whilst Gambierdiscus was still dominant in offshore locations.

In the present study, the influence of nitrogen (nutrient levels and nitrogen sources) on the growth
and toxicity of G. polynesiensis was examined in in vitro conditions. Nitrogen was selected because
French Polynesian lagoons are usually characterized by low concentrations of dissolved mineral
nitrogen [47–49]. Our results indicate that growth rates did not significantly vary with N:P ratio,
consistent with the findings of Sperr and Doucette [67], who tested a wide range of N:P ratios from 5:1
to 50:1 on several Caribbean strains. Another main finding was that all four G. polynesiensis strains
achieved higher growth rates with nitrate rather than with urea. Likewise, the cell biomass yielded at
D30 were 3-fold higher on average in nitrate than in urea at 24N:1P for all four strains. These results
substantiate previous observations by Lartigue et al. [32], who tested the effects of different nitrogen
sources on the growth and toxicity of two Gambierdiscus strains subsequently classified as G. caribaeus
and Gambierdiscus ribotype 2 [8,77]. They noted that both strains grew well when the nitrogen source
was nitrate while neither species grew on urea. These findings are in marked contrast with those of
Durand-Clement [65,66], who reported increased growth in Gambierdiscus when urea concentration
was increased from 0 to 1 mM. Parsons et al. [27] hypothesized that one possible explanation for
this apparent contradiction is that Durand-Clément [66] tested a different species of Gambierdiscus,
thereby implying that the various Gambierdiscus species likely have different nutrient physiologies.

The influence of nutrients in stimulating Gambierdiscus toxin production is also poorly documented
and remains ambiguous. The field study conducted by Okolodkov et al. [61] in the Yucatan peninsula
(Gulf of Mexico) outlined the importance of potential linked effects of various environmental parameters
as the authors hypothesized that the greatest potential for ciguatoxin flux into the food web may occur
in protected, low turbulence environments, where salinities are high, nutrients abundant, and water
temperatures are between 24 and 31 ◦C.

In cultured-based studies, Lechat et al. [64] showed that variations in media (use of media with a
high metallic salt content) resulted in increased ciguatoxin production, whereas Lartigue et al. [32]
claimed that CTX production in Caribbean G. toxicus clones was not affected by organic (nitrate or
ammonium) or inorganic (urea, free amino acids or putrescine) nitrogen sources. In the present study,
we were able to confirm that the use of either nitrate or urea in the growth medium had no significant
effect on the overall toxin yield in G. polynesiensis cultures, but did result in a substantial increase
of quantifiable analogs, from three to a maximum of eight P-CTX analogs depending on the strain
considered. The reason for this drastic change in G. polynesiensis toxin profile following the shift
to urea in the culture medium is unclear. Epiphytic/benthic dinoflagellates have classical nitrogen
requirements: they are known to readily utilize nitrate and ammonium with some taxa showing an
apparent preference for the latter [81,82]. Both Bomber [83] and Lartigue et al. [32] found an increase
in cellular ciguatoxicity of Gambierdiscus with increasing NH4

+, which might indicate a functional role
of this compound in the biosynthesis of CTXs. However, the potential role played by intracellular
phosphorus utilization in toxin synthesis should not be overlooked [84,85]. Concerning the influence of
N:P ratio on toxin production, Durand-Clement [65] indicated that overall toxin production remained
constant with nutrient levels, whereas Sperr and Doucette [67] concluded that CTX production can be
determined by high N:P ratio (i.e., N:P ≥ 30:1) in Caribbean strains of G. toxicus.

It should be noted that many of these earlier studies have not evaluated toxicity with CTX-specific
protocols and that none of these studies have evaluated individual toxins in the response of
Gambierdiscus clones to different nutrient regimes. Indeed, quantitation methods used in studies by
Durand-Clement [65] and Sperr and Doucette [67] were based on an overall toxins concentration
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estimate (i.e., crude extract evaluated by mouse bioassay) which is not directly comparable with our
use of LC-MS/MS method in the present study, which is more specific for P-CTX detection and in which
each known P-CTX analog concentration is investigated. Another issue which makes comparisons
with previous studies difficult is that much of the early work with Gambierdiscus referred solely to
G. toxicus, while it is now well established that multiple species exist within this genus.

Dinoflagellates in the genus Gambierdiscus are the source of a number of non-structurally related
groups of secondary metabolites of interest (see Reference [20] for a review and references therein).
Of these, CTXs are by far the most studied group due to their direct involvement in ciguatera
poisoning. At present, only P-CTX3C is commercially available for detection and quantitation
purposes. The current scarcity of CTX analytical standards constitutes a serious hindrance to the
quantitation of these compounds in seafood and the implementation of food safety surveillance
programs. Hence, significant efforts have been devoted in the past decade to determine which species
of Gambierdiscus are more toxic than the others, and assess the variations in toxin production in
response to different stressors (see References [27,28] for reviews and references therein). Not all
species of Gambierdiscus are known to produce CTXs. Among the eighteen species described to date,
G. polynesiensis—a species allegedly endemic to the Pacific Ocean—is recognized as the highest CTX
producer with published toxicity data ranging from 1.2 up to 20.9 pg P-CTX3C eq cell−1 [17,19,30,33,86].
In the present study, we showed that G. polynesiensis cellular toxicity could vary by up to 46 orders
of magnitude in French Polynesian clones from geographically distinct origins. Although part of
these variations was attributable to different culture conditions and growth stage, these observations
highlight the fact that an adequate selection of the appropriate candidate-strains is preponderant in R&D
programs aiming at the custom production of high-value CTX standards. Of note, this strain-dependent
production of CTXs demonstrated in G. polynesiensis is also well established in other species such as
G. australes, G. balechii, G. pacificus, G. toxicus, F. paulensis, and F. ruetzleri [3,9,15,74,75,87,88]. In addition,
numerous studies have demonstrated that cellular toxin levels often increase with the age of the
culture [17,29,32,33,67], implying that the culture conditions for optimal growth of Gambierdiscus are
likely to differ from the ones ensuring optimal toxin production. The LC-MS/MS data presented here
(and those of Longo et al. [33]) also revealed that an increase in the number of CTXs analogs produced in
cultures generally takes place from the exponential to the stationary phase. Finally, another important
issue that needs to be considered in toxin production programs is the gradual drop in toxin yields
likely to affect high toxin-producing clones over time, as already reported in G. polynesiensis clones
isolated from the Cook Islands and French Polynesia, respectively [33,89]. These observations suggest
that high toxin production may not be a stable characteristic in long-term cultures of G. polynesiensis,
contradicting earlier observations by Chinain et al. [17].

4. Conclusions

This study has provided clear evidence that manipulation of environmental variables can result
in enhanced growth and toxicity (types of P-CTX analogs in addition to amounts) in G. polynesiensis.
However, the importance of other factors such as culture age, clonal differences, and harvest time
should not be overlooked if the pursued objective is to maximize toxin yield and diversity. More widely,
increasing attention is paid to the secondary metabolites produced by microalgae, particularly
dinoflagellates, due to their potential uses in the biological, biomedical, and toxicological fields [90].
Gambierdiscus is no exception to the rule. Further studies are needed on the other species of Gambierdiscus
also regarded as major contributors to toxin flux in CP-prone areas, e.g., G. excentricus, G. australes,
and possibly G. silvae [14,16,91], thereby providing important information that can greatly benefit
current efforts to establish a sustainable source of CTX standards. Indeed, numerous studies have shown
the ability of Gambierdiscus to produce a wide variety of P-CTX analogs as well as their bioaccumulation
at each trophic level, from herbivorous to carnivorous fish or marine invertebrates [28,92]. However,
despite the identification of several C-CTX and I-CTX analogs in carnivorous fish and sharks [93–100],
no study has yet been able to demonstrate the toxin production of C-CTXs or I-CTXs in Gambierdiscus.
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This fact is of major importance as toxin-producing in vitro cultures can provide a continuous
source of CTX standards. Easier access to a variety of CTX standards will undoubtedly help
improve the testing capabilities in ciguatera management and hence, accelerate the implementation
of food safety surveillance programs globally. In this process, studies on the complementarity
between several detection methods classically used in CP risk monitoring program (e.g., LC-MS/MS,
CBA-N2a, and Receptor Binding Assay) need to be pursued [92,101–103] to better understand
quantitation differences across methods and laboratories, and hence foster trans-regional comparative
studies on ciguatera. Concurrently, the recent development of metabolomics appears as a unique
opportunity to conduct in-depth investigations on the chemodiversity of these dinoflagellates, in order
to, e.g., describe new compounds (including toxins), assess the variations of their productions in
response to different stressors, or identify chemical markers at different taxonomic levels [103].

5. Materials and Methods

5.1. Source of G. polynesiensis Isolates

The four clones of G. polynesiensis used in this study (RIK7, NHA4, RAI-1, and RG92),
originate from different islands of French Polynesia, i.e., Mangareva Island (Gambier archipelago),
Nuku Hiva Island (Marquesas archipelago), Raivavae Island (Australes archipelago), and Rangiroa
atoll (Tuamotu archipelago) (Table 4). These clones were isolated from macro-algal and/or artificial
substrate (window screens) samples collected following the methods described by Chinain et al. [17]
and Tester et al. [104], respectively. All four strains are part of the Laboratory of Marine Biotoxins
culture collection at the Institut Louis Malardé (Tahiti, French Polynesia), where cultures are deposited.

Table 4. Geographic origin and year of isolation of the four G. polynesiensis clones selected for this study.

ID Code RIK7 NHA4 RAI-1 RG92

Year of isolation
Archipelago

2013
Gambier

2015
Marquesas

2008
Australes

1992
Tuamotu

Island Mangareva Nuku Hiva Raivavae Rangiroa

5.2. In Vitro Cultures

All four G. polynesiensis clones selected for this study had been maintained in natural seawater
(pH = 8.4 on average) supplemented with f10k medium [105], at 26 ± 1 ◦C under 60 ± 10 μmol
photons m−2 s−1 irradiance (12 h light:12 h dark photoperiod) for years prior to experimentation.
When culture conditions were changed, clones were acclimated for 40 days to the ambient regime prior
to growth experiments.

Six consecutive experiments were conducted, three using nitrate as N source at three distinct pH,
and the other three, using urea (Sigma-Aldrich, St. Louis, MO, USA). For each experiment at a given pH,
the four strains were tested under two N:P ratios and at three culture ages in two technical replicates.

Regarding the two N:P ratios tested, i.e., N:P of 24 and 48, the composition of the f10k medium
was modified accordingly. Practically, N and P concentrations were 0.05 μM and 2.1 × 10−3 μM in
24N:1P experiments respectively, which are consistent with concentrations observed in oligotrophic
ocean water [106]. In 48N:1P experiments, concentrations used for N and P elements were 0.1 μM and
2.1 × 10−3 μM, respectively. Even though the N:P ratio 24 is significantly higher than the Redfield ratio
(16), it was used as the standard condition since it has been used for many years in the maintenance
of cultures at Institut Louis Malardé. It was also verified to be locally found in the Polynesian
coastal environment [107,108] and to be comprised between the median N:P ratio measured in warm
oligotrophic mid-latitude oceans, i.e., 28N:1P [109], and in global ocean water, i.e., 22N:1P [106].

In pH experiments, the pH in culture flasks was monitored twice a day and stabilized at three
different values, i.e., 8.4, 8.2, and 7.9, by direct addition of a few drops of 1 M HCl into the culture
medium. Overnight, a +0.3 pH unit variation was observed on average and daily corrected.
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Overall, different combinations of culture conditions under varying pH, N:P ratio, and nitrogen
sources (N = 144 combinations) were thus tested on G. polynesiensis strains. To this end, batch cultures
of each of the four clones were established in technical duplicates by inoculating 40,000 cells into
200 mL of seawater supplemented with 200 μL of f10k in 250 mL Erlenmeyer flasks. Seawater was
previously aged for 1 month, filtered through a 0.2 μm GF/F Whatman filters (Dutscher, Brumath,
France), and sterilized by autoclaving for 20 mn at 120 ◦C. All cultures were grown in an incubator
(ThermoStable IR250, Wigel, Eichel, Germany). Flasks were incubated at randomly determined sites in
the incubator and flask position was changed on a daily basis.

5.3. Growth Rate

Growth rate was assessed using in vivo fluorescence following the method described in
Longo et al. [33]. Briefly, cell growth was assessed by measuring chlorophyll fluorescence at 485 nm,
at two-day intervals, using a spectrophotometer (Victor X2, PerkinElmer, Waltham, MA, USA). To limit
error during fluorescence measurements, cultures were fully mixed prior to fluorescence reading, then a
100 μL aliquot of each culture was deposited in 96-well plates, where cells were lysed by the addition
of 100 μL dimethyl sulfoxide (DMSO; n = 3 wells per batch culture). Five fluorescence readings were
performed on each well.

Growth rates (μ) were determined using the following Equation (1):

μ = [ln*(rfut1/rfut0)]/[ln (2) * (t1 − t0)] (1)

in which μ (division day−1) is the growth rate, and rfut1 and rfut0 represent the fluorescence measured
at times t1 (days) and t0 respectively, corresponding to the exponential growth phase portion of the
growth curve.

5.4. Cells Harvest and Toxin Extraction

Cells were harvested at D30 post-inoculation. Prior to cell harvest, the total cell yield was
determined by automated counting using a Multisizer IIITM particle counter (Beckman Coulter, Inc.,
Brea, CA, USA). Cultures were harvested by filtration onto a 40 μm sieve in their late exponential,
early stationary, and senescence growth phase (i.e., at D10, D21, and D30 post-inoculation, respectively).
Each filter was then transferred into a 50 mL Greiner tube using seawater, and centrifuged at 2800× g for
2 min. After discarding the supernatants, filters were freeze-dried for 20 h at −20 ◦C, 1 mbar, then 4 h
at −60 ◦C, 0.01 mbar (Martin Christ, Beta 1–8 LDplus, Osterode am Harz, Germany). Each sample was
then stored at −20 ◦C until further extraction for toxicity screening.

G. polynesiensis cells were extracted by adding 20 mL of methanol (MeOH) directly into the tubes
containing each freeze-dried cell sample. Tubes were then vortexed for a few seconds and then placed
in an ultrasound tank for one hour. Following a centrifugation step at 2800× g for 10 min, the resulting
supernatant was recovered in a 250 mL flask. This extraction step was repeated once in MeOH and
then once in aqueous methanol (MeOH: H2O 1:1). The three supernatants were further pooled and
dried under vacuum using a rotary evaporator (Rotavapor RII, Büchi, Flawil, Switzerland), and the
resulting crude cellular extract suspended in 4 mL of pure methanol.

Half of this solution (2 mL MeOH) was filtered through a Sartorius filter (3 cm diameter, 0.45 μm
porosity), then evaporated under nitrogen to dryness to obtain a crude extract destined for the
LC-MS/MS analysis. In total, 288 samples have been generated and analyzed.

5.5. Liquid Chromatography Coupled with Tandem Mass Spectrometry (LC-MS/MS) Analysis

The toxin screening of G. polynesiensis cell extracts was performed using a Ultra High Performance
Liquid Chromatography (UHPLC) system (UFLC Nexera, SHIMADZU, Kyoto, Japan) coupled to a
hybrid triple quadrupole-linear ion-trap API4000 QTRAP mass spectrometer (SCIEX, Redwood City,
CA, USA) equipped with a TurboV® electrospray ionization source (ESI). The instrument control,
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data processing, and analysis were conducted using Analyst software 1.6.2 (Sciex, CA, USA). A linear
gradient using water as eluent A and MeOH as eluent B, both eluents containing 2 mM ammonium
formate and 50 mM formic acid, was run on a Zorbax Eclipse Plus C18 column, 50*2.1 mm, 1.8 μm,
95 Å (Agilent Technologies, Santa Clara, CA, USA). The flow rate was 0.4 mL min−1, the injection
volume was 5 μL, and the column temperature 40 ◦C.

The elution gradient was as follows: 78% B to 88% B from 0 to 10 min, hold at 88% B for 4 min,
decrease from 88% to 78% in 1 min, and hold for 5 min at 78% B. Mass spectrometric detection was
performed in positive ionization mode using Multiple Reaction Monitoring (MRM) scanning.

The optimized ESI+ parameters were set as follows: curtain gas at 25 pounds per square inch (psi),
ion spray at 5500 V, turbo gas temperature at 300 ◦C, gas 1 and 2 were set at 40 and 60 psi respectively,
and an entrance potential at 10 V.

MRM acquisition method was created using the scheduled MRM algorithm. This algorithm
optimizes dwell times and cycle time to provide better peak detection and improve reproducibility.
A detection window of 90 s and a target scan time of 2 s were chosen for the MRM method. In order
to quantify P-CTX analog, a calibration solution of P-CTX3C (Wako, Japan) was prepared in MeOH,
with concentration ranging from 12 to 200 ng mL−1. LOQ is determined to 10 ng mL−1 and LOD to
5 ng mL−1. Due to the lack of analytical standards, contents of each P-CTX analog were quantified
from the P-CTX3C calibration curve prepared, assuming equivalent molar response. The sum of the
estimated concentrations of all analogs allowed characterization of the respective toxin profiles and
calculation of the overall cellular toxin content (expressed in pg P-CTX3C eq cell−1).

5.6. Statistical Analyses

To determine whether growth rates and toxin profiles differences observed between the different
culture conditions tested (i.e., different combinations of pH and N:P ratio values as well as the use of
different nitrogen sources in the growth medium) were statistically significant, standard deviations
(SD) and 95% confidence interval (CI; p-value < 0.05) were calculated. Then, an analysis of variance
(ANOVA) (normality, homoscedasticity) was performed using RStudio v1.0.153 (Boston, MA, USA)
or GraphPad Prism v8.1.2. (GraphPad, San Diego, CA, USA). In order to ensure more robust analyses
about the general effects on toxin production, data were merged to increase sample size and allow
parametric analysis, even if normality sometimes was not verified. By way of example, to study the
effect of geographic origin on P-CTX amounts, results obtained for the 288 samples were grouped into
4 datasets (with n = 72 per dataset) corresponding to the four G. polynesiensis clones, regardless of
the pH, cell age, and N levels and source. A similar rationale was applied to assess the effects of pH
(n = 24), culture age (n = 24), N:P ratio and N source (n = 18) on P-CTX levels of each clone.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/12/767/s1,
Table S1. List of all m/z transitions required in scheduled MRM LC-MS/MS analysis to detect and quantify
P-CTX compounds.
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Abstract: Ciguatera fish poisoning (CFP) is one of the most frequently encountered seafood poisoning
syndromes; it is caused by the consumption of marine finfish contaminated with ciguatoxins (CTXs).
The majority of CFP cases result from eating fish flesh, but a traditional belief exists among people
that the head and viscera are more toxic and should be avoided. Unlike the viscera, scientific data
to support the legendary high toxicity of the head is scarce. We prepared tissue samples from
the fillet, head, and eyes taken from five yellow-edged lyretail (Variola louti) individuals sourced
from Okinawa, Japan, and analyzed the CTXs by LC-MS/MS. Three CTXs, namely, CTX1B, 52-
epi-54-deoxyCTX1B, and 54-deoxyCTX1B, were confirmed in similar proportions. The toxins were
distributed nearly evenly in the flesh, prepared separately from the fillet and head. Within the same
individual specimen, the flesh in the fillet and the flesh from the head, tested separately, had the same
level and composition of toxins. We, therefore, conclude that flesh samples for LC-MS/MS analysis
can be taken from any part of the body. However, the tissue surrounding the eyeball displayed
CTX levels two to four times higher than those of the flesh. The present study is the first to provide
scientific data demonstrating the high toxicity of the eyes.

Keywords: ciguatera; ciguatoxin; LC-MS/MS; CTX1B; 52-epi-54-deoxyCTX1B; 54-deoxyCTX1B

Key Contribution: CTXs were evenly distributed in the flesh, indicating that tissue samples for
monitoring can be taken from any part of the body except the eyes, which contained CTX levels two
to three times higher than the flesh. In all samples, the relative ratio of the CTX analogs did not vary
within the specimens.

1. Introduction

Ciguatera fish poisoning (CFP) is one of the most frequently encountered seafood
poisoning syndromes; it is caused by the consumption of the marine finfish contaminated
with ciguatoxins (CTXs) [1–4]. CTXs bind to receptor-site 5 of the alpha subunit of the
voltage-gated sodium channel and cause hyperexcitability of the nerve membrane [5]. CFP
is associated with gastrointestinal, cardiovascular, and neurological disorders, and more
than 170 symptoms and signs have been reported [1]. The patients recover within a few
days in mild cases, but the symptoms last for months or years in severe cases [5]. CFP
mostly occurs in tropical and subtropical regions of the Pacific, the Indian Ocean, and the
Caribbean Sea and is commonly reported in the South Pacific islands, including French
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Polynesia, Fiji, Cook Island, and Kiribati, among others [4,6]. In recent years, there have
been a series of reports of CFP in areas where it does not typically occur. For example,
cases were recorded in the Canary (Spain) and Madeira (Portugal) Islands, which belong to
Macaronesia in northwestern Africa in the eastern Atlantic Ocean, in 2004, and occurrences
have continued since then [7,8]. Therefore, there are concerns about the expansion of CFP
endemic areas. In Japan, Okinawa and the Amami Islands are located in the subtropical
region; several cases of CFP are reported annually, though at much lower numbers than in
the South Pacific Islands [9–11]. From 1989 to 2011, 78 CFP events were officially reported to
the Government of Japan, 90% (70 events) of which were in Okinawa. The most implicated
fish was the yellow-edged lyretail Variola louti (16 events, 21%), followed by one-spot
snapper Lutjanus monostigma (12 events, 15%), and red snapper Lutjanus bohar (11 events,
14%) [12].

CTXs are produced by some species from the dinoflagellate genera Gambierdiscus
and Fukuyoa and transmitted to herbivorous animals and carnivorous fish via the food
chain [13,14]. CTXs are naturally occurring macromolecules consisting of ladder-shaped
polyether, with more than 20 analogs reported from the Pacific Ocean and classified into
CTX1B-type and CTX3C-type toxins based on their skeletal structure [15]. In our previous
studies, we reported the regional and species-specific features of the CTX profiles of
fish in the Pacific using liquid chromatography–tandem mass spectrometry (LC-MS/MS)
analysis [16–19]. In the specimens captured in Hawaii, French Polynesia, Minamitorishima
(Marcus Island), and mainland Japan, both CTX1B-type and CTX3C-type toxins were
detected [16]. In contrast, only CTX1B-type toxins were detected in the Okinawa and
Amami regions’ specimens. In V. louti captured from Okinawan waters, only three CTX1B
analogs (CTX1B, 52-epi-54deoxyCTX1B and 54-deoxyCTX1B; Figure 1), were present and
the relative levels of these three analogs were comparable.

Figure 1. Structures representative of ciguatoxin-1B (CTX1B), 52-epi-54-deoxyCTX1B, and 54-
deoxyCTX1B, implicated in CFP in Okinawa, Japan.

The majority of CFP cases arise from consumption of the fish fillet, but among the
inhabitants of tropical islands, it is believed that the head and viscera are more toxic than
the fillet [4,9]. Additionally, there have been reports that the symptoms are more severe
among patients who consumed the head and/or the viscera than in those who consumed
only the flesh [4,20–24]. Usually, the whole or half-cut head, without removing the eyes, is
broiled, steamed, stewed, deep-fried, or souped. The legends of Okinawa, Japan, point out
the high risks of eating the heads, and the actual number of incidents was reported in an
early epidemiological study in Okinawa [25,26]. Thus, avoiding the consumption of the
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viscera and the head is recommended [4,27]. The presence of high levels of CTXs in the
liver of ciguateric fish is well documented [26,28–30], providing the basis for the use of the
livers as the source of toxin isolation [31,32]. Conversely, toxicity data on the CTX levels in
head samples are scarce [29].

In this study, we analyze CTXs by LC-MS/MS to disclose their levels and profiles in
the flesh samples dissected from the fillet and head (cheek, collar, and cavalry) and the eye
samples, the edible parts of fish mentioned in the legends. We used five individuals of the
carnivorous fish V. louti, the yellow-edged lyretail (Figure 2A), one of the representative
species of CFP in Okinawa, Japan. The presence of CTX1B, 52-epi-54deoxyCTX1B, and
54-deoxyCTX1B in these specimens was confirmed by preliminary analysis.

Table 1. Sample preparation from the eyeball and the surrounding tissue taken from the fish specimens.

Specimen ID 1 SL 2 (mm) Weight (g) Eye Sample Preparation 3

A 160024 490 2934 whole parts were mixed (#10)

B 160085 410 1734
surrounding tissue (#11),

inner contents, including a lens (#12) and
the outer membrane of the eyeball (#13)

C 163077 456 2719
surrounding tissue (#11),

inner contents, including a lens (#12) and
the outer membrane of the eyeball (#13)

D 160135 490 2594
surrounding tissue (#11),

inner contents of the eyeball (#12) and
lens (#14)

E 160136 450 2430
surrounding tissue (#11),

inner contents of the eyeball (#12) and
lens (#14)

1 Specimen ID at the National Institute of Health Sciences. 2 SL: standard length; 3 preparation of the sample from
the eyeball and surrounding tissue for LC-MS/MS analysis. Numbers in brackets are the sample codes.

Figure 2. A specimen (D, ID 160135) of V. louti used for this study (A) and the locations of samples
used for LC-MS/MS analyses. (B) The half-body fillet was divided into six parts (#1–#6, bottom
right). (C) From the head, the flesh samples taken from the cheek (#7), the collar (#8), and the cavalry
(#9); the eyeball (#10) and the tissue surrounding eyeball (#11). The eyeball was further separated
into samples #12–#14, as shown in Table 1.
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2. Results

Six and three flesh samples were prepared from the fillet (#1–#6) and head (#7–#9),
respectively, as shown in Figure 2B,C. Eye samples (#10), composed of the eyeball and
the surrounding tissue (#11), were taken, and the eyeballs were further separated from
Specimens B–E (#12–#14), as shown in Table 1.

Three CTX1B-type analogs, including CTX1B, 52-epi-54-deoxyCTX1B, and 54-deoxyCTX1B,
were detected in all specimens. However, neither the fourth CTX1B-type nor the CTX3C-
type analog was detected in any samples (Figure 3; Figure 4). Detection of only three
CTX1B analogs is characteristic in the carnivorous fish from Okinawa [16,17]. Representa-
tive chromatograms are shown in Figure 3. The ratios of the three CTX1B analogs were
similar within all specimens (Figure 4).

Figure 3. LC-MS/MS chromatograms of reference toxin mixture (top), flesh (A-1, middle), and eye
(A-10, bottom) samples of Specimen A.
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Figure 4. The levels of CTX1B analogs detected in samples prepared from Specimens A–E.

2.1. Specimen A

The total CTX levels (average ± SD (standard deviation)) in the flesh samples from the
filet (#1–#6) and the head (#7–#9) were similar, measuring 0.287 ± 0.043 and
0.292 ± 0.012 μg/kg, respectively (Table 2 and Figure 4). The eye sample (#10), com-
prised of the eyeball and the surrounding tissue, was mixed, and LC-MS/MS analysis was
applied. The level of CTXs was 0.585 μg/kg, twice as high as that of the flesh samples
(Table 3). The ratios of three CTX analogs within the specimens were similar (Figure 4).
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Table 2. CTX levels in flesh prepared from the fillet (#1–#6) and head (#7–#9).

Specimen
CTXs Levels (μg/kg) in the Fillet 1 CTXs Levels (μg/kg) in the Head 1

#1 #2 #3 #4 #5 #6 Average SD 2 #7 #8 #9 Average SD

A 0.270 0.226 0.305 0.274 0.290 0.355 0.287 0.043 0.308 0.297 0.270 0.292 0.019

B 0.032 0.039 0.042 0.021 0.026 0.041 0.033 0.009 0.030 0.029 0.039 0.033 0.006

C 0.749 0.978 0.984 0.873 1.088 1.018 0.948 0.120 1.011 1.117 0.989 1.039 0.068

D 0.089 0.131 0.124 0.111 0.129 0.126 0.118 0.016 0.055 0.110 0.082 0.082 0.027

E 0.201 0.195 0.270 0.212 0.259 0.300 0.239 0.043 0.200 0.166 0.171 0.179 0.018
1 The sum of the levels of CTX1B, 52-epi-54deoxyCTX1B, and 54-deoxyCTX1B. 2 SD: standard deviation.

Table 3. CTXs levels in flesh (fillet and head) and eye samples.

Specimen
CTXs Levels (μg/kg) 1

Fillet 2 Head 3 #10 #11 #12 #13 #14

A 0.287 0.292 0.585 - 4 - - -

B 0.033 0.033 - 0.106 <LOD 5 0.039 -

C 0.948 1.039 - 1.747 0.360 1.031 -

D 0.118 0.082 - 0.380 <LOD - <LOD

E 0.239 0.179 - 0.563 0.308 - <LOD
1 The sum of the levels of CTX1B, 52-epi-54deoxyCTX1B, and 54-deoxyCTX1B. 2 Average of samples #1-#6.
3 Average of samples #7–#9. 4 -: not analyzed. 5 <LOD: less than the limit of detection (0.001 μg/kg).

2.2. Specimen B

The CTX levels in the flesh samples were 0.033 ± 0.009 μg/kg in the filet (#1–#6) and
0.033 ± 0.006 μg/kg in the head (Table 2). To clarify the source of the high CTX levels in
the eye sample, as observed in Specimen A, the eye sample was further separated into
three portions in Specimen B: the surrounding tissue (#11), the inner contents of the eyeball,
including the lens (#12), and the outer membrane of the eyeball (#13). The highest levels of
CTX1B analogs were detected in #11, with 0.106 μg/kg, which was three times higher than
of the flesh samples (#1–#9). The level in #13 was 0.039 μg/kg, and in #12, it was less than
the limit of detection (LOD, <0.001 μg/kg) (Table 3).

2.3. Specimens C

The samples were prepared in the same way as those of Specimen B. The levels in
the filet, the head, and samples #11–#13 were 0.948 ± 0.120, 1.039 ± 0.068, 1.747, 0.360,
and 1.031 μg/kg, respectively (Table 2; Table 3). While the detected levels in Specimen C
(0.360–1.747 μg/kg) were much higher than in Specimen B (0.021–0.106 μg/kg), the relative
levels in respective sample portions were similar (Table 3).

2.4. Specimens D

CTXs were detected at the levels of 0.118 ± 0.016 and 0.082 ± 0.027 μg/kg in the filet
and the head, respectively (Table 2). We prepared separate tissue samples, consisting of the
surrounding tissue (#11), inner contents (#12), and lens (#14) from the eye, to locate where
the highest levels of CTXs had originated. Among them, CTXs were detected only in #11
(0.380 μg/kg), which exhibited levels 3.2 and 4.6 times higher than in the filet and the head,
respectively (Table 3).

2.5. Specimen E

Although the levels of CTX1B and 54-deoxyCTX1B in all flesh samples (#1–#9) were
similar, the levels of 52-epi-54-deoxyCTX1B were much higher in the fillet samples #1–#6
than in #7–#9 taken from the head of Specimen E (Figure 4A, Figure S1). In addition to the

158



Toxins 2021, 13, 218

different ratios of the three CTX1B analogs in the flesh and head, splitting the peak top of
52-epi-54-deoxyCTX1B of samples of the filet made us suspect the presence of interfering
substances in these samples. These samples were reanalyzed using a different gradient
system (Gradient II), and the peaks of 52-epi-54-deoxyCTX1B were separated from those of
the interferent, as shown in Figure 4B and Figure S2. The levels in the filet and the head
were at 0.239 ± 0.043 and 0.179 ± 0.018 μg/kg, respectively (Table 2).

The eye samples were prepared equally to those of Specimen D (Table 1), and CTXs
were detected in #11 and #12 at 0.563 and 0.308 μg/kg, respectively (Table 3). The level in
#11 was two to three times higher than of the filet and the head (Table 3). No CTXs were
detected in #14. While no CTXs were detected in #12 of Specimen D, the same analogs were
detected at relatively high levels in the corresponding sample of Specimen E (Table 3). The
different results between Specimens D and E might be ascribable to the cross-contamination
of surrounding tissues.

3. Discussion

According to the inhabitants of the tropical islands where CFP is prevalent, the head
and viscera are more likely to cause CFP than the fillet. In addition, many papers reported
that the patients who consumed these portions displayed the most severe symptoms among
individuals who had shared the same fish [4,21–23]. In order to obtain evidence upholding
this legend, we prepared samples from the fillet and the head, the edible parts of the fish,
and separately analyzed CTXs by LC-MS/MS. The gills, scales, and viscera were not tested
in this study because they are not considered edible tissues. We separated the fillet further
into small six sections, depending on the distances from the head and tail. The fillet from
the belly side is believed to be fatty compared to the dorsal side. For the head, we took the
flesh from the cheek, collar, and calvary. CTX levels across the specimens and the levels
and profiles in the flesh samples were similar across the specimens. The toxin contents
and toxin profiles in these small sections are important—first, to prevent food poisoning,
and secondly, for the accurate evaluation of the fish under testing. In the case of beef, the
variations of quality among the body parts are well understood. No comparable data exist
as to the variation in fish or the profiles of toxins. Much attention has been paid to the
accuracy of the analytical method to quantify CTXs. If CTXs are unevenly distributed in the
fish body, the validity of the analytical data will be governed by which part the sample has
been taken from. The present study demonstrates that flesh samples for toxin analysis can
be arbitrarily taken from all parts of the body of V. louti except the eye areas. This finding
is important for designing the protocol for testing fish for various purposes, including food
safety, business, legal actions, and more.

In Specimen E, interference peaks were detected in the fillet samples but not in the
flesh from the head or the tissues of the eye (Figure 5). The presence of the interferences only
in the filet is interesting, and further investigation to uncover the structural information of
these substances will be carried out.

In the samples prepared from the eyes, namely, the tissue surrounding the eyeball,
CTXs were detected at two to four times higher levels than in the flesh samples. This tissue
is known to contain high contents of polyunsaturated fatty acids, docosahexaenoic acid
(DHA) and icosapentaenoic acid (eicosapentaenoic acid (EPA)) [33–35]. The high levels
of CTXs in the eyes will be an interesting phenomenon for future studies. Although high
in concentration, the eyes alone cannot account for the legends of higher toxicity of the
head. According to Li et al. [29], CTXs were consistently detected in various tissues of
grouper Epinephelus coioides over 30 days of exposure. CTX levels ranked from high to low
in the following order: liver, intestine, gill, skin, brain, and muscle. The brain and other
cerebrum tissues in the head were suspected to be rich in CTXs because of the abundance
of the voltage-dependent sodium channels [5,36]. However, the difficulty of separation
and the small quantity available for analysis prevented us from analyzing CTXs from those
tissues in this study. Attempts will be made in the future to test the cerebrum tissues in the
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head and the backbone. Finally, the reliability and high efficacy of LC-MS/MS analysis in
studying food safety and the body distribution of CTXs have been demonstrated.

Figure 5. LC-MS/MS chromatograms of reference toxin mixture (top) and flesh samples of the fillet (E-1, middle) and cheek
(E-7, bottom) of Specimen E. The gradient systems used were conditions Gradient I (A) and II (B).

4. Conclusions

The levels and profiles of the CTXs (CTX1B, 52-epi-54-deoxyCTX1B, and 54-deoxyCTX1B)
in tissues were shown to be comparable among samples prepared from the same individual.
This even distribution was revealed by LC-MS/MS analyses using the fillet and head and
eye samples of five specimens of a representative ciguateric fish, Variola louti. Any part of
the flesh, except for the eyes, can be used for analyses to judge the safety of the fish or to
produce ecological data. The tissues of the eyes were found, for the first time, to contain
CTX levels two or four times higher than that of the flesh.

5. Materials and Methods

5.1. Reference Toxins and Reagents

The reference toxin mixture was comprised of eight CTX analogs, including CTX1B, 52-
epi-54-deoxyCTX1B, 54-deoxyCTX1B, CTX4A, CTX4B, 2,3-dihydroxyCTX3C,
51-hydroxyCTX3C, and CTX3C, all of which were pure or near-pure toxins prepared
from natural sources and identified by spectroscopic analysis [15,37–41]. The levels of the
detected toxins were quantified using the reference toxins Ciguatoxin-1B (43.3 ± 1.3 ng)
and 52-epi-54-deoxyCTX1B (58.4 ± 2.5 ng). Since the reference material for 54-deoxyCTX1B
was unavailable, its levels were quantified using 52-epi-54-deoxyCTX1B.

Acetone, hexane, and ethyl acetate of Primepure grade, diethyl ether of Guaranteed
reagent grade, and methanol and acetonitrile of liquid chromatography–mass spectrometry
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(LC-MS) grade were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Ammonium
formate solution (1 mol/L) and formic acid were of high-performance liquid chromatog-
raphy (HPLC) grade (Wako Chemical Industry, Ltd., Osaka, Japan). Ultra-pure water
was supplied by the Milli-Q® Integral Water Purification System for Chemical Analysis
(Millipore, Bedford, MA, USA).

5.2. Fish Specimens

The five individuals of V. louti used were found to be contaminated with CTX1B, 52-
epi-54-deoxyCTX1B, and 54-deoxyCTX1B and selected from our ciguateric fish collection,
purchased in Okinawa, Japan (Specimens A–E, Table 1, Figure 2A). The head and a fillet
were taken from the body. The fillet was cut into 6 parts (#1–#6), as shown in Figure 2B.
The following four samples were prepared from the heads: the flesh from the cheek
(#7), the collar (#8), and cavalry (#9), and the eyeball combined with surrounding tissue
(#10), as shown in Figure 2C. Each eye sample was separated, as shown in Table 1. In
Specimen A, the whole part was mixed (#10). Since the CTX level of the eye sample (#10)
was the highest within the samples (#1–#10) of Specimen A, and in order to explore the
highly contaminated portion in the eye, eye samples (#10) in Specimens B and C were
separated into the surrounding tissue (#11), inner contents including the lens (#12), and
outer membrane (#13). In Specimens D and F, to confirm the existence of high-level CTXs
in the surrounding tissue and to verify whether the CTXs are present in the eyeball’s inner
contents or lens, samples #11, #12, and #14 were prepared and analyzed.

5.3. Extraction and Sample Preparation for LC-MS/MS

Extraction and preparation of the fish flesh followed the method in previous studies
(Figure S3) [18,19]. Flesh (5 g) was extracted with acetone (15 mL) twice, and the extracts
were combined and evaporated to remove the acetone. The remaining aqueous extracts
were partitioned with diethyl ether (5 mL) twice, and the combined diethyl ether layer was
dried completely and dissolved in 90% methanol (v/v, 1.5 mL). The aqueous methanol was
defatted with hexane (3 mL, twice), and the remaining solution was dried completely to
obtain the crude extract.

The crude extract was dissolved in ethyl acetate-methanol (9:1, v/v, 5 mL) and applied
to a Florisil column (500 mg, GL Sciences Inc., Tokyo, Japan) that had been preconditioned
with the same solvent. The eluent, containing nonabsorbed substances, was collected and
dried under a nitrogen stream. The residue was dissolved with acetonitrile (5 mL) and
applied to a primary and secondary amine cartridge column (PSA, 200 mg, GL Sciences
Inc., Tokyo, Japan), preconditioned with methanol and acetonitrile. CTXs were eluted first
with acetonitrile and then methanol (3 mL). Both acetonitrile and methanol eluates were
dried under a nitrogen stream and dissolved in methanol to be analyzed by LC-MS/MS. A
1-mL portion of the solution was equivalent to 5 g of the flesh.

The preparation of the eye samples (#10–#14) followed that of the flesh samples. When
the sample was smaller than 5 g, the whole sample was used, and the extraction and
pretreatment procedures were carried out without any change. The sample solution used
for LC-MS/MS was adjusted to 5 g tissue-equivalent/mL.

5.4. LC-MS/MS Analysis

LC-MS/MS analysis was carried out with the Agilent 1290 HPLC system coupled with
an Agilent 6460 Triple Quadrupole MS instrument (Santa Clara, CA, USA)
(Table S1). Briefly, 5 μL of sample solution was injected into a Zorbax Eclipse Plus C18
column (2.1 × 50 mm id, 1.8 μm, Agilent Technologies, Santa Clara, CA, USA), at 40 ◦C.
Eluate A was water containing 5 mM ammonium formate and 0.1% formic acid. and Eluate
B was methanol. The gradient system (Gradient I) was as follows: 0.0–0.25 min (60% B);
0.25–0.50 min (60–75% B); 0.50–12.0 min (75% B); 12.0–14.0 min (90% B); 14.1–20 min
(100% B). When the presence of an interfering substance was suspected, the sample was
reanalyzed using another gradient system. The gradient condition for Gradient II was as
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follows: 0–0.25 min (50% B); 0.25–0.5 min (50–65% B); 0.5–25 min (65–80% B); 25–27 min
(80% B); 27–33 min t(100% B). The flow rate was 0.4 mL/min. The target toxins were ionized
with electron spray ionization (ESI) equipped with Agilent Jet Stream, and positive ions
were monitored with multiple reaction monitoring (MRM) mode. Since [M + Na]+ ions
were stable and gave no fragment ions, [M + Na]+ of each analog was set for both precursor
and product ions ([M + Na]+ > [M + Na]+), with high collision energy to achieve sensitive
analysis. The optimized MS parameters were dry gas N2, 300 ◦C, 10 L/min; nebulizer gas
N2, 50 psi; sheath gas N2, 380 ◦C, 11 L/min; capillary voltage 5000 V; fragmentor voltage
300 V; collision gas N2, collision energy 40 eV. The limit of detection (LOD) and the limit of
quantitation (LOQ) of CTX1B, 52-epi-54-deoxyCTX1B, and 54-deoxyCTX1B were 0.001 and
0.005 μg/kg, respectively.

Supplementary Materials: The following materials are available online at https://www.mdpi.
com/2072-6651/13/3/218/s1. Figure S1: LC-MS/MS chromatograms in Gradient I of samples
(#1–#9, #11, #12, and #14) prepared from Specimen E (ID 160136). Figure S2: LC-MS/MS chro-
matograms in Gradient II of samples (#1–#9, #11, #12, and #14) prepared from Specimen E (ID 160136).
Figure S3: Sample preparation from fish flesh for LC-MS/MS. Table S1: LC-MS/MS conditions for
CTX analysis.
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Abstract: Ciguatera poisoning (CP) poses a significant threat to ecosystem services and fishery
resources in coastal communities. The CP-causative ciguatoxins (CTXs) are produced by benthic
dinoflagellates including Gambierdiscus and Fukuyoa spp., and enter reef food webs via grazing on
macroalgal substrates. In this study, we report on a 3-year monthly time series in St. Thomas, US
Virgin Islands where Gambierdiscus spp. abundance and Caribbean-CTX toxicity in benthic samples
were compared to key environmental factors, including temperature, salinity, nutrients, benthic cover,
and physical data. We found that peak Gambierdiscus abundance occurred in summer while CTX-
specific toxicity peaked in cooler months (February–May) when the mean water temperatures were
approximately 26–28 ◦C. These trends were most evident at deeper offshore sites where macroalgal
cover was highest year-round. Other environmental parameters were not correlated with the CTX
variability observed over time. The asynchrony between Gambierdiscus spp. abundance and toxicity
reflects potential differences in toxin cell quotas among Gambierdiscus species with concomitant
variability in their abundances throughout the year. These results have significant implications for
monitoring and management of benthic harmful algal blooms and highlights potential seasonal and
highly-localized pulses in reef toxin loads that may be transferred to higher trophic levels.

Keywords: Gambierdiscus; ciguatera poisoning; Dictyota; ciguatoxin; Caribbean; dinoflagellate; ben-
thic algae; algal toxin; harmful algal bloom

Key Contribution: This study demonstrates a seasonal asynchrony between Gambierdiscus abun-
dance and C-CTX toxicity through monthly long-term monitoring, with the most significant trends
observed at offshore field sites where depth and other factors may favor toxin production. This asyn-
chronicity reflects potential differences in the toxin cell quota of individual Gambierdiscus species
and their variations in relative abundance with the species assemblage through time. These data
highlight the need for increased spatio-temporal monitoring focused on identifying seasonal and
site-specific pulses in CTX production in order to estimate potential CP risk rather than depending
on genus-level abundance data.
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1. Introduction

Of all the human poisoning syndromes associated with harmful algal blooms (HABs),
ciguatera poisoning (CP) has the most significant human health and economic impacts
globally [1]. CP is caused by consumption of fish or shellfish, generally associated with
coral reef systems, that are contaminated with a suite of lipid-soluble toxins known collec-
tively as ciguatoxins. These toxins and their precursors are produced by certain species
or strains of benthic dinoflagellates in the genera Gambierdiscus and Fukuyoa that live
on algal substrates or other surfaces, such as dead corals and sand, in many coral reef
communities [2–4]. Ciguatoxins (CTX) and related metabolites enter and accumulate in
coral reef food webs through grazing by herbivorous fish and invertebrates, reaching their
highest concentrations in carnivorous finfish [5–7], where they pose the greatest public
health risk [8]. With increased globalization, CTX and Gambierdiscus have been reported
from temperate locations including the northern Gulf of Mexico, New Zealand, Japan, and
the Canary Islands; however, CP is endemic to many tropical and subtropical coral reef
ecosystems globally and primarily affects coastal communities [9–12]. Global estimates of
CP incidence vary widely, ranging from tens of thousands to as many as 500,000 poisonings
per year [1,13]. Producing accurate estimates of the true incidence of CP is challenged by a
high degree of underreporting and misdiagnoses [14], and consequently, CP remains an
overlooked and under-appreciated problem. Prevention and management strategies for
CP have been hindered by knowledge gaps regarding the environmental and physiological
factors contributing to toxin dynamics, as well as the lack of commercially available toxin
standards and affordable and practical methods for toxin detection.

CP differs from other HABs in that poisoning events are not associated with large-
scale planktonic blooms of a single causative species but are often an ongoing and chronic
problem in endemic regions. Over the past two decades, renewed scientific interest and
research has resulted in significant advances in our understanding of the biogeography and
ecophysiology of Gambierdiscus and Fukuyoa, including a fuller characterization of species
diversity and global distribution [2,15], intra- and inter-specific [16–19] growth character-
istics [20,21], and habitat or substrate preferences (reviewed by [2]). These studies have
provided a fuller understanding of the factors governing population and toxin dynamics,
including the identification of highly toxic species that may dominate CTX production and
flux into food webs. Key drivers of CTX prevalence and CP risk are thought to involve
a combination of several environmental and ecological factors, including: (1) environ-
mental conditions that promote growth, leading to high Gambierdiscus and Fukuyoa cell
concentrations, (2) prevalence of CTX-producing species and strains, (3) environmental
conditions that promote cellular toxin production, and (4) increased substrate availability
that promotes the proliferation and increased areal abundance of benthic dinoflagellates in
reef ecosystems. Additionally, patterns of toxicity are affected by bioconversion of the toxin
precursors produced by Gambierdiscus to more potent compounds during toxin uptake,
metabolism, and transfer.

As research on Gambierdiscus has expanded and progressed, so have efforts to character-
ize linkages between key environmental factors (e.g., seawater temperature), Gambierdiscus
and Fukuyoa population and toxin dynamics, and subsequent CP risk and incidence. Early
efforts by Tosteson [22] reported a relationship between warming seawater temperatures
and barracuda toxicity, in which barracuda ciguatoxicity was correlated with both increases
in seawater temperatures as well as with total cases of human ciguatera intoxications.
In Tahiti, Chinain et al. [23] carried out weekly sampling of Gambierdiscus abundance
and toxicity over a seven-year period (1993–1999), which identified seasonal trends in
peak cell densities that occurred during the warmest months (October, November, De-
cember). They concluded that ciguatera outbreaks more likely reflected the presence of
highly toxic strains rather than high overall biomass, as no correlation was found between
sample toxicity and Gambierdiscus spp. abundance. These data were subsequently used by
Chateau-Degat et al. [24] to construct a temporal model that related seawater temperatures
to Gambierdiscus spp. growth, and subsequent onset of ciguatera cases. A key challenge
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in these and other ongoing efforts to link spatiotemporal dynamics of Gambierdiscus spp.
abundance and CTX production with CP risk is the high spatial heterogeneity observed for
both Gambierdiscus/Fukuyoa populations and the ciguatoxicity of potential seafood vectors.
Within small spatial scales (<3 km) on a single island, fish at one reef site may be safe
to eat, while neighboring reefs can harbor “hot-spots” where ciguatoxic fish are preva-
lent [25–28]. This variation in CTX accumulation within higher trophic levels may reflect
corresponding spatial heterogeneity in Gambierdiscus population structure, coupled with
the large differences in CTX production documented among co-occurring Gambierdiscus
and Fukuyoa species [9,16,17,29,30]. For example, there can be an over 1500-fold difference
in toxin content among Gambierdiscus species, with G. polynesiensis identified as a toxic
species from the Pacific [7], and G. excentricus and G. silvae as the most toxic species from
the Caribbean [17,19,31,32].

In this study, we assessed Gambierdiscus abundance and CTX content within natural
epiphyte assemblages from St. Thomas, USVI (Figure 1), an area hyperendemic for CP [33],
to determine the seasonality, spatial variability, and environmental correlates of CTX
production. Field activities were conducted monthly over 3 years at four coral reef sites
located on the south side of the island, including two nearshore (Black Point, BP; Coculus
Rock, CRK) and two offshore locations (Flat Cay, FC; Seahorse Shoal, SH), ranging in depth
from ~6–22 m depth (see Figure 1). Populations of Gambierdiscus found at these sites are
known to comprise five of the seven Gambierdiscus species documented in the Caribbean
and one ribotype: G. belizeanus, G. caribaeus, G. carolinianus, G. carpenteri, G. silvae, and
G. sp, ribotype 2 (Richlen, M.L. unpublished data, and [34]). Clear, yet decoupled, seasonal
patterns of Gambierdiscus abundance and CTX levels were observed, as well as marked
differences in CTX levels among adjacent sites. Our findings indicate that variability in
CTX production within Gambierdiscus populations over small spatial scales may be a key
driver of CP risk. This work also highlights the importance of time-integrated monitoring
of in situ CTX production, which provides a more direct determination of the sites and
conditions that are the ultimate source of CP risk.

Figure 1. Map of long-term field sampling sites in St. Thomas, US Virgin Islands. Map created in ArcGIS Professional with
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overlaid shapefiles of benthic cover with coral, hardbottom, and seagrass from [35] and macroalgae from the St. Thomas
and St. John benthic habitat dataset [36], both from the National Oceanic and Atmospheric Administration, U.S.
Dept. Commerce.

2. Results

2.1. Variation in Environmental Conditions and Benthic Composition

Mean daily temperature and salinity (not shown) were similar at all four sites and
followed seasonal patterns. Benthic temperatures ranged from 25.5–29.9 ◦C with a mean of
27.8 ± 1.6 ◦C and displayed a seasonal pattern typical of the tropical northern hemisphere,
with peak temperatures in summer (June–October) and minimum temperatures in winter
(December–March). Salinity variations were small and ranged from 34.6–36.2 psu with
a mean of 35.5 ± 0.5 psu, with maximum values in March–May and minimum values in
September–November. Dissolved nutrients were low overall and varied over a small range.
For instance, mean dissolved inorganic phosphorus (DIP) was 0.09 ± 0.04 μM, while mean
dissolved inorganic nitrogen was 0.90 ± 0.8 μM. There were also no strong seasonal patterns
in available data on climate variables (precipitation, wind speed and direction). Spatial and
seasonal variation in environmental and physical parameters (i.e., wind speed and direction,
precipitation, benthic temperature, and nutrients) were also examined with multivariate
techniques and no clear ordination of parameters or clustering of sites was apparent
(see Table S1). Analyses were limited to these parameters due to frequent gaps in other
data (e.g., salinity and other CTD vertical profile measurements). Selected environmental
parameters were compared using a principal components analysis (PCA) and no principal
components explained more than 22.8% of overall variation (Table S1). Environmental
variation among sites was examined with a cluster analysis, multidimensional scaling, and
an ANOSIM test (Primer-E) for parameters that were measured directly at each site (benthic
temperature and nutrients). All sites showed high multivariate similarity (ANOSIM Global
R = 0.28) and no clear spatial patterns.

Benthic composition at all sites was mostly dominated by macroalgae, which ranged
from 11.7–75.0% of benthic cover with a mean of 39.6 ± 12.5%, and was variable over time
(Figure 2). Other major components were dead coral with turf algae, non-living substrate,
and corals, with mean benthic cover ranging from 11.7–23.0%. Minor components included
gorgonians, sponges, coralline algae, and cyanobacteria. As with the site environmental
conditions, there were no clear spatiotemporal patterns and a high multivariate similarity
(ANOSIM test, Primer-E) in overall benthic cover among sample years and study sites.
Macroalgal cover was dominated by fleshy macroalgae which mainly consisted of Dictyota
spp. (24.1 ± 10.0% of macroalgal cover; see monthly trends in Figure 2), followed by
Lobophora variegata (7.7 ± 10.4%), and Halimeda spp. (0.4 ± 1.2%). Macroalgae composition
was distinct among the sites (ANOSIM Global R = 0.568) (Supplementary Figure S1),
primarily due to differences between the nearshore sites (CRK and BP) and the offshore
Sites FC (R = 0.501–0.539) and SH (R = 0.824–0.935) (Table S1). A SIMPER analysis showed
these dissimilarities were driven by the higher abundance of L. variegata at the offshore
sites, which accounted for 41.7–60.7% of the dissimilarity between pairwise comparisons.
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Figure 2. Time-series of benthic cover over the study period as determined by benthic habitat video surveys. Data highlights
the temporal change in the percent (%) cover of combined macroalgae (black) and % Dictyota spp. cover (green) at each
sampling site. Missing data points are time periods when benthic surveys were not conducted. Feb* denotes that FC was
surveyed on 23 February 2010.

2.2. Gambierdiscus spp. Abundance

Gambierdiscus spp. were detected in all 135 samples collected in this study. Abun-
dances of Gambierdiscus were highly variable, both in terms of overall range (2.5–63.3 cells g
Dictyota−1, mean 69.0 ± 63.3 cells g Dictyota−1) and periodicity (Figure 3). The only
apparent seasonal pattern in abundance was the occurrence of an annual maximum
in September–October of each study year at each site that coincided with the thermal
maximum of sea surface temperature and doldrum-like conditions. The variation in
Gambierdiscus spp. abundance was dissimilar among sites, with the exception of the annual
abundance peaks in September–October of 2010 and 2012 (see Figure 3). The highest overall
abundances at CRK, FC, and SH were observed in September–October 2010, and annual
mean Gambierdiscus spp. abundance was also significantly higher (p < 0.001, ANOVA
with Tukey’s test post hoc) in 2010 (111.5 ± 80.8 cells g Dictyota−1) compared to 2011
and 2012 (49.4 ± 35.6 and 52.7 ± 51.3 cells g Dictyota−1, respectively). Mean abundances
were generally higher at BP (84.7 ± 69.3 cells g Dictyota−1) and FC (80.4 ± 56.9 cells g
Dictyota−1) near the western end of St. Thomas compared to the eastern sites of CRK and
SH (56.6 ± 62.0 and 54.7 ± 61.6 cells g Dictyota−1, respectively), with overall abundance
at BP being significantly higher than at CRK and SH (p < 0.05). There was no significant
correlation between abundance and any of the environmental factors assessed, based on
both direct parametric correlation tests and multivariate correlation analysis (BEST in
Primer-E).
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Figure 3. Asynchrony between cell toxin load (C-CTX eq cell−1 * cells g Dictyota−1) and mean (+s.d.) Gambierdiscus spp.
abundance (cells g Dictyota−1), with 7-day averaged bottom temperatures from each site. Open circles represent “No Data”
for either toxin load or Gambierdiscus abundance count.

2.3. Detection of Ciguatoxins in Field Samples

The specific sodium channel agonist activity detected by N2a assay was attributed to
CTX congeners in all samples based on several lines of evidence: (1) the direction, shape,
and slope of dose-response curves generated from field sample extracts were congruent
with C-CTX-1 standards indicating similar activities and potencies by N2a assay (see
Supplementary Figure S2); (2) Gambierdiscus spp. (a known source of CTXs) was present
in all samples; (3) the extraction procedure used was not suitable for isolation of the po-
lar alkaloid sodium channel blockers known to occur in marine systems (e.g., saxitoxin,
tetrodotoxin); (4) non-specific activity potentially generated by other toxin classes (with
alternate modes of action) were excluded from our analyses (as described in the Methods);
and, (5) dinoflagellate sources and toxins of other site 5 sodium channel agonists, e.g., Kare-
nia-produced brevetoxins, have not been reported in algae, fish, or shellfish from the study
region. Considering the biotransformation of CTXs characterized in other regions, the
CTX congeners detected in Caribbean Gambierdiscus spp. are likely to be uncharacterized
precursors of C-CTX-1 or C-CTX-2, the most abundant congeners found in higher trophic
level Caribbean fish [37,38]. The Caribbean CTX standard used in the N2a bioassays was
C-CTX-1, the only quantified reference material that was available at the time of this study,
hence all detected CTX levels are expressed as C-CTX-1 equivalents (C-CTX eq.).
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The identity, structure, and toxicity of Caribbean CTX congeners present in Gambierdis-
cus spp. are poorly understood and no reference materials are presently available. This lack
of knowledge complicates the use of clean-up methods, such as solid-phase extraction
(SPE), for sample extracts as they may remove the target analytes. As detailed in the
methods, four samples, representing a range of determined CTX activities, were purified
using silica (Si) SPE column (Agilent) to assess the effect of sample clean up on measured
composite toxicity. In all four samples, Si SPE purification caused a reduction in assay
response in both the ouabain-veratridine-treated cells (i.e., reduction in CTXs) and PBS
control cells (i.e., a reduction in cytotoxic matrix compounds). This indicates that Si SPE
clean-up may have removed cytotoxic matrix compounds that affect negative control N2a
cells, but also removed some of the target analyte with no improvement in quantification
and hence was not used for sample quantitation. Dilution of samples (reducing both
interfering matrix and analyte) that did not undergo clean-up or purification resulted in a
7–16% variation in quantitation. Considering the lack of precision in cell-based and other
bioassays, as compared to instrumental methods (e.g., LC-MS/MS), this was considered an
acceptable degree of variation.

CTX activity was quantifiable in 24.6% of benthic algal samples without purification
while also meeting quality assessment controls of the N2a assay (summarized in Table 1).
In the vast majority of remaining samples, CTX activity was below the limit of quantitation.
The lowest CTX concentration quantified in our samples was 0.33 ± 0.06 ng C-CTX-1
eq. mL−1, which was above the determined limit of quantitation for CTX in unpurified
extracts of environmental algal samples using the N2a assay (see Section 4.4.4).

Table 1. The distribution of positive and quantifiable samples as well as the mean and range of cell toxin quota and toxin
load across all sites.

Field Site Black Point Flat Cay Coculus Rock
Seahorse

Shoal
Overall

Total Samples Collected 30 32 31 32 125

No. Positive Samples 8 15 7 16 46

No. Quantifiable Samples 4 14 3 9 30

% Total Positive Samples 17.4 32.6 15.2 34.8 % of total

% Total Quantifiable Samples 13.3 46.7 10 30 % of total

Mean Cell Toxin Quota
(pg C-CTX-1 eq. cell−1) 0.3 ± 1.5 0.7 ± 1.4 0.4 ± 2.3 0.5 ± 1.3 0.5 ± 1.63

Cell Toxin Quota Range
(pg C-CTX-1 eq. cell−1) 0–8.3 0–6.4 0–12.6 0–5.4 0–12.6

Mean Toxin Load
(pg C-CTX-1 eq. g Dictyota−1) 15.1 ± 75.2 59.4 ± 121.3 6.8 ± 35.8 20.5 ± 55.5 25.5 ± 72.0

Toxin Load Range
(pg C-CTX-1 eq. g Dictyota−1) 0–419.4 0–453.8 0–199.5 0–262.2 0–453.8

2.4. Spatial and Temporal Variability of In Situ Ciguatoxin Levels

Among the 135 sampling events, 125 samples were available for assessing CTX pro-
duction by Gambierdiscus. Among these, 46 (37.7%) were positive for CTX activity (Table 1),
meaning that there was ≤50% survival in ouabain-veratridine-treated (i.e., sensitized to
sodium channel agonist) N2a cells and ≥95% survival in untreated N2a cells at the same
dosage. CTX levels were high enough to be quantified in 30 (24.6%) samples (Table 1).
Samples deemed positive for CTX (specific activity for a sodium channel agonist), but not
meeting quantitation criteria, were considered “trace” detections. Three samples were
also considered trace measurements due to detection of CTX in the toxin samples and a
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corresponding detection of Gambierdiscus spp. in the abundance samples at the same sam-
pling points, but a measurement of Gambierdiscus cell abundance in the samples collected
to assess toxicity was not available. Cell toxin quotas for Gambierdiscus spp. were calcu-
lated by normalizing the measured CTX concentration to the Gambierdiscus cell abundance
measured within a given toxin sample. The toxin load for each sample was calculated
as the product of the cell toxin quota and the Gambierdiscus spp. abundance measured
on Dictyota hosts (i.e., cells per g Dictyota) during the same sample collection. This toxin
load represents the amount of toxin present per mass of macroalgal substrate (units of pg
C-CTX-1 eq. g Dictyota−1) and is used as a proxy for the amount of toxin available for
trophic transfer during each sampling event.

The toxin quota of Gambierdiscus ranged from 0–12.6 pg C-CTX-1 eq. cell−1 (Table 1;
Figure 4) and toxin load ranged from 0–453.8 pg C-CTX-1 eq. g Dictyota−1 (Table 1; Figure 3).
Unlike Gambierdiscus spp. abundance, both toxin quota and toxin load appeared to have a
distinct annual seasonality. The majority of positive samples (80.0%) and quantifiable toxin
samples (76.6%) were collected during February–June of each sample year (Figures 3 and 4).
The six quantifiable toxin samples observed outside of this February–June season were
collected from Sites FC and SH in July–August 2011 and January–February 2012, months
adjacent to the greatest periods of toxin occurrence (February–June 2011 and 2012). Only
four trace toxin detections were observed in September–November of all sample years.
There were no significant differences in mean toxin quota or toxin load between sample
years (p = 0.057–0.061), although the largest proportion of quantifiable toxin samples
occurred in 2012 (50.0%) followed by 2011 (33.3%) and 2010 (16.7%).

The majority of positive (67.2%) and quantifiable samples (76.7%) originated from
the offshore sites FC and SH, with 46.7% of quantifiable samples originating from site
FC alone and 30% from site SH (Table 1). The highest toxin quotas were detected at
nearshore sites CRK (12.6 pg C-CTX-1 eq. cell−1) and BP (8.4 pg C-CTX-1 eq. cell−1),
though these values were far higher than the other, infrequent toxin detections at these
sites (Figure 4). A Welch’s ANOVA (a one-way ANOVA that assumes unequal variance)
showed a significant difference in toxin quota (p < 0.005) and toxin load (p < 0.01) among
sites. A post hoc Games–Howell test showed that both toxin quota (p < 0.01) and toxin
load (p < 0.05–0.01) were significantly higher at FC compared to CRK and BP (Figure 5).
Considering both spatial and temporal variability, 50.0% of positive samples and 63.3%
of quantified samples occurred at offshore sites and during the high toxicity period of
February–June.

There was no strong or significant correlation between toxin quota or toxin load and
any of the environmental factors assessed, based on both direct parametric correlation tests
and multivariate correlation analysis (BEST in Primer-E). This is not surprising considering
that CTX was not quantifiable in ~75% of samples and the lack of ordination or apparent
structure in the environmental data. Although no monitored environmental variables
were directly correlated with toxin parameters, the vast majority of positive (69.6%) and
quantifiable (90.0%) samples were collected when temperatures were below the mean of
the study period (27.8 ± 1.6 ◦C). Additionally, greater majorities of positive (91.3%) and
quantifiable (96.7%) samples were collected when salinity was above the mean of the study
period (35.5 ± 0.5 ◦C).

The toxin quota of the Gambierdiscus present, rather than Gambierdiscus abundance,
appeared to determine toxin load throughout the study. There was no correlation between
Gambierdiscus abundance (Spearman’s R = −0.090, p = 0.51) and toxin load overall (Spear-
man’s R = −0.054, p = 0.68) Additionally, there were only four trace detections during the
months of peak abundance in each year (September–November), while some of the highest
toxin quotas and loads occurred when abundances were relatively low (Figure 3).
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Figure 4. Time series of toxin cell quota (pg C-CTX-1 eq. cell−1) determined from benthic microalgal (20–200 μM fraction)
field samples collected monthly from nearshore (Black Point; Coculus Rock) and offshore sites (Flat Cay; Seahorse Shoal) of
St. Thomas, Virgin Islands. Black Point and Flat Cay (black bars) are western sites, whereas Coculus Rock and Seahorse
Shoal (blue bars) are eastern sites. Colored circles represent “No Data” collected from the corresponding sites, with all other
zeros indicating true non-detections of toxicity.

Figure 5. Truncated violin plot of log-transformed toxin load. Medians (dashed) and quartiles (dotted) shown. Trace
detections were designated at toxin load 0.25 pg C-CTX-1 eq. g Dictyota−1 (log-transformed to −0.6). Letters on plot indicate
significant differences in toxin load between sites.
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3. Discussion

Laboratory studies of isolated toxic microalgae are essential for confirming their
toxicity and mechanisms of toxin production, but these measurements often differ from
the levels of toxin production observed in natural systems. Thus, robust assessments of
in situ toxin production by harmful microalgae are critical for understanding their true
toxin dynamics and potential threat to ecosystem function or public health. This work
is the most comprehensive and quantitative assessment to date of the in situ toxicity of
Gambierdiscus in the Caribbean, the ultimate cause of more cases of human illnesses than
any other harmful alga [1]. We also express this in situ toxicity in proportion to the mass
of an abundant benthic substrate (the macroalga Dictyota spp.) consumed by potential
vectors of CTX, providing a quantitative link between toxin production and trophic transfer.
As these values were determined in a location where CP is endemic with monthly sampling
over 3 years, our findings provide valuable constraints for efforts to model in situ CTX
levels and the trophic transfer of CTX in the Greater Caribbean region.

3.1. Relative Toxicity of In Situ Gambierdiscus

The cell toxin quotas determined in this study, ranging from 0–12.62 pg C-CTX-1
eq. cell−1 with a mean of 0.5 ± 1.63 pg C-CTX-1 eq. cell−1, are comparable to the limited
number of other available in situ values (see Table 2). Values in Table 2 that were determined
with the mouse bioassay, originally compiled as mouse units by Litaker et al. [15], were
converted to composite CTX toxin quotas by assuming that one mouse unit is equivalent
to 18 ng of CTX3C for Pacific samples and 72 ng of C-CTX-1 for Caribbean samples [39,40].
Though comparable to other in situ values, the toxin quotas we observed are also con-
siderably higher than those of most cultured Gambierdiscus strains of Caribbean, eastern
Atlantic, or Pacific origin measured using similar applications of the N2a assay as used in
this study [17,19,41]. Most of these N2a toxin quotas were determined as CTX3C equiva-
lents [17,19], a common Pacific congener of CTX that has been reported to be 2-fold more
toxic than the Caribbean congener we used as a reference standard, C-CTX-1 [42]. This dif-
ference in standard toxicity could cause a lower CTX content to be determined in Caribbean
strains measured with CTX3C as a standard rather than C-CTX-1. Even when taking this
difference into account, the only Caribbean strains with toxin quota values comparable to
the in situ values measured in this study are those from the species G. silvae (2.1–4.8 pg
C-CTX-1 eq. cell−1 [31]) and G. excentricus (0.47 pg CTX3C eq. cell−1 and 1.43 pg CTX3C
eq. cell−1, respectively [17,19]).

Table 2. Published values of in situ Gambierdiscus toxin quota. Toxin measurements determined by mouse bioassay (MBA)
were originally compiled by Litaker et al. [15] and were standardized prior to conversion to toxin quotas, assuming one
mouse unit = 18 ng of CTX3C and 72 ng of C-CTX-1 for Pacific and Caribbean samples, respectively [39,40].

Location

Cell Toxin Quota
(pg CTX eq. Cell−1) Method N Reference

Range Mean

Northwest Hawaiian Is.,
Hawaii - 24 1 MBA 1 [43]

Papara, Tahiti, French Polynesia 0.09–3.60 0.25 ± 0.18 1 MBA 34 [23]
Rapa Island, French Polynesia 0.5–13.5 - 2 RBA 4 [44]

Gambier Islands, French
Polynesia 0.03–1.00 0.15 ± 0.26 1 MBA 6 [45]

Hitiaa Reef, Tahiti, French
Polynesia 0.05–1.35 0.16 ± 0.20 1 MBA 10 [46]

Gambier Islands, French
Polynesia 0.96–1.42 1.15 ± 0.32 1 MBA 2 [47]
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Table 2. Cont.

Location

Cell Toxin Quota
(pg CTX eq. Cell−1) Method N Reference

Range Mean

Platypus Bay, Australia - 0.23 1 MBA 1 [48]
Nuku Hiva, French

Polynesia 0.85–3.90 2.38 ± 2.15 2 RBA [49]

Rapa, French Polynesia - 0.03 ± 0.004 3 N2a 1 [50]
ˆ St. Thomas, US Virgin Islands 1.14–5.14 1.54 ± 0.94 1 MBA 3 [51]
ˆ St. Thomas, US Virgin Islands 0.00–12.62 0.56 ± 1.75 3 N2a 125 This Study

1 Mouse Bioassay (MBA); 2 Radioligand Receptor Binding Assay (RBA), 3 In vitro mouse neuroblastoma MTT based assay (N2a); 4 sample
number (N). ˆ Caribbean Region.

3.2. Cellular CTX Quota and Not Gambierdiscus Abundance Determines CTX Production

One of the most notable findings of this study is the greater influence of toxin quota
rather than Gambierdiscus abundance on CTX load overall and within any given site.
The vast majority of CTX detections occurred from February to June of each study year
when Gambierdiscus abundance was relatively low, while CTX was generally not detected
during periods with the highest Gambierdiscus abundances. The only other study to our
knowledge that has monitored site-specific Gambierdiscus abundance and in situ toxicity
over time [23] found a similar asynchrony between abundance and toxicity, with the high-
est in situ toxin measurements observed at relatively low Gambierdiscus abundance, and
Gambierdiscus abundance being a poor predictor of in situ toxicity. This decoupling or
asynchrony of Gambierdiscus abundance and CTX production is consistent with wide varia-
tion in toxicity that has been observed among Gambierdiscus species in all regions where
the genus is endemic [7,17,19,30,32]. The far greater variation in toxicity among species
compared to the variation within a species [19,41,52–54] indicates that CTX source levels
are mostly determined by species composition rather than Gambierdiscus abundance at the
genus level [17]. Additionally, the species that appear to be most common and widespread
in the Caribbean, such as G. caribaeus, G. carolinianus, G. belizeanus, and G. carpenteri, have
low toxicities [17,19], thus periods when these species are abundant may not be expected to
result in high CTX levels. In contrast, Caribbean species such as G. silvae have been shown
through our prior efforts to have high toxin quotas [31], while others have reported similar
trends for G. excentricus [17,19]. In both cases, the reported cell toxin quotas reported in
these high toxin-producing strains of the respective species, could have the capacity to pro-
duce the in situ CTX loads observed in this study, even at low abundances. The discovery of
“super-producing” strains of G. polynesiensis in Pacific waters has generated the hypothesis
that a small relative abundance of highly toxic Gambierdiscus species may dominate CTX
production that leads to CP outbreaks [7,40,48]. The high CTX loads observed at relatively
low in situ Gambierdiscus abundances, the high toxicity of some Gambierdiscus species, and
the low toxicity of the most common Gambierdiscus species in our study region all support
the hypothesis that highly toxic, low-abundance species of Gambierdiscus dominate CTX
production in the Caribbean.

3.3. Nearshore vs. Offshore Sites

Gambierdiscus CTX production also displayed spatial patterns that were generally
consistent across three years of monitoring. Gambierdiscus was present in all samples
collected over the study period, yet the majority of samples containing quantifiable CTX
were collected at offshore sites (FC and SH) during February–June. Though distinct in their
contribution to regional CTX levels, sites FC and SH were similar to nearshore sites with
respect to measured physical and chemical features. Despite these apparent similarities,
depth may be a factor that distinguishes the high CTX offshore sites (FC and SH), where
sampling depths were greater (~18 m bottom depth) than at the nearshore sites CRK and
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BP (~9 m bottom depth). This difference in depth may generate distinct light and water
motion conditions for epiphytic Gambierdiscus populations between offshore and nearshore
sites, the measurement of which were beyond the scope of this work. Measurements of
light availability or optical qualities of the overlying water column were not available for
the samples used in this study and physical conditions at all study sites were inferred
from current and wave activity at one nearby buoy-monitoring location. However, water
motion has been shown to be low, with little effect on Gambierdiscus populations in this
study area [55], and is considerably lower than at locations where depth and water motion
seem to affect Gambierdiscus abundance within epiphytic communities [56]. There is
limited and conflicting evidence as to the physiological effect of light on toxin production
within Gambierdiscus species or strains [44,57], but there are distinct growth-irradiance
responses among co-occurring Caribbean Gambierdiscus species [20,21]. More favorable
light conditions for constitutively more toxic species at deeper offshore sites could support
the observed spatial patterns in CTX production. Future studies could test this supposition
by determining if the most toxic species found at the offshore locations in this study or
similar locations have lower optimal or maximum growth irradiances or are better adapted
to the likely lower variability in irradiance of deeper benthic habitats.

Nearshore and offshore sites also varied in terms of the relative abundance and
composition of macroalgae substrate. At the nearshore sites (BP and CRK), Dictyota spp.
made up the majority of the macroalgal substrate for Gambierdiscus attachment. However,
at the offshore sites (FC and SH), there was generally a higher percent-cover of fleshy
macroalgae, as well as a greater proportion of species other than Dictyota present (e.g.,
Lobophora variegata). Although, beyond this study, to differentiate, there are multiple aspects
where macroalgal abundance and composition might impact Gambierdiscus abundance
and ciguatoxin transferability. Specifically, Gambierdiscus–macroalgae host interactions,
which can be species-specific, might depend on shading potential, chemical cues, and host-
palatability to higher trophic levels [58–60]. Since Gambierdiscus species determination has
further developed since this study, future studies could determine if there are particular in
situ host associations or macroalgal abundance that favor particularly toxic species/strains
and if these associations are linked to the environmental conditions and benthic community
compositions that vary between these nearshore and offshore sites.

3.4. Seasonality of CTX Production

Seasonal patterns of Gambierdiscus CTX quota and CTX loads were observed, with
the vast majority (80.0%) of CTX detections occurring in February–June, which provides
key insights into the environmental and ecological factors controlling CTX exposure risk.
A similar seasonal pattern for in situ toxicity was also observed by Chinain et al. [23] in
Tahiti, with the majority of high in situ CTX levels observed at temperatures below annual
means and low or no in situ toxicity observed in the warmest months. If CTX loads are
indeed determined by highly toxic species occurring at relatively low abundances, then
the temporal patterns observed in this study indicate that these species show seasonality
in their occurrence. Of the wide set of monitored environmental conditions that may
affect Gambierdiscus populations, temperature and salinity showed the strongest seasonal
patterns. However, neither of these factors were directly correlated with CTX quotas or
loads. Salinity varied over a relatively small range (34.6–36.2 psu), which is unlikely to
have an effect among species or a physiological impact within a species [20]. Temperature
showed a considerably larger seasonal variation (25.5–29.9 ◦C) that spans the known
range of temperature optima for Gambierdiscus species [20,21]. Despite the lack of a direct
correlation between temperature and CTX levels, it is striking that the vast majority of
positive (69.6%) and quantifiable (90.0%) samples were detected when benthic temperatures
were below the mean temperature of the study area (27.8 ± 1.6 ◦C). This mean temperature
is also well above the growth optimum for G. silvae, the most toxic Caribbean species
examined by Xu et al. [20], which had the lowest upper temperature limit for growth
(29.8 ◦C) among eight Gambierdiscus species. Additionally, the strain of G. excentricus that
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has produced the highest CTX quotas for an Atlantic species to date [19] was isolated
from waters off the Canary Islands with relatively cool temperatures for Gambierdiscus
(18–24 ◦C). The strain of G. excentricus that has produced the highest CTX quotas for a
Caribbean species [17] was isolated from Pulley Ridge, located ~150 km offshore of Florida
at a depth of 60–80 m where temperatures would be considerably lower than the mean
temperature observed in the present study. The adaptation of the most toxic Caribbean
strains to cooler temperatures is consistent with CTX detections being restricted to below-
average temperatures in this study and may provide a key environmental constraint on
CTX exposure risk.

3.5. Implications for Assessing CTX Exposure Risk

Our observation that CTX source levels in St. Thomas are determined by the toxin
quota of Gambierdiscus cells rather than their abundance at the genus level has implications
for efforts to predict CP risk in regions where this illness is endemic. Many proposed
management efforts or models of potential CP risk are based on monitoring or predicting
overall Gambierdiscus abundance [24,61–63]. Our findings and the apparent importance of
species composition in determining the CTX production of a Gambierdiscus population [7,17]
indicate that monitoring Gambierdiscus abundance alone would not help determine when
and where trophic systems are likely to encounter and biomagnify CTX. Determining
the most toxic Gambierdiscus species in an endemic CP location and using new molecular
identification tools [34,64,65] to determine their spatiotemporal distribution may be more
conducive to estimating CP exposure risk.

Even if the occurrence of CTX in the first trophic level could be accurately predicted in
systems that yield ciguatoxic fish, predicting the spatial and temporal links between algal
CTX production, bioaccumulation of CTX in higher trophic levels, and potential human
exposure remain challenging. Our findings provide the basis for linking these phenomena
by demonstrating that CTX production is restricted both spatially, within a relatively small
study area (offshore sites in St. Thomas), and seasonally (~February–June). Determining the
locations most likely to produce CTX allows studies of trophic dynamics of CTX (e.g., [26])
or of the site fidelity of key CTX vectors like large, mobile fish species to be related to a
limited spatial source of CTX. By establishing a time-frame when CTX vectors are most
likely to consume highly toxic Gambierdiscus, the lag between CTX production and potential
human exposure can be better assessed. The restriction of CTX production to below-average
temperatures and the possible importance of cool-adapted highly toxic species [8] also
suggests lower temperature limits and a broader potential geographic range for CP risk in
shallow marine habitats than previously estimated [63]. These implications (i.e., potential
range expansion of cool-adapted toxigenic Gambierdiscus species) have also been suggested
by others in the field [8,66,67], highlighting the importance of further evaluation so that
monitoring and predictive models meet the needs of future risk assessment.

4. Materials and Methods

4.1. Site Descriptions

Samples were collected at four sites around St. Thomas (Figure 1) between late
February/early March 2010 and December 2012. All St. Thomas sites are located south of
the island on a nearshore to offshore gradient. Coculus Rock (CRK; 18.31257 N, 64.86058 W)
is located near an emergent rock reef and is composed of diverse scattered stony corals on
bedrock (6–7 m depth). Black Point (BP; 18.3445 N, 64.98595 W) is a nearshore fringing
coral reef (7–16 m depth). Flat Cay (FC; 18.31822 N, 64.99104 W) is a fringing coral reef
on the leeward side of a small uninhabited island (11–16 m depth). Seahorse Shoal (SH;
18.29467 N, 64.8675 W) is a deep patch reef 2 km offshore of St. Thomas (19–22 m depth).
The latter three sites are star coral (Orbicella spp.) reefs with diverse coral and sponge
communities. Further site descriptions can be found in [68]. During the sampling period for
this study, these sites were impacted by a moderate thermal stress and coral bleaching event
in August 2010 (widespread colony paling and bleaching, but limited mortality), which was
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truncated by the passage of Hurricane Earl on 3 August [69,70]. This storm passed about
105 km NE of St. Thomas, causing wind gusts of up to 120 km hr−1 and rainfall of 7.6 cm
at the St. Thomas airport (see https://www.nhc.noaa.gov/data/tcr/AL072010_Earl.pdf,
accessed on 22 April 2021).

4.2. Environmental Sampling
4.2.1. Oceanographic Measurements

Salinity measurements were obtained at each site from vertical profiles taken with
a shallow-water Seabird SBE 25 recording at 8 Hz (Sea-Bird Electronics, Bellevue, WA,
USA). Sensors were factory-calibrated within one year of deployment. Casts were made
at anchor or on drift within 100 m (horizontal) of the research site. Casts were made
within 1 m of the seafloor. Resulting data files were trimmed to the bottom meter of the
downcast and averaged over this meter for use in analysis as this reflected the closest
point to the reef organisms. Additional physical data was retrieved from the Caribbean
Ocean Observing System St. John Oceanographic Buoy (VI 104; 18◦15.09′ N, 64◦46.02′ W;
https://www.caricoos.org/station/st-john/us, accessed on 22 March 2021).

4.2.2. Benthic Temperatures

Benthic temperatures were taken at each site by a shaded Hobo Water Temperature
Pro V2, Onset Computer Corp., Bourne, MA, USA) affixed to a steel rod within 20 cm of
the reef surface following prior methods [69,71]. Probes were calibration-checked prior
to deployment in an ice bath and took readings every 15 min. Data were averaged over
each day to determine 1-day mean, and further averaged over 7, 14, 21, and 30 days for the
respective means for use in analyses.

4.2.3. Precipitation

Precipitation and wind data for the region was recorded at the St. Thomas Cyril E.
King Airport by a US National Weather Service station (TIST) and data was accessed at the
National Climate Data Center https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/
stations/GHCND:VQW00011640/detail, accessed on 22 March 2021). The mean daily
precipitation for the 14 days prior to a sampling event was calculated from daily summaries.

4.2.4. Nutrient Analyses

Water samples for nutrient analyses were collected in whirlpak bags and stored
on ice until return to the University of the Virgin Islands (UVI; within 5 h). Once at
the laboratory, samples were transferred to acid-washed, sample-rinsed polypropylene
bottles and frozen at −20 ◦C. Samples were shipped frozen to Woods Hole Oceanographic
Institute (WHOI) and analyzed for inorganic nitrate plus nitrite (hereafter termed “nitrate”),
ammonium, silicate, and phosphate using a Lachat Instruments QuickChem 800 four-
channel continuous flow injection system. This method is USEPA approved for nutrient
analysis ranging from groundwater to the open ocean.

4.2.5. Benthic Community Composition

Benthic cover at each study site was estimated using digital video along six randomly
sited permanent transects as described in [71]. Each transect was 10 m in length and
marked with steel rods, with transects spaced at least 3 m apart. Digital video was recorded
perpendicular to the substrate and resultant images were cut into non-overlapping images,
typically 15 per transect. Fifteen random points were placed on the image using Coral Point
Count software [72] and characterized to the lowest identifiable taxonomic or abiotic level
by a trained expert. Cover of each category (i.e., Coral, Gorgonians, Sponges, Zoanthids,
Macroalgae, Coralline Algae, Dead Coral with Turf Algae, Non-Living Substrate, Other
Living) was calculated for each transect by dividing the number of occurrences by the total
number of points surveyed. Macroalgal cover was partitioned into % fleshy macroalgae,
% Dictyota spp., % Lobophora variegata, % Halimeda spp., and % other.
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4.3. Biological Sampling
4.3.1. Collection of Gambierdiscus Epiphytes

Gambierdiscus were collected as epiphytes on macroalgae to determine their abundance
and toxin content and scientific collection permits for this project were approved by the
Virgin Islands Department of Fish and Wildlife, Marine Resources Division.

Dictyota spp. were the most widely distributed algae at the sampling sites (and fre-
quently was the only macroalgal taxa present), so only Dictyota spp. were sampled for
this study. Eight replicate samples of Dictyota spp. (four for Gambierdiscus abundance
and four for toxin measurements) were collected by SCUBA divers from each study site
in each month of the study period, with these exceptions: February 2010—only Flat Cay
was sampled, March 2010—only Coculus Rock and Seahorse Shoal were sampled, and
September 2012—no sites were sampled. Multiple thalli of Dictyota spp. were collected
by carefully cropping and transferring to a Ziploc bag, which was then sealed underwa-
ter. Samples were stored in a cooler until processing within the same day. For sample
processing, macroalgae were vigorously shaken for at least one minute to loosen the di-
noflagellates, which were then sieved sequentially using 200 μm and 20 μm nitex sieves.
Dictyota spp. retained in the 200 μm filter were removed, blotted dry with a paper towel,
and weighed. With samples for Gambierdiscus abundance, the fraction of material retained
on the 20 μm sieve was rinsed into a 15 mL conical tube, brought up to 10 mL with filtered
seawater, and preserved with 0.5 mL formalin. For toxin samples, material retained on
the 20 μm sieve was pooled from all four samples and rinsed into a shallow tray. The tray
was maintained under low light (cool white fluorescent) and larger particulate material
was allowed to settle to the bottom of the tray while living, detached Gambierdiscus cells
(or other motile epiphytes) would remain in the overlying water due to active swimming
and phototaxis. This overlying water was gently siphoned off and sieved again with a
20 μm sieve. Material collected with this final sieving was rinsed into 50 mL polypropylene
centrifuge tubes (total capacity 60 mL) with filtered seawater and samples centrifuged at
low speed (<1000× g) for 5 min to pellet cells. A small volume of overlying seawater was
discarded to reach a final volume of 50 mL for each sample. This sample was then inverted
several times to mix and a 1 mL aliquot was collected and preserved as described above
for Gambierdiscus abundance measurements to determine the Gambierdiscus cell density
within the toxin sample. After low-speed centrifugation of the remaining cell suspension
and subsequent removal of supernatant, the cell pellet was stored at −20 ◦C or on dry ice
(during shipping to Dauphin Island) prior to toxin analyses.

4.3.2. Gambierdiscus Cell Enumeration

Preserved samples were gently shaken and 0.5–1.0 mL was loaded in a Sedgewick
Rafter slide. Gambierdiscus cells were identified to genus based on cell size and shape using
photomicrographs and line drawings, e.g., [73]. Gambierdiscus abundance was enumerated
using a Zeiss Axioskop microscope at 100× magnification. Sample cell densities were
determined by multiplying the summed cell counts by a subsample proportion factor,
and then dividing this value by the Dictyota wet weight to express Gambierdiscus cell
concentrations as cells g ww−1. At the time this study was conducted, methods for
discriminating Gambierdiscus species had not yet been developed, so cell counts are given
for total Gambierdiscus spp.

4.4. Toxin Extraction and Analyses
4.4.1. Cell Pellet Extraction

Pellet material representing the 20–200 μm fraction of epiphytic material collected
from Dictyota spp. (approx. 5 g per tube) were initially extracted in 10 mL of 100% methanol
(MeOH) with 2 min. vortex mixing and 2 min. probe sonication on ice (5 s pulses, 20%
power). The extract was centrifuged (3000× g for 5 min. at 20 ◦C) and the supernatant
was collected. The sample pellet was then extracted two more times as before, but without
additional probe sonication. Supernatants were pooled (30 mL total), diluted with water to

179



Toxins 2021, 13, 413

60% aqueous MeOH, and then partitioned three times with 25 mL dichloromethane (DCM).
The recovered DCM fractions were pooled and dried by rotary evaporation at 30 ◦C. The
sample residue was then quantitatively transferred from the evaporation flask with washes
of MeOH and DCM, added to a 13 × 100 mm glass vial, and dried under high-purity
nitrogen gas at 30 ◦C. Sample CTX residue was then redissolved in 100% MeOH (5 mL)
with 2 min. vortex mixing and 2 min. bath sonication and stored at −20 ◦C until analysis.
All extractions were performed with HPLC-MS grade solvents (Sigma) and ultra-pure
(18 MΩ) water.

4.4.2. Quantitation of CTX by In Vitro N2a Cytotoxicity Assay

The ciguatoxin content of each sample was measured as composite toxicity using
an ouabain-veratridine (O/V) dependent in vitro neuroblastoma cytotoxicity assay (N2a
assay) [74]. These assays utilized mouse Neuro-2a cells (ATCC, CL131; N2a), which were
propagated and maintained under continuous growth as previously described [27,75].
Cells were harvested at 85–90% confluency and seeded to sterile 96-well polystyrene plates
at a density of 4 × 104 cells well−1. The N2a assay measures sample toxicity as a loss
in viability of N2a cells that have been sensitized with O/V, making these cell responses
highly specific to sodium channel toxins (e.g., CTX) and thus adds a line of evidence for
CTX (or a composite of CTXs) being present in samples when loss in viability is observed.
Within each assay, the response of untreated N2a cells (serving as negative control) is
assessed at the same sample doses provided to O/V-treated cells to determine if the sample
contains other toxic substances that are not sodium channel toxins and could affect viability
of O/V-treated cells.

For quantitative assays of CTX, triplicate dose-response curves were determined for
both O/V-treated and untreated N2a cells exposed to eight concentrations of sample CTX
residues redissolved by high-speed vortex in 100 μL of 5%-FBS-RPMI media spanning a
128-fold range. After 24 h of exposure to sample extracts, N2a cell viability is assessed as
the reduction of 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) by
metabolically active cells to a purple formazan product that is measured by absorbance at
570 nm. The concentration of sample extract at which 50% of N2a cells lost viability (IC50)
was compared to the IC50 of a purified C-CTX-1 standard (50 pg starting dose) that was
measured in a concurrent N2a assay seeded with the same batch of N2a cells seeded to
sample assays. These analyses were possible due to an aliquot of purified C-CTX-1 stock
that was purified from toxic Sphyraena barracuda harvested from the Virgin Islands and is
the same FDA stock reported in several prior studies [e.g., 27, 75, and others]. Impurities
were assessed by LC-MS/MS analyses prior to use and original stocks quantified via NMR
and gravimetric analysis (data not available). The toxin content of samples is expressed as
the mass of C-CTX-1 equivalents in Gambierdiscus cells (pg C-CTX-1 eq. cell−1) based on the
toxin sample cell counts described above. Samples in which the amount of extract required
to cause a 50% loss in viability of O/V-treated N2a cells, and also caused significant loss
in viability in untreated N2a cells, were considered below the limit of detection. Samples
like these, in which there is clear CTX-specific activity, but quantitation criteria are not met,
were considered positive detections of CTX, but their CTX content is described as “trace”.

4.4.3. Sample Screening and Dose Determination

To determine which samples contained sufficient CTX-specific toxicity to be quanti-
tated using the procedure described above, sample extracts were initially screened using
eight sample concentrations along a two-fold dilution series that were assayed in triplicate.
These sample concentrations ranged from 0.0078–1.0% of the total extract, corresponding
to doses of ~0.7–1000 Gambierdiscus cells. The extract dissolution series was prepared
in 100% MeOH, dried under high-purity N2 gas, redissolved in a minimum 100 μL of
assay growth media, and 10 μL was added to assay well. Since a minimum of 100 μL was
required to redissolve dried extracts, but only 10 μL of this could be used as a dose, a
dosing range of 0.008–1.0% required using at least 10% of total sample extract. Due to the
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nature of determining IC50 values from sigmoidal dose-response curves that meet quality
control criteria, full quantitative N2a assays require the highest doses to result in <20%
N2a cell viability and be 8 to 16-fold higher than the IC50 and at least 32-fold higher than
doses that show no CTX-specific toxicity. Thus, samples in which a dosing of 1% of the
total extract (requiring 10% of the extract to be used) demonstrated CTX-specific toxicity,
but failed to cause <20% N2a cell viability, would not contain sufficient sample material
for a quantitative assay result requiring a higher dosage. These low-CTX samples were
considered to be positive detections of CTX, but their CTX content is described was “trace”
rather than a numerical value. Samples for which the maximum dose of 1% sample extract
or subsequent dilutions caused CTX-specific toxicity resulting in <20% N2a viability were
analyzed by full quantitative assays. The dose for these quantitative assays was adjusted
to achieve the maximum concentration at which non-O/V-treated N2a cells maintain >90%
viability and O/V-treated cells have <20% N2a viability and generate a dose response
curve meeting quality criteria. Quantitation was based on the mean sample IC50 values of
six replicate dose response curves (measured in two assay plates, each containing triplicate
dose response curves) that showed less than 15% variation.

4.4.4. Tests of Matrix Effects and Sample Purification

In many samples, the doses that could be used for quantitation were limited by their
level of non CTX-specific toxicity in N2a cells, i.e., the doses required to produce a toxin
response in O/V-treated N2a cells also caused a significant toxic response in untreated
N2a cells. This reflects our use of MeOH extracts that received no purification beyond
partitioning with DCM and thus would contain a variety of cell metabolites, such as free
fatty acids, that could be toxic to N2a cells at high doses. Possible interference of matrix
compounds and additional sample clean-up were tested on four quantifiable samples
representing the range of toxin concentrations across extracts in this study. Analyses of
a dilution series for each of these four samples showed a linear, proportional response
to dilution in quantifiable concentrations and only 7–16% variation in determined CTX
concentration, indicating a lack of matrix effects on measured CTX-specific toxicity. Solid-
phase extraction (SPE) was performed on these samples using silica (Bond Elut Si; 100 mg;
Agilent, Santa Clara, CA, USA). In all four samples, Si SPE purification caused a >40%
reduction in toxicity to both O/V-treated and untreated N2a cells, indicating that CTX
was being removed along with cytotoxic matrix compounds and that SPE clean-up would
greatly affect accuracy of CTX measurement. Hence, further purification was not performed
on any quantified samples to ensure accuracy rather than sensitivity. This decision was
supported by C-CTX-1 spike recovery trials (below). The lowest concentration that could
be quantified with confirmed CTX-specific toxicity was 0.28 ng C-CTX-1 eq. mL−1 (in
extract), which represents the effective limit of quantitation for the samples in this study.

To better determine the limits of detection and possibility of matrix interference
for N2a analyses of natural epiphyte assemblages, a sample containing no detectable
CTX activity (as determined by the screening procedure described above) was spiked
with C-CTX-1 standard at 8 concentrations ranging from 0.01–0.5 ng C-CTX-1 mL−1 (in
extract) and the same range of concentrations were also produced in a dilution series
(i.e., matrix concentration declined with CTX concentration). These tests indicated a
limit of quantitation of 0.08 ng C-CTX-1 mL−1 in unpurified algal extracts and that CTX
quantitation was not affected by dilution of sample matrix. However, this limit is not
directly comparable to the detection limit of non-spiked samples since C-CTX-1 is a major
component of bioaccumulated CTXs in fish, but has not yet been attributed as a major
component in the toxin profiles of Gambierdiscus or Fukoyoa [76].

4.5. Statistical Analyses

Gambierdiscus abundance and toxicity data were tested for normality and homoscedas-
ticity using a Shapiro–Wilk test and a Brown–Forsythe test, respectively. Log-transformed
abundance data was parametric and mean abundance between sites and years were com-
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pared with one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons.
Toxicity data was highly skewed and non-parametric. A Box–Cox test was used to deter-
mine a transformation for toxicity data and all toxicity data was raised to the –2 power and
mean values for sites and years were compared using a Welch’s ANOVA and a Games–
Howell test for multiple comparisons. All univariate statistical analyses were performed in
R. Benthic community composition across sites and years were compared using a cluster
analysis and non-metric multidimensional scaling and their multivariate similarity was
measured with an ANOSIM test, all performed using Primer-E. Multivariate correlations
between benthic community composition or environmental conditions and Gambierdiscus
abundance or toxicity were examined in Primer-E using the BEST routine. All reported
multivariate results had a significance level of 0.1% (p < 0.001). Significance in the PCA
analyses were based on the broken stick criterion of Peres-Neto et al. [77]. Graphs were
created using GraphPad Prism version 9.0.0 for macOS (GraphPad Software, San Diego,
California USA, www.graphpad.com, accessed on 9 June 2021).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13060413/s1. Table S1: Pearson’s correlations for environmental variables and the first
two principal components from a principal components analysis of environmental data collected
in this study. Table S2: Results of an ANOSIM test conducted in Primer-E, comparing macroalgal
composition at Black Point, Coculus Rock, Flat Cay, and Seahorse Shoal in the U.S. Virgin Islands.
Figure S1: A non-metric multidimensional scaling plot and results of ANOSIM test for benthic
macroalgal composition at Black Point, Coculus Rock, Flat Cay, and Seahorse Shoal in the U.S. Virgin
Islands. Figure S2: Examples of N2a assay dose-response curves for purified C-CTX-1 standards and
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Abstract: Ciguatera poisoning is a food intoxication associated with the consumption of fish or
shellfish contaminated, through trophic transfer, with ciguatoxins (CTXs). In this study, we developed
an experimental model to assess the trophic transfer of CTXs from herbivorous parrotfish, Chlorurus
microrhinos, to carnivorous lionfish, Pterois volitans. During a 6-week period, juvenile lionfish were
fed naturally contaminated parrotfish fillets at a daily dose of 0.11 or 0.035 ng CTX3C equiv. g−1,
as measured by the radioligand-receptor binding assay (r-RBA) or neuroblastoma cell-based assay
(CBA-N2a), respectively. During an additional 6-week depuration period, the remaining fish were
fed a CTX-free diet. Using r-RBA, no CTXs were detectable in muscular tissues, whereas CTXs
were measured in the livers of two out of nine fish sampled during exposure, and in four out of
eight fish sampled during depuration. Timepoint pooled liver samples, as analyzed by CBA-N2a,
confirmed the accumulation of CTXs in liver tissues, reaching 0.89 ng CTX3C equiv. g−1 after 41 days
of exposure, followed by slow toxin elimination, with 0.37 ng CTX3C equiv. g−1 measured after the
6-week depuration. These preliminary results, which need to be pursued in adult lionfish, strengthen
our knowledge on CTX transfer and kinetics along the food web.

Keywords: ciguatoxins; experimental exposure; lionfish; trophic transfer; toxin accumulation; ciguat-
era poisoning

Key Contribution: In this study; ciguatoxins (CTXs) were detected in the liver of juvenile lionfish
Pterois volitans fed naturally CTX-contaminated parrotfish Chlorurus microrhinos fillets. CTX remained
in the livers of lionfish 43 days after the last exposure. Toxin levels in the muscular tissues were
below the limits of detection of the receptor binding assay.

1. Introduction

Gambierdiscus spp. are benthic dinoflagellates that may produce lipophilic ciguatoxins
(CTXs), as well as other bioactive compounds, including maitotoxins (MTXs), gambierone,
gambieroxides, gambierol, and gambieric acid [1–6]. Ciguatoxins are considered the
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primary cause of Ciguatera poisoning (CP) in humans, affecting up to 500,000 fish con-
sumers every year, including rare lethal cases [7–10]. Affected people may experience
temporary and/or persistent/recurrent neurological effects resulting from CTXs binding
to voltage-gated sodium channels in excitable tissues [11–15]. Ciguatera symptoms include
the tingling of body extremities and/or cold allodynia and, in more severe cases, cardiovas-
cular and respiratory insufficiency leading to coma and death [12]. Chronic neurological
manifestations may persist for weeks, months, and in severe cases, years after the first
exposure to CTXs [8,16,17]. Symptoms may vary geographically according to the dominant
toxin profile in each region. Gastrointestinal disorders such as nausea, vomiting, abdominal
pain, and diarrhea are predominantly manifested in the Caribbean region, where fish are
contaminated by the so-called Caribbean ciguatoxins (C-CTXs). In contrast, in the Pacific
and Indian Oceans, neurotoxic symptoms may predominate following the consumption
of fish containing P-CTXs and I-CTXs, respectively. Neurotoxic symptoms may include
hallucinations mostly among victims from the Indian Ocean [8].

The effects of CTXs on marine fauna are less documented. In fish, adverse effects from
exposure to CTX have been observed in fresh/brackish water species such as blueheads,
Thalassoma bifasciatum [18], juveniles of Oreochromis sp. [19], larvae and embryos of the
genus Oryzias [20–24], and adult Mugil cephalus [25]. Ciguatoxins found in the brain,
liver, and muscles of stranded Monachus schauinslandi monk seals [26] suggest that marine
mammals may also suffer from CTX exposure, and that these compounds persist within
the complex marine food webs. However, marine species experimentally fed with CTX
(Naso brevirostris [27] and Epinephelus coioides [28]) did not seem sensitive to the effects of
CTX. The fish resistance mechanism to CTX is still unknown.

Following the ingestion of Gambierdiscus cells by herbivorous and omnivorous organ-
isms, CTX-like toxins are biotransformed and transmitted along the trophic food webs to
top-chain carnivores, including fish, such as groupers and snappers, and marine mam-
mals [28–31]. More than 400 species of fish are suspected as potential vectors of CP to
humans [32]. Coral reef fish known to accumulate CTXs include barracuda, grouper, snap-
per, moray eel, parrotfish, trevally, and wrasse [33,34]. In general, higher-level carnivorous
fish exhibit greater toxin concentrations than smaller fish and herbivores [35–37], but this
is not always the case [38–42]. The complex processes and kinetics involving CTX accu-
mulation, elimination, and trophic transfer to carnivores are still poorly understood and
limited to field observations [42] and scarce laboratory studies [28].

Lionfish, Pterois volitans (Scorpaenidae), are carnivorous fish with venom-containing
spines [43]. They are native to the Indo-Pacific region and were mostly likely introduced
through aquarium releases into the Atlantic Ocean, becoming invasive to the Caribbean
Sea and the Gulf of Mexico [44,45]. Due to the absence of natural predators for lion-
fish in reef ecosystems where they have been recently introduced, their use as a fishery
resource has been stimulated to reduce the adverse ecological impacts on reef commu-
nities [46,47]. However, as with many other species, lionfish may accumulate CTXs and
reach toxin concentrations above safety levels for human consumption as recommended
by the U.S. Food and Drug Administration (0.1 ng C-CTX1 equiv. g−1, or 0.01 ng CTX1B
equiv. g−1) [48]. Concentrations of CTXs in lionfish vary geographically, primarily depend-
ing on the local abundance and composition/dominance of Gambierdiscus species. In the
Caribbean Ciguatera-endemic region, for instance, CTX accumulation in lionfish muscles
can be highly frequent (≥40–50%), and reach levels up to 0.3 ng C-CTX1 equiv. g−1 [46,49].
This suggests that P. volitans could become a common vector for CP in that region, where
other top predators (e.g., snapper, barracuda, and grouper) can accumulate even higher
CTX levels, posing a risk to human health [46,49]. Those toxin-equivalent concentrations
must be considered carefully, however, because the venoms produced by lionfish itself can
potentially interfere with the toxicity bioassays commonly used to quantify CTX. To avoid
false-positive results on CTX tests, cooking the fillets of lionfish is recommended before
testing for the presence of ciguatoxin. This procedure denatures the scorpaenitoxins, leav-
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ing only CTX-related toxicity if present [50]. Regardless, at least one case of CP following
the consumption of lionfish has been already confirmed [51].

Considering the ecological relevance of P. volitans associated with its potential threats
as an invasive species and emerging CP vector, this species was selected in the present
study to study the transfer of CTX from a prey to a carnivorous reef fish predator. The
potential effects of CTXs, as well as their transfer, accumulation, and elimination were
investigated during a long-term (12-week) laboratory feeding experiment using naturally
CTX-contaminated steephead parrotfish, Chlorurus microrhinos (formerly Scarus gibbus),
fillets as source of toxins. The presence and concentration of CTXs were evaluated in
liver and muscle tissues of juvenile P. volitans during both toxin uptake and depuration
phases, using distinct analytical methods such as radioligand-receptor binding assay (r-
RBA), neuroblastoma cell-based assay (CBA-N2a), and liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS).

2. Results and Discussion

2.1. Experimental Setting and Fish Behavior

The experimental feeding encompassed a 12-week period, including 6 weeks of
exposure to CTX and 6 weeks of depuration. A gradual decrease in feeding activity
was observed over the course of the experiment in both CTX exposed and control fish,
although the propensity was greater among exposed fish (Figure 1). Increased food rejection
episodes were indeed registered, mainly after the fifth week of experiment, during the
late exposure period. The proportion of non-eating fish was 62% in the group exposed
to CTX and 32% in the control group at late exposure phase (Figure 1). Such changes
in feeding behavior were not observed in previous experiments using herbivorous fish
(Naso brevirostris) or carnivorous groupers (Epinephelus coioides) exposed to diets containing
0.4 ng CTX3C equiv. g−1 over 16 weeks and ~1.0 ng CTXs equiv. g−1 day−1 (mean of
CTX1B, 52-epi-54-deoxyCTX1B, 54-deoxyCTX1B quantifications) over 30 days of exposure,
respectively [27,28]. However, the food rejection episodes observed during the present
experiment did not seem to affect the CTX uptake and accumulation, since toxin levels
were, in fact, detected in fish liver at the final exposure stage due to prolonged feeding
(4–5 weeks) on CTX-containing parrotfish flesh (Table 1).

Figure 1. Proportion of control and CTX-exposed lionfish rejecting the food in relation to the number
of remaining individuals at a given time during both the exposure and depuration periods.
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Table 1. Detection and quantification of ciguatoxins in individual lionfish livers during the experi-
mental exposure and depuration periods by r-RBA analysis.

Periods of
Experiment

Fish
Individual

Days of
Exposure/

Depuration

Fish Total
Weight (g)

Liver Wet Weight
(g)

(% Contribution)

Toxin
Concentration
(ng CTX3C
Equiv. g−1)

1 30 20.3 0.53 (3%) <LOD **
Exposure 2 30 16.9 0.45 (3%) 7.08

3 30 10.0 0.30 (3%) <LOD **
4 30 5.56 0.08 (1.5%) <LOD **
5 41 21.0 0.74 (3.5%) <LOD **
6 41 14.4 0.33 (2%) <LOD **
7 41 17.6 0.39 (2%) 9.43
8 41 14.4 0.40 (3%) <LOD **
9 41 9.08 0.22 (2%) <LOD **

Depuration 10 8 19.4 0.65 (3%) 9.30
11 8 15.0 0.61 (4%) 9.42
12 29 16.7 0.55 (3%) 8.93
13 29 8.72 0.02 (0.2%) <LOD **
14 29 9.81 0.11(1.1%) <LOD **
15 43 21.2 0.34 (2%) 9.77
16 43 10.3 0.18 (2%) <LOD **

** LOD = the limit of detection of the r-RBA was 0.75 ng CTX3C equiv. g−1.

Although laboratory conditions appeared to be optimal and constant throughout the
experiment, unexpected deaths were registered among both control and exposed lionfish
(15 out of 48 individuals in total). Mortality also affected individuals belonging to a separate
batch received after the beginning of the experiment, maintained under similar conditions
in the facility for future experiments. The specimens used in this study may have become
more sensitive and prone to diseases such as bacterial infections when transferred to
a laboratory setting. Consequently, these unexpected fish mortalities led to the loss of
experimental replicates. Despite the reduction of replicates and considering that (i) fish
showed no signs of suffering during the experiment, (ii) CTX-contaminated matrices were
difficult to obtain, and (iii) published information of CTX trophic transfer under controlled
conditions are still very limited, we decided to maintain the experimental protocol. Diet
comparisons (i.e., exposed vs. control group) were thus achieved using randomly sampled
individual fish as replicates.

Increased food rejection episodes may have contributed to the fish deaths observed
during our experiment, although this could not be confirmed. Indiscriminate, sporadic
mortality episodes registered during the experiment seemed unrelated to the exposure
to CTX. Out of the 32 CTX-dosed fish, 11 fish died, mostly on week 7 (after 1 week of
depuration). Similarly, 4 out of 16 control fish died, but in this case, most deaths were
registered on week 12, at the end of the experiment. The cumulative proportion of fish
mortalities in the exposed group (36%) was similar to that of the control (28%).

During the entire experiment, exposed lionfish exhibited no clear signs of acute
intoxication, such as erratic swimming, rapid gill movement, loss of equilibrium, and fin
paralysis, as described in CTX-exposed mullet Mugil cephalus [25]. Likewise, in natural
environments, CTX-contaminated fishes, including lionfish in the Caribbean region [49], as
well as snapper and grouper on Pacific coral reefs [42], have been found to exhibit no signs
of intoxication. Thus, coral reef fish species facing repeated exposure to CTXs in the natural
environment may have developed resistance mechanisms to these compounds, perhaps
binding them to particular soluble proteins in the skeletal muscle [52,53], or storing them
in compartments where they would be biologically unavailable.

190



Toxins 2021, 13, 564

2.2. Toxin Levels in the Food and Fish Dosing

The average CTX content in the naturally contaminated parrotfish (Chlorurus microrhi-
nos) fillet homogenate (toxic food) was estimated as 2.27 ± 0.4 ng CTX3C equiv. g−1

(coefficient of variation, CV = 17.6%) by r-RBA, with no significant difference (p < 0.05)
among the eight subsamples tested. Analysis by CBA-N2a confirmed the presence of
CTXs in the CTX-contaminated food, estimated at a concentration of 0.70 ± 0.02 ng CTX3C
equiv. g−1 (n = 3) with CV of 2.8% (Supplementary Materials, Figure S1). Unfortunately, the
toxin levels in parrotfish flesh were too close to the LOD and LOQ values by LC-MS/MS
(up to 1.5 ng CTX3C equiv. g−1 and 4.7 ng CTX3C equiv. g−1 of flesh, respectively), to allow
unambiguous determination of CTXs using this technique. As expected, the CTX-free food
(control) exhibited no activity by r-RBA analysis in our experimental conditions.

Given the toxin content in the CTX-contaminated food and the daily ration of 0.05 g
food per g of fish, individuals from the CTX-exposed group received a dose equivalent
to 0.11 ng CTX3C equiv. g−1 d−1 according to r-RBA estimations, or 0.035 ng CTX3C
equiv. g−1 d−1 by CBA-N2a quantification. The dose administrated herein can be represen-
tative of an exposure that can eventually occur in the reef environment (i.e., environmentally
relevant dose), as high levels of CTXs (up to 10.7 ng CTX3C equiv. g−1) have been reported
in parrotfish (C. microrhinos) sampled from French Polynesia islands [39].

Considering the average amount of food supplied and the toxin content in the experi-
mental diet, the total toxin ingested per lionfish (initial body weight: 15.8 ± 9.6 g; n = 32)
was estimated by r-RBA as 1.74 ng CTX3C equiv. day−1, totalizing 52.2 ng CTX3C equiv.
and 71.3 ng CTX3C equiv. over 30 and 41 days, respectively, assuming that the fish accept
all food portions offered. Based on the CBA-N2a analysis, each exposed lionfish may have
ingested, on average, a 3.2-fold lower dose.

2.3. Toxin Levels in Fish Tissues

CTX were detectable by r-RBA in the liver of fish, yet not consistently. When quan-
tified by this assay, toxin concentrations in the livers of exposed lionfish reached 9.4 ng
CTX3C equiv. g−1 at day 41 of exposure to CTX-contaminated food. The highest toxin
concentration (9.77 ng CTX3C equiv. g−1) was measured at late depuration phase (Table 1).
As expected, CTX was not detected in the livers of control fish using either r-RBA (LOD:
0.75 ng CTX3C equiv. g−1) or LC-MS/MS (LOD: up to 1.14 CTX3C equiv. g−1 of liver).
In fact, this latter analytical method proved to be the least sensitive one. Unfortunately,
the limited sample volumes remaining from other technique, as well as the relatively low
concentrations of individual CTX compounds present in our samples, together with the
matrix effect, did not allow us to make any further clarification on the toxin profile of CTX-
exposed fish. In French Polynesia, CTX composition of steephead parrotfish C. microrhinos
typically includes CTX3C type compounds (71.1% as CTX3C and its M-seco form) and,
to a lesser extent, CTX4A type (28.8% as CTX4A and its M-seco form) [33,54]. However,
CTX profiles in fish are species-specific and can differ from regional variations [55,56].
The typical toxin profile reported in Gambierdiscus species found in Pacific coral reef is
also mostly composed of the less polar CTXs (48% CTX3C, 34% 49-epiCTX3C and 13%
CTX4A) [33].

Following CTX absorption, toxin metabolization in fish may affect the depuration and
elimination process [37,55]. Of note, as suggested in the present study for lionfish, low CTX
depuration rates were also reported in other carnivorous fishes, including experimentally
exposed orange-spotted grouper (Epinephelus coioides) [28], as well as wild-caught moray
eels Gymnothorax javanicus (Lycodontis javanicus) [57] and red snapper (Lutjanus bohar) [58].
For the latter species, the fish would require up to 30 months to completely eliminate the
acquired toxin load. Moreover, the livers of contaminated orange-spotted groupers showed
faster elimination rates for CTX1B, 52-epi-54-deoxyCTX1B, and 54-deoxyCTX1B, which
are already highly metabolized toxins, compared to other tissues such as skin, gills, and
muscles, indicating different CTX elimination rates among tissues of exposed fish over
30 days [28].
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Pooled liver extracts from control fish caused no cytotoxic effects on N2a cells in
either OV− or OV+ conditions throughout the experiment. Conversely, sigmoidal dose-
response curves with a negative slope were obtained under the OV+ condition for liver
extracts from fish sampled after 30 and 41 days of exposure to toxic food (Figure 2), and
from those sampled after a depuration period of 8, 29, and 43 days (Figure 3). Based
on the CTX-like composite toxicity using the CBA-N2a results, toxin concentrations in
pooled lionfish livers were estimated as 1.36 ng CTX3C equiv. g−1 and 0.89 ng CTX3C
equiv. g−1 after 30 and 41 days of exposure to toxin-containing food (herbivore C. microrhi-
nos parrotfish fillets). Toxin concentration values decreased gradually over the depuration
period, reaching 0.81 ng CTX3C equiv. g−1, 0.52 ng CTX3C equiv. g−1, and 0.37 ng CTX3C
equiv. g−1 in pooled extracts from 8, 29, and 43 days of depuration on non-toxic food,
respectively (Table 2). Considering the decrease in CTX-like cytotoxicity corresponding
to a 0.44 ng CTX3C equiv. g−1 difference between days 8 and 43 of depuration (see
Table 2), it would take an additional 35-day depuration period for lionfish livers to reach
the CBA-N2a LOD of 0.06 ng CTX3C equiv. g−1. The kinetics of CTX elimination in lionfish
liver, however, should be examined with caution, considering: (i) the limited number of
time points for sampling during depuration stage (8, 23, and 43 days after last exposure),
(ii) the use of pooled samples in CBA-N2a due to an insufficient amount of remaining
individual tissues, and (iii) the limited amount of pooled tissues available, which did not
allow for replication of the quantification of CTX in livers by CBA-N2a.

Livers of lionfish belonging to the CTX-exposed group weighed, on average, 0.64 g
(3.4% of the total fish body weight), resulting in a toxin burden of up to 4.53 ng CTX3C
equiv. and 6.04 ng CTX3C equiv. in this organ after 30 and 41 days of exposure, respectively
(based on the r-RBA results). When referring to the CBA-N2a results, the average toxin
burden in pooled livers ranged from 0.87 ng CTX3C equiv. to 1.90 ng CTX3C equiv. after
30 and 41 days of exposure, respectively. This represents a retention of 8.6% (r-RBA) or
6.8% (CBA-N2a) of the ingested toxin burden at the end of the exposure period. Recent
studies have reported that carnivorous grouper (Epinephelus coioides) fish, fed over 30 days,
demonstrated a toxin burden of ~1 ng CTX1B g−1 d−1—a greater toxin dose than that used
in our experiment (0.11 ng CTX3C equiv. g−1 d−1 or 0.035 ng CTX3C equiv. g−1 d−1 from
r-RBA or CBA-N2a analysis)—and accumulated up to 25% of the ingested toxin load in
the livers and 10% in muscles [28]. In contrast, after 16 weeks of dietary exposure to 0.4 ng
CTX3C equiv. g−1 d−1, juvenile Naso brevirostris accumulated ~2% of the exposed CTX3C
amounts in muscular tissue [27].

In the present study, toxin concentrations in the muscles of lionfish belonging to the
dosed group were always below the limit of detection, as determined by r-RBA. The sample
amounts remaining from this first analysis were deemed insufficient for a supplementary
evaluation by CBA-N2a. In natural environments, lionfish muscles were found to contain
relatively high CTX levels (≥0.24 ng C-CTX1 equiv. g−1), indicating the potential of this
species to cause human poisoning events [46,51]. When experimentally exposed to four-
fold higher weight-specific daily doses of CTXs than those administered in our experiment,
the herbivorous coral reef fish Naso brevirostris accumulated up to 3.24 ± 0.59 ng CTX3C
equiv. g−1 in muscular tissues [27]. This value is within the range usually found among nat-
urally contaminated fish in French Polynesia [41]. Moreover, in CTX-exposed N. brevirostris,
the total amount of toxins in muscles increased linearly over 16 weeks of toxin exposure [27].
The muscles of N. brevirostris quickly eliminated the incorporated ciguatoxins, contrary to
what has been observed for mullets (Mugil cephalus) after nine toxic feedings with gel food
containing Gambierdiscus cells [25,27]. Finally, muscular tissues of groupers (Epinephelus
coioides) incorporated the equivalent of 0.34 ng CTX1B g−1 d−1 after 30 days of exposure to
1 ng CTX1B g−1 d−1 [28]. In the Caribbean region, the highest C-CTX1 levels detected in the
muscles of wild-caught fish were 0.24 ng g−1 in grey snapper (Lutjanus griseus), 0.3 ng g−1

C-CTX1 equivalents in lionfish (P. volitans), 0.9 ng g−1 in grouper (Serranidae), 13.8 ng g−1

in black jack (Caranx lugubris), and 49 ng g−1 in barracuda (Sphyraena barracuda) [49,59–61].
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Figure 2. Quantification of CTX in fish liver during the exposure phase of the experiment. Dose-
response curves of N2a cells when exposed to increasing concentrations of fish liver extracts, obtained
from the exposure phase of the experiment, in OV− (open symbols) and OV+ (solid symbols)
conditions; (A) CTX3C (�), (B) non-exposed control fish at day 42 (pool of 3 specimens) (Δ/�),
(C) exposed fish at day 30 (pool of 4 specimens) (�/•), and (D) exposed fish at day 41 (pool of
5 specimens) (�/�). Data represent the mean ± SD of 1 assay, with each point run in triplicate. The
dotted vertical line corresponds to the maximum concentration of liver tissue (MCE) that does not
induce a matrix effect on the assay, which was estimated at 20 mg mL−1 of fish liver extracts.
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Figure 3. Quantification of CTX in fish liver during the depuration phase of the experiment. Dose-
response curves of N2a cells when exposed to increasing concentrations of pooled fish liver extracts,
obtained from the depuration stage of the experiment, in OV− (open symbols) and OV+ (solid
symbols); (A) 8 days of depuration (pool of 3 specimens) (�/•), (B) 29 days of depuration (pool
of three specimens) (�/�), and (C) 43 days of depuration (pool of two specimens) (Δ/�). Data
represent the mean ± SD of one assay, with each point run in triplicate. The dotted vertical line
corresponds to the maximum concentration of liver tissue (MCE) that does not induce the matrix
effect, which was established at 20 mg mL−1 of fish liver extracts.

Despite the loss of replication and the need for a longer period of experimentation,
our results indicate CTX transfer from contaminated prey to carnivorous P. volitans. Toxins
concentrated into lionfish livers, while their transport to the muscles could not be reliably
assessed. In other fish species, CTXs appear to be primarily accumulated in the liver, being
secondarily distributed to the muscles and other tissues as the concentrations increase [28].
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Table 2. Estimation of the EC50 values and the CTX-like concentration of the pooled lionfish liver
samples, as determined by the CBA-N2a analysis of the control (CTX-free food) and during exposure
(CTX-contaminated food) and depuration (CTX-free food) periods of the experiment.

Periods of
Experiment

Days of
Exposure/

Depuration

Pooled
Samples (n)

Fish Liver
Weight Per

Pool (g)

EC50

(mg Equiv.
mL−1)

Toxin Con-
centration
(ng CTX3C
equiv. g−1)

Exposure 30 4 0.47 1.93 1.36
41 5 0.19 2.97 0.89

Control
42 2 0.50 ND * <LOD **
8 1 0.51 ND * <LOD **

Depuration
8 2 0.23 2.49 0.81

29 3 0.13 3.88 0.52
43 2 0.11 5.46 0.37

f* ND = not determined as control samples gave no cytotoxicity at the MCE in both OV conditions. ** LOD = limit
of detection of the CBA-N2a (0.06 ± 0.01 ng CTX3C equiv. g−1).

3. Conclusions

The accumulation of CTX in the livers of juvenile lionfish Pterois volitans became
evident after 5 weeks of feeding toxin-contained parrotfish Chlorurus microrhinos fillets.
The toxin levels in the muscles of lionfish were always below the limits of detection,
as determined by r-RBA, suggesting potential differential tissue distribution over the
experiment. However, this could not be confirmed by a more sensitive method, such as
CBA-N2a due to the insufficient amount of flesh. Lionfish retained detectable toxin levels
in their livers at 43 days after the last exposure, indicating a slow elimination process.
No acute intoxication signs were observed throughout the experiment, suggesting the
resistance of P. volitans to CTXs.

4. Materials and Methods

4.1. Fish Acclimation and Maintenance

Juvenile lionfish, Pterois volitans (Scorpaenidae), originating from Bali, Indonesia, were
acquired from a supplier (Tropic Nguyen, France). The juvenile lionfish were selected
based on maintenance and individual replication needs considering the laboratory set-
ting and aquarium size. Upon reception, the lionfish were acclimated for approximately
2 weeks in a 2000 L open-circuit tank. The thank was filled with flowing 1 μm filtered
seawater at 400 L h−1, 25 ± 0.5 ◦C, pH 8.1 ± 0.1, and a salinity of 39, and maintained
under a 12:12 h (light:dark) cycle and permanent aeration. Fish were fed once a day during
acclimation in amounts higher than needed for maintenance (equivalent to 5% of their
body weight). The food consisted initially of living prey (guppy or seabream). Then, inert
frozen food (Antherina boyeri and krill) was gradually incorporated into the diet before the
final transition to the frozen, CTX-containing parrotfish (Chlorurus microrhinos) fillet.

4.2. Preparation of the Experimental Diets

The toxic material used for the feeding experiments consisted of naturally CTX-
contaminated fillets of the steephead parrotfish Chlorurus microrhinos collected from Moruroa
Atoll (Tuamotu Archipelago, French Polynesia). Parrotfish were selected based on the CTX
levels in their fillets. Then, 7.8 kg (wet weight) of selected fillet were homogenized using an
industrial mixer to obtain a toxic, homogenous fish fillet matrix. Toxicity of the prepared
food was evaluated by means of cytotoxicity using CBA-N2a and binding affinity using
r-RBA composed of 3 × 10 g and 8 × 5 g aliquots of the dried homogenate, respectively.

Different food preparations using Gelly Belly™ (Gel Food, Florida Aqua Farms, Inc.,
Dade City, FL, USA) and frozen food were tested. Gelly Belly™ consists of a gelatin-based
food mixed with microalgae, seaweeds, fish, and krill meal, with added vitamins and
minerals. The most appropriate food presentation for lionfish proved to be homogenized
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cube-shaped frozen fillets. Frozen food dices were individually offered to lionfish using
forceps, which were instantaneously caught and ingested without significant particle loss.

The food provided to the individuals in the control group—and to all remaining
lionfish during the depuration phase—was composed of homogenized fillet of farmed
seabream (Sparus auratus; ~120–140 g total body weight), originated from Turkey and
supplied by Relais d’Or (France). After homogenization, seabream fillets were fashioned
into cubes, placed in plastic bags, and kept at −18 ◦C until being offered to the carnivorous
fish as frozen cubes. A sample of seabream fillets was collected and further tested for
CTX presence.

4.3. Experimental Design

After acclimation, P. volitans individuals (n = 48; 5.05–34.0 g initial wet weight) were
distributed among seven aquaria, allocating six fish per tank, except in two tanks where ten
and eight fish were placed due to the smaller size of some individuals (~5 g) (Figure 4). This
step aimed at obtaining similar fish sizes and total living biomass (15.2 g ± 9.52, mean ± SE)
across the experimental tanks. Tanks were randomly assigned to either toxin-containing
(5 tanks) or control diet (2 tanks), each containing 100 L of filtered seawater maintained
under constant aeration and flow (100 L h−1), at the same conditions of temperature,
salinity, and pH used during the acclimation phase. To reduce animal stress, three tubes
of 10 cm × 20 cm (D × L), assembled as a pyramidal structure, were placed inside the
aquaria to provide shelter for the fish (Figure 4). Finally, the aquarium walls were covered
with opaque plastic coating to limit potential stress caused by the human presence in
the laboratory. Standards of animal welfare were rigorously maintained throughout the
experiment. All procedures were carefully conducted to minimize handling and reduce
physiological stress.

Figure 4. Design of the experiment, with 5 tanks initially containing 6 or 8 fish (n) assigned to the
CTX-exposed treatment (T) and 2 tanks for control (C) containing 6 fish and 10 fish (n). The image
represents a picture of the juvenile lionfish (Pterois volitans) individuals and their shelters made of
dark tubes in one of the experimental tanks.

After 6 weeks of exposure to either the toxin-containing or control diet, fish entered
the depuration stage, during which they received non-contaminated frozen food (homog-
enized seabream fillets) for an additional 6-week period. Fish feedings were carefully
conducted throughout the experiment, assuring quick capture (usually <5 min) and no
significant particle rejection. Some individuals in the control group were maintained over
the entire duration of the experiment (12 weeks) and served as reference for possible visual
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behavior alterations and/or intoxication symptoms relative to dosed fish. The behavioral
pattern was observed daily in all tanks during the feeding period throughout the 12-week
experiment. During the exposure and depuration phases, the number of deaths was com-
puted in relation to the total number of fishes at the beginning of the experiment, while the
percentage of fish rejecting the toxic food considered the average number of individuals
remaining in each experimental condition.

Feeding Experiment

During the experiment, all lionfish individuals were fed in a constant proportion to
4–5% of their body weight per day, as recommended for juvenile fish. The amount of food
supplied was adjusted weekly based on the average fish weight for each tank. The lionfish
were individually fed, always in the afternoon (2:00 p.m.), 5 days a week. Individuals were
observed over 30 min to assure complete food ingestion after every feeding procedure. At
the end of this time interval, any rejected food was removed from the tank during the daily
cleaning procedure. Lionfish usually consumed the entire portion of toxic food offered in
less than 15 min. In addition, the tanks were connected to an open system under a constant
seawater flow. Thus, any residual toxin eventually released from the food—or excreted
by the fish—was quickly eliminated from the tanks. Therefore, the source of CTX to the
exposed fish was considered limited to the food pathway.

After 30 days of exposure, four CTX-exposed and three control lionfish were randomly
collected from the control tanks. Likewise, between two and five individuals from the
exposed group were sampled each time, at the end of the exposure period (41 days) and
after 8, 29, and 43 days of the following depuration stage. Finally, three additional control
individuals were collected after 8, 29, and 43 days of the depuration stage (Table 3). Fish
euthanasia was achieved using an overdose of eugenol, and the death was confirmed by
the absence of respiratory movements [62]. Lionfish were dissected immediately following
death to ensure the integrity of collected tissues. For toxin analysis, muscle and liver
samples were individually weighed (wet weight) and stored in plastic tubes at −18 ◦C.

Table 3. Number of CTX-exposed juvenile Pterois volitans individuals (n) sampled after a given
exposure or depuration period. In addition, fish fed non-toxic food (control) were sacrificed after
30 days of exposure and after 8, 29, and 43 days of depuration period (3 individuals at each time).

Periods of
Experiment

Cumulative
Number

of Experimental
Weeks

Days of Exposure/
Depuration

Cumulative
Number of Feeding

Episodes
Toxic/Control Food

n

Exposure 5 30 days of exposure 22/0 4
6 41 days of exposure 29/0 5

Depuration
7 8 days of depuration 29/6 3
10 29 days of depuration 29/20 3
12 43 days of depuration 29/30 2

4.4. Toxin Determination in Food and Exposed Fish
4.4.1. Sample Extraction

The extraction of CTXs from the muscle and liver samples followed the procedures
described in previous studies [27,63,64]. Briefly, each tissue sample from individual lionfish
was extracted as a whole when the tissues weighed <4 g, or partially, in 4 g aliquots after
homogenization with T-25 digital Ultra Turrax (IKA Works, Staufen, Germany). Tissue
samples were then cooked in Falcon tubes in a water bath at 70 ◦C for 15 min, homogenized
in acetone (3 mL g−1 tissue) using a sonication probe (Branson digital probe cell breaker)
for 2 min at 30% duty, and centrifuged for 3 min at 1400× g. The supernatant was recovered
from the tubes, and the tissue pellet was homogenized twice again in acetone, as previously
described. After three successive extraction steps, the supernatant fractions were combined
and evaporated under nitrogen gas flow (Turbovap) in a water bath at 60 ◦C. Dried
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extracts were resuspended in 5 mL of aqueous methanol (MeOH/H2O 90:10), and the
lipids were removed by solvent–solvent separation (three times) after the addition of an
equal volume of n-hexane. The 1:1 solvent–solvent fraction was separated (3×) into an
aqueous phase (MeOH/H2O 60:40) and dichloromethane (DCM). Finally, the organic phase
(DCM), containing the CTXs, was evaporated with nitrogen, resuspended in pure MeOH
to 10 g tissue equivalent (TE) mL−1, and stored at −18 ◦C until further analysis. Frozen
homogenized fillet cubes of parrotfish Chlorurus microrhinos (toxic food) and seabream
(control food) were extracted following the same procedure described for lionfish tissues,
adjusting the sonication time to 20 min to ensure complete fish cell lysis.

4.4.2. Toxin Analysis
Radioligand-Receptor Binding Assay (r-RBA)

The presence and quantification of CTXs in parrotfish (C. microrhinos) fillet homogenates
(toxic food) and in selected extracts of fish muscle and liver were first determined using the
r-RBA [65]. This detection method is based on the binding competition between CTXs from
the sample and a radiolabeled brevetoxin (tritiated PbTx-3) for their common receptor—
on the voltage gated sodium channel (Nav)—using a porcine brain homogenate (Sigma
Aldrich, St. Louis, MO, USA) membrane preparation [11,65].

The assay was performed on a microplate according to the method reported by the
authors of [63], modified according to previous studies [27,64,65]. First, 35 μL of phosphate-
buffered saline (PBS-Tween®) with bovine serum albumin (BSA) (1 g L−1) was added to
each well of a 96-well filtration microplate (MultiScreen HTS FB Filter Plate MSFBN6B50,
Millipore) to moisturize the membrane filter. Subsequently, 35 μL of either the standard
CTX3C provided in dried form by Wako-Pure Chemicals, Osaka, Japan (2.85 × 10−9 to
1.92 × 10−12 M), a solution of PbTx-3 (Latoxan, Rosam, France) (1.8 × 10−8 M) used as an
internal assay Quality Control (QC) (3 × 10−9 M in assay), or the diluted samples were
added to each corresponding well, after vortex-mixing and sonication. Likewise, only one
concentration of fish sample was tested, i.e., 0.6 g tissue equiv. mL−1 for the parrotfish
toxic food, and 0.6 g tissue equiv. mL−1 and 0.12 g tissue equiv. mL−1 for lionfish muscle
and liver, respectively. Each sample was tested in duplicate wells in one experiment. Then,
35 μL of the working solution of [3H] PbTx-3 (1 nM assay concentration) and 195 μL of the
diluted brain membrane homogenate (0.8 mg protein mL−1) were sequentially added to all
wells. After incubation for 1 h at 4 ◦C, each well was washed (3×) with 200 μL of ice-cold
phosphate-buffered saline solution (PBST) and filtered using a MultiScreen HTS vacuum
collector system (Milipore, Billerica, Massachusetts, USA) to remove the excess radiotracer
[3H] PbTx-3. Only the membrane receptor-bound toxin molecules were retained in the
filter at this stage. After filtration, the microplate was placed on a counting cassette (Perkin-
Elmer rigid 96 plate 14105), with 50 μL of liquid scintillant (Optiphase, Perkin-Elmer, USA)
per well. Finally, the plate was incubated in the dark at room temperature for 2 h prior to
quantification of the radioactivity in a beta-microplate counter (MicroBeta2, Perkin-Elmer,
Waltham, MA, USA).

Liquid Chromatography Coupled with Tandem Mass Spectrometry (LC-MS/MS)

Analysis by LC-MS/MS was performed on liver samples of lionfish and in CTX-
contaminated parrotfish Chlorurus microrhinos homogenates to confirm the presence of CTXs
in the extracts. Aliquots of the extracts remaining from the r-RBA analysis
(10–100 μL) were dried off with nitrogen gas and resuspended with the following volume
of 90% aqueous MeOH: 200 μL for lionfish liver samples and 500 μL for parrotfish ho-
mogenate, yielding a final concentration of 0.5–2.6 g liver equiv. mL−1 and 0.4–1.1 g flesh
equiv. mL−1, respectively. Different dilutions reflected the amount of matrix available in
each case. Toxin determination was performed on a UHPLC system (UFLC Nexera, SHI-
MADZU, Japan) coupled to a hybrid triple quadrupole-linear ion-trap API4000 Qtrap mass
spectrometer (ABSciex®, Framingham, MA, USA), equipped with a TurboV® electrospray
ionization source.
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Eluents consisted of deionized water (A) and 95% acetonitrile (B), both containing
2 mM ammonium formate and 50 mM formic acid. The following linear elution gradient
was run at 0.4 mL min−1 through a Zorbax Eclipse Plus C18 column (50 × 2.1 mm,
1.8 μm, 95 Å; Agilent Technologies, Santa Clara, CA, USA), maintained at 40 ◦C: 78 to 88%
B in 10 min, held at 88% B for 4 min, decreased back to 78% in 1 min, and held during
5 min to equilibrate. Samples were kept at 4 ◦C during the analysis, and 5 μL aliquots were
injected into the system. Scheduled MRM scanning (90 s detection window; 2 s target scan
time) was applied in positive electron spray ionization (ESI+) mode, using the following
optimized parameters: curtain gas at 25 psi; ion spray at 5500 V; turbo gas temperature
at 300 ◦C; gas 1 and 2 at 40 and 60 psi, respectively; declustering potential at 105 V; and
entrance potential at 10 V. A list of MRM transitions (m/z) scanned in ESI+ for the detection
of CTX-like compounds is given in Table 4, along with the respective collision energy (CE)
and targeted retention time values. Instrument control, data processing, and analysis were
conducted using Analyst software 1.6.2 (SCIEX, CA, USA). Due to the lack of standards,
calibration curves of CTX3C (Wako, Japan) were applied to calculate the concentration of
every compound detected, assuming an equivalent molar response for the other analogs.

Table 4. List of MRM transitions (m/z) used in ESI+ to detect CTXs by LC-MS/MS.

Compound
MRM Transitions (m/z) Precursor

Ion
Species

Targeted
Time (min)

CE (eV)Precursor
Ion (Q1)

Product Ion
(Q3)

CTX3C or CTX3B
1040.6 1005.6 [M + NH4]+

11.2
30

1023.6 1005.6 [M + H]+ 20
1023.6 125.1 50

M-seco-CTX3C
1041.6 1023.6 [M + H]+

4.7
20

1041.6 1005.6 30
1041.6 125.1 50

2-hydroxyCTX3C
1058.6 1005.6 [M + NH4]+

5.0
30

1058.6 1023.6 20
1058.6 125.1 50

51-hydroxyCTX3C
1056.6 1021.6 [M + NH4]+

6.3
30

1039.6 1021.6 [M + H]+ 20
1039.6 1003.6 20

CTX4A or CTX4B
1078.6 1043.6 [M + NH4]+

12.8
30

1061.6 1043.6 [M + H]+ 20
1061.6 125.1 50

54-deoxyCTX1B or
52-epi-54-

deoxyCTX1B

1112.6 1077.6 [M + NH4]+

6.8
20

1112.6 1059.6 30
1112.6 95.1 90

CTX1B
1128.6 1093.6 [M + NH4]+

3.2
20

1128.6 1075.6 30
1128.6 95.1 90

C-CTX1 or C-CTX2
1141.4 1123.4 [M + H]+

4.4
30

1123.4 1105.6 [M +
H–H2O]+ 30

1123.4 1087.6 30

2,3-dihydro-2,3-
dihydroxyCTX3C

1074.6 1039.6 [M + NH4]+

6.0
30

1057.6 1039.6 [M + H]+ 20
1057.6 125.1 50

CTX3C analog 1
1040.6 1005.6 [M + NH4]+

10.0
30

1023.6 1005.6 [M + H]+ 20
1023.5 125.1 50

CTX3C analog 2
1040.6 1005.6 [M + NH4]+ 8.5 30
1023.6 1005.6 [M + H]+ 20
1023.5 125.1 50

CTX3C analog 3
1040.6 1005.6 [M + NH4]+ 7.5 30
1023.6 1005.6 [M + H]+ 20
1023.5 125.1 50
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Cell Based Assay on Neuroblastoma (CBA-N2a)

The neuroblastoma (N2a) CCL 131 cell line (ATCC) was used in this study, and the
CBA-N2a was performed following the protocol described by the authors of [66]. Briefly,
the 60 inner wells of several 96-well microplates were seeded with 200 μL of a 5% FBS
culture medium at an initial cell density of 50,000 ± 10,000 cells well−1 (exponential growth
phase) and left to grow for 26 h in an incubator at 37 ◦C and 5% CO2. Among the several
microplates run in parallel, one microplate served as the Reference Cell Viability (RCV)
control to establish the initial cell viability of N2a cells using an MTT assay [66]. For each
microplate, the mean absorbance of DMSO control (12 outer wells filled with DMSO only)
was subtracted from each raw absorbance value (60 inner wells containing N2a cells), and
all viability data were expressed in net absorbance data.

The remaining microplates were treated as follows. The growth medium was renewed
by the addition of 200 μL of 2% FBS culture medium with 90 μM of ouabain (O) and 9 μM
of veratridine (V) for non-destructive treatment in the OV+ condition (bottom half of the
microplate). In the OV− condition, the growth medium was renewed by the addition of
200 μL of 2% FBS culture medium (upper half of the microplate). Appropriate controls in
both OV conditions, namely COV− and COV+, were established by adding 10 μL of 2%
FBS culture medium to verify the final cell viability and the non-cytotoxicity of the OV
treatment, respectively, in the absence of CTXs. The implementation of additional quality
check controls (QC) to both OV- and OV+ conditions, namely QCOV− and QCOV+, was
also undertaken to check for the specific effect of voltage gated sodium channel (VGSC)
activators. Basically, 10 μL of PbTx3 (Latoxan, France) at 0.1 μg mL−1 were added in
triplicate wells in both OV conditions to reach a final concentration of 4760 pg PbTx3 mL−1

in the wells. As CTX3C was tested in parallel with the fish samples, eight-point 1:2 serial
dilutions of the CTX3C standard (Institut Louis Malardé) and sample stock solutions were
prepared (100 μL per concentration) using a U-bottom 96-well microtiter. Then, 10 μL of
CTX3C concentrations were directly added in triplicate wells under the non-destructive
OV+ condition (85.7/8.57 μM final concentrations) and not under OV- condition, since
no cytotoxicity occurs in the absence of the O/V treatment [66]. The final concentrations
of CTX3C tested ranged from 0.15 to 19.05 pg mL−1. The three parrotfish (toxic food)
aliquots were tested with final concentrations ranging from 74 to 9524 ng mL−1 of dry
extract (corresponding to 0.23–29.76 mg flesh equiv. mL−1). Each concentration was
tested in triplicate wells in both OV conditions, in three independent microplates run the
same day.

Liver extracts were further analyzed by CBA-N2a. To this end, all liver extracts
prepared from individual fish collected from a single tank at the same sampling interval
(days 30, 41 of the exposure phase and days 8, 29, and 43 of the depuration phase). Pooled
samples ranged from 0.11–0.51 g fresh weight equivalent of fish liver. These samples were
resuspended in a solution of 5 μL MeOH, 15 μL dimethyl sulfoxide (DMSO), and 2% fetal
bovine serum (FBS) RPMI medium, providing concentrations of sample stock solutions
ranging from 0.442 g fresh liver equiv. mL−1 to 1.567 g fresh liver equiv. mL−1, with no
more than 10% of solvent used during the serially two-fold dilution procedure. As dry
extract weights were not available for lionfish livers, fresh fish liver equivalents could only
be considered to estimate the concentration ranges tested. Pools of lionfish liver from the
exposure experiment were tested together in one CBA-N2a experiment. In the same way,
pooled liver from the depuration phase were also tested together in another CBA-N2a
experiment. For each CBA-N2a experiment, CTX3C was tested in parallel with the lionfish
liver samples, each concentration tested in triplicate wells in both OV conditions. Full
dose-response curves were used for accurate CTX quantification. These two CBA-N2a
experiments could not be repeated due to the very small amount of extract available. In
all microplates, peripheral wells received 200 μL of sterile distilled water, and microplates
were left to incubate overnight for about 19 h prior to the determination of the final cell
viability using the MTT assay with an incubation time of 45 min.

200



Toxins 2021, 13, 564

4.5. Data Analysis
4.5.1. r-RBA

The r-RBA result of each extract was determined after the assay performance was con-
firmed by the Quality Control (QC), together with the additional parameters of the CTX3C
standard curve (Supplementary Materials, Figure S2), such as the effective concentration
inducing a 50% values effect (EC50), and the slope of the linear portion of the standard
curve. Sample CTX quantification was only completed when the CPM measurement of
a sample dilution fell on the linear part of the CTX3C standard curve and the relative
standard deviation (rSD) of the triplicate CPM values was verified to be less than 30%. The
Hill equation was used to convert CPM values into CTX concentrations.

Data analysis was performed in GraphPad Prism version 6.0 (San Diego, CA, USA),
allowing the determination of the parameters of each CTX3C competition sigmoidal curve
(using 4 parameters). The detection limit (LOD) and the limit of quantification (LOQ)
of the CTX-like composite in fish muscle and liver samples were determined based on
the relative standard deviation (rSD) of the top plateau (Bmax) of the dose-response
curve according the method described by the authors of [64], following the equations:
LOD = Bmax–3 * rSD; and LOQ = Bmax–10 * rSD. The values of LOD and LOQ were
not estimated in this study. However, previous publications have reported LOQ values
corresponding to 0.32 ng CTX3C equiv. g−1 [27] and 1.5 ng CTX3C equiv. g−1 [36] and
LOD values of 0.75 ng CTX3C equiv. g−1 [64].

4.5.2. LC-MS/MS

A calibration curve was calculated from the successive dilutions of a CTX3C standard
solution (Wako, Tokyo, Japan) in MeOH at concentrations ranging from 12.5 ng mL−1 to
200 ng mL−1. The limit of detection (LOD) and limit of quantification (LOQ) were calcu-
lated statistically based on the following formulae: LOD = 3.3 * std/S; and LOQ = 10 * std/S,
where “std” is the standard deviation and “S” the slope of the calibration curve composed
of successive dilutions of the CTX3C reference material. The calculated values for LOD
and LOQ corresponded to 0.57 ng CTX3C mL−1 and 1.74 ng CTX3C mL−1, respectively.
This was equivalent, respectively, to 0.22–1.14 ng CTX3C mL−1, and 0.67–3.48 ng CTX3C
g−1 of lionfish liver, and to 0.54–1.54 and 1.64–4.71 ng CTX3C g−1 of parrotfish Chlorurus
microrhinos flesh.

4.5.3. CBA-N2a

Net absorbance data were used to establish the full sigmoidal dose-response curves for
CTX3C, lionfish liver extracts, and parrotfish Chlorurus microrhinos toxic food. The CTX3C
and fish samples were tested in parallel in the same assay. The maximum concentration of
the liver tissue (MCE) that did not induce unspecific mortality on N2a cells was determined
in OV− and OV+ conditions using the fish control sample from the exposure phase of the
experiment. This concentration was further used to establish the concentration range of
the fish liver samples to use for the assay in the depuration experiment. The maximum
concentration of dry extract (MCE) was defined as 20 mg mL−1 from the fish liver control
at 42 days. The limit of detection (LOD) and the limit of quantification (LOQ) of the
CTX-like toxicity in the fish liver samples, expressed in ng CTX3C equiv. g−1 of fish liver,
were determined according to the following equations: LOD = (EC80/MCE) and LOQ =
(EC50/MCE), where EC80 and EC50 are the values obtained for CTX3C toxin standard, and
were determined at 0.06 ± 0.01 and 0.12 ± 0.02 ng CTX3C equiv. g−1, respectively. The
composite cytotoxicity in the fish liver samples, expressed in ng CTX3C equiv. g−1 of fish
liver, was then estimated based on the (EC50 of CTX3C/EC50 of fish liver) equation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13080564/s1, Figure S1: Dose-response curves of N2a cells when exposed to increas-
ing concentrations of parrotfish flesh extracts (toxic food) in OV− (open symbols) and OV+ (solid
symbols) conditions at 85.7/8.75 μM (final concentrations). Data represent the mean ± SD of each
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aliquot tested, with each point run in triplicate. Absorbance values were measured at 570 nm via
the MTT assay, after a 45 min MTT incubation time. The initial cell viability was 1.054 ± 0.020 in
the RCV control. The mean final cell viability was 0.927 ± 0.023 in the absence of O/V treatment
(COV−), and 1.031 ± 0.029 in the presence of non-destructive O/V treatment (COV+), respectively.
The dotted vertical line corresponds to the MCE established at 10,000 mg mL−1 of fish flesh extracts,
avoiding non-specific cy-totoxicity in both conditions of OV treatments. The LOD and LOQ values
in fish flesh were 0.03 ± 0.01 and 0.06 ± 0.02 ng CTX3C equiv. g−1 [66], Figure S2. The sigmoidal
dose-response curve of r-RBA was used to quantify the concentration of the CTX in the fish liver and
muscle during the experiment (GraphPad Software, Inc., La Jolla, CA, USA).
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Abstract: The Selvagens Islands, which are a marine protected area located at the southernmost point
of the Portuguese maritime zone, have been associated with fish harboring ciguatoxins (CTX) and
linked to ciguatera fish poisonings. This study reports the results of a field sampling campaign carried
out in September 2018 in these remote and rarely surveyed islands. Fifty-six fish specimens from
different trophic levels were caught for CTX-like toxicity determination by cell-based assay (CBA)
and toxin content analysis by liquid chromatography with tandem mass spectrometry (LC-MS/MS).
Notably, high toxicity levels were found in fish with an intermediate position in the food web, such as
zebra seabream (Diplodus cervinus) and barred hogfish (Bodianus scrofa), reaching levels up to 0.75 μg
CTX1B equivalent kg−1. The LC-MS/MS analysis confirmed that C-CTX1 was the main toxin, but
discrepancies between CBA and LC-MS/MS in D. cervinus and top predator species, such as the
yellowmouth barracuda (Sphyraena viridis) and amberjacks (Seriola spp.), suggest the presence of fish
metabolic products, which need to be further elucidated. This study confirms that fish from coastal
food webs of the Selvagens Islands represent a high risk of ciguatera, raising important issues for
fisheries and environmental management of the Selvagens Islands.

Keywords: ciguatoxins; Selvagens Islands; seafood safety; Gambierdiscus; ciguatera

Key Contribution: This article reports the first comprehensive evaluation of CTX in fish (n = 56)
from the Selvagens Islands (Madeira, Portugal).

1. Introduction

Ciguatera poisoning (CP) is one of the most common nonbacterial illnesses associated
with fish and other seafood consumption worldwide. The illness has been known since the
16th century when ciguateric-like poisonings affected classic sea explorers, such as captains
of the Spanish navy in the Gulf of Guinea in 1521 or the crew of captain James Cook in his
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second voyage to the South Pacific in 1772–1775 [1,2]. CP is widespread in the tropical and
subtropical regions and particularly associated with the consumption of reef fish species
that have bioaccumulated ciguatoxins (CTXs). These compounds are potent neurotoxins
that act at the voltage-gated sodium channels (VGSC) increasing ion permeability and cell
disruption leading to persistent neurological impairment [3]. The neurological symptoms
include paraesthesia, dysesthesia, vertigo, and sensory abnormalities such as metallic
taste, pruritus, arthralgia, myalgia, dental pain, and cold allodynia, a pathognomonic
CP symptom that is characterized by burning pain in response to a cold stimulus [4–6].
Additionally, a variety of gastrointestinal symptoms including abdominal pain, nausea
and vomiting, and cardiovascular symptoms, such as heart rhythm disturbances, may also
affect poisoned patients. Some symptoms may become chronic and in extreme cases of
severity CP may cause the death of patients [7].

The source of CTXs was linked to benthic dinoflagellates of the genus Gambierdiscus
in the late 1970s [8,9]. Gambierdiscus toxicus was the first species described in the genus
and, for a certain period, the only species known of this genus. Although the Gambierdiscus
genus remains largely understudied, so far, at least 21 species have been described. Gam-
bierdiscus and Fukuyoa are epibenthic dinoflagellates, which can be ingested by herbivorous
fish. Some CTXs are produced by these dinoflagellates, but toxin congeners are products
of fish metabolism. Gambierdiscus and Fukuyoa dinoflagellates are endemic to tropical and
subtropical regions which are coincident with the world’s highest incidence areas of ciguat-
era, namely the South Pacific, the Indian Ocean, and the Caribbean Sea [10]. Nevertheless,
increasing occurrence and spread of Gambierdiscus to temperate regions has been reported
and seems to be favored by the climate warming trends [11,12]. Coincident with CP out-
breaks, Gambierdiscus have been detected in NE Atlantic subtropical-temperate regions,
such as the Canary and Madeira Islands, and even in the Mediterranean Sea [13–17].

The first human poisonings in Europe due to the consumption of autochthonous fish
occurred in 2004, in the Canary Islands, Spain [18]. Since then, several outbreaks have been
reported in the Canary Islands and also in the nearby Portuguese islands, i.e., Madeira and
Selvagens [19]. The first reported outbreak in Portugal dates from 2008 when 11 persons
reported CP symptoms after consuming a 30 kg amberjack (Seriola sp) caught around the
Selvagens Islands [20,21]. The symptoms reported by the crew members matched with
symptoms previously reported by nature wardens of the natural park of the Selvagens
Islands. CP was retrospectively diagnosed in the six wardens who had consumed fish
caught locally [20]. In the following year, CP symptoms were observed in 20–30 people
that ingested amberjack purchased in the Canary Islands but caught in the Selvagens
Islands [22].

The Selvagens Islands are at the southernmost point of the Portuguese maritime area,
located in the temperate-subtropical northeast Atlantic, closer to the Spanish Tenerife Island
than to the Madeira Island, and 600 km from the African continental coast of Morocco
(Figure 1). These small islands have a high fish species diversity and abundance, including
important commercial species [23,24]. The total fish biomass has been estimated to be
3.2 times higher in the Selvagens Islands than in the Madeira habitat, and 10 times higher,
when only top predators’ biomass were considered [24]. The Selvagens Islands are a unique
ecosystem, considered to be one of the last remaining intact ecosystems of the eastern
Atlantic Ocean [25].

Despite several human poisonings associated with fish caught in waters surrounding
the Selvagens Islands, only a limited number of studies have tried to assess and investigate
the presence of CTX in fish from this potential ciguateric hotspot. Following the first human
poisoning, in 2008, Otero and colleagues [21] analyzed by liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) two amberjacks (S. dumerili and S. fasciata)
caught in the Selvagens Islands and described a suite of toxins composed of several CTX,
including CTX1B, CTX3C, and C-CTX1. At the same time, Boada et al. [22] reported the
presence of C-CTX1 in amberjack specimens associated with human poisonings in Tenerife
but that had been caught in the Selvagens Islands. A retrospective analysis carried out by
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state-of-the-art LC-MS/MS instruments to these specimens confirmed that C-CTX1 was
the main toxin analogue but also suggested the presence of several metabolites of this
compound [26]. More recently, LC-MS/MS analyses have been performed to assess CTX in
fish opportunistically obtained from the Selvagens and Madeira Islands [27]. The results
suggested a higher risk of ciguatera for fish caught in the Selvagens Islands and raised the
need to better understand the natural contamination of CTX in the coastal food web of this
marine protected area. Therefore, a campaign was carried out, in September 2018, on these
remote and rarely surveyed islands to collect fish specimens that were representative of
several trophic levels to assess CTX-like toxicity by cell-based assay (CBA) and to identify
the CTXs by LC-MS/MS.

 

Figure 1. Location of the Selvagens Islands, NE Atlantic, Madeira, Portugal.

2. Results

2.1. Fish Toxicity by CBA

CTX-like toxicity was not detected in specimens at the lowest trophic level, represen-
tative of primary consumers of the marine food web, namely Bermuda sea chub Kyphosus
sectatrix and scribbled leatherjacket filefish Aluterus scriptus. However, toxicity was par-
ticularly found in fish species with an intermediate position in the food web, such as the
parrotfish Sparisoma cretense, zebra seabream Diplodus cervinus, and barred hogfish Bodianus
scrofa (Figure 2). From the 14 parrotfish S. cretense caught, CTX-like activity was detected
in eight specimens ranging from 0.006 to 0.04 μg CTX1B equivalent kg−1. The single
specimen of zebra seabream D. cervinus caught during the field campaign, revealed the
second highest level determined, reaching 0.37 μg CTX1B equivalent kg−1, highlighting
this trophic level of key importance to the CTX dynamics in the Selvagens marine envi-
ronment. This finding is further supported by the high levels of CTX toxicity found in the
17 barred hogfish B. scrofa collected, which varied from 0.04 to 0.75 μg CTX1B equivalent
kg−1. Although consistently found in each B. scrofa analyzed, CTX-like toxicity was not
easily correlated with their size or weight (p > 0.05).
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Figure 2. CTX-like toxicity (μg CTX1B equivalent kg−1) determined by CBA in fish species collected
from the marine food web of the Selvagens Islands during 5–7 September 2018 (median, 25 and
75 quartiles, minimum and maximum, total n = 55). See Materials and Methods section for details
on samples.

With a higher position in the food web, grey triggerfish Balistes capriscus showed a
reduced CTX-like activity in CBA, but toxicity in blacktail comber Serranus atricauda was
consistently determined in each sample, ranging from 0.006 to 0.02 μg CTX1B equivalent
kg−1. Highly variable results were observed among the apex predators, the yellowmouth
barracuda Sphyraena viridensis, and the amberjacks Seriola spp, ranging from not detected
to considerably high levels (0.22 and 0.10 μg CTX1B equivalent kg−1 for S. viridensis and
Seriola rivoliana, respectively).

2.2. Toxins Identification and Quantification by LC-MS/MS

With the aim of confirming previous results and characterizing the profile of CTX in
fish from the Selvagens Islands, selected samples were analyzed by LC-MS/MS taking
into consideration the CTX-like activity measured with the CBA and species trophic level.
The presence of Caribbean-CTX1 was identified in the analyzed samples with the highest
concentration. The highest level, reaching 0.48 μg kg−1, was determined in a 3.0 kg barred
hogfish B. scrofa specimen (Table 1). Quantification was performed, following the first
detection method described in Section 4.3.3, which was based on the selection of the CTXs
[M+Na]+ as precursor and product ion. On the one hand, C-CTX1 was consistently detected
in all specimens of this species. On the other hand, C-CTX1 or any other CTX analogue
was not found in any sample of Seriola spp. by LC-MS/MS under the applied conditions.
C-CTX1 was also not found in D. cervinus and only one of the two barracuda specimens
analyzed showed the presence of this toxin and at low levels.

A C-CTX1 methylated congener and additional C-CTX congeners previously detected
in a sample of Seriola fasciata from the same region and related to a CP case were also
monitored by LC-MS/MS [28,29]. The presence of these C-CTX congeners was assessed by
monitoring water losses and C-CTX1 specific fragments m/z 191.1 and m/z 108.9 (Figure 3A).
C-CTX1 and a compound at a retention time 4.94 min showing C-CTX1 water losses
but not C-CTX1 specific fragments were detected in some B. scrofa samples (Figure 3B).
Furthermore, a compound matching C-CTX-1157 was detected at a retention time of 7.64
min in the D. cervinus in which C-CTX1 was absent (Figure 3C). This compound was
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detected in one of the fractions obtained after HPLC fractionation, which showed CTX-like
activity as indicated in a previous study [29]. Further work is needed to characterize all
these congeners, being necessary to obtain the adequate reference materials to be able to
accomplish their full characterization.

Table 1. Concentration of Caribbean Ciguatoxin-1 (C-CTX1) determined by LC-MS/MS in selected
fish species caught in the Selvagens Islands (NE Atlantic, Portugal) in September 2018.

Species n C-CTX1 (μg kg−1)

Bodianus scrofa 10 0.08–0.48
Balistes capriscus 2 <LOQ–0.09
Diplodus cervinus 1 <LOQ

Seriola spp. 5 <LOQ
Sphyraena viridensis 2 <LOQ–0.14

LOQ, limit of quantification (0.015 μg kg−1).

 

Figure 3. LC-MS/MS chromatogram in MRM mode of: (A) Laboratory reference material containing C-CTX1 (8.79 min)
and C-CTX1-Me (10.84 min), (A.1) Zoom of C-CTX1 less intense ion transitions: m/z 1123.6 [M+H-H2O]+ -> m/z 1069.6
[M+H-3H2O]+ (purple line), m/z 1123.6 [M+H-H2O]+ -> m/z 191.1 (blue line), m/z 1123.6 [M+H-H2O]+ -> m/z 108.9 (green
line), (A.2) Zoom of C-CTX1-Me less intense ion transitions: m/z 1123.6 [M+H-CH3-H2O]+ -> m/z 1069.6 [M+H-CH3-3H2O]+

(purple line), m/z 1123.6 [M+H-CH3-H2O]+ -> m/z 191.1 (blue line), m/z 1123.6 [M+H-CH3-H2O]+ -> m/z 108.9 (green line);
(B) C-CTX1 (8.79 min) and an unknown compound (4.94 min) detected in a Bodianus scrofa; (C) C-CTX-1157 (7.64 min)
detected in the Diplodus cervinus.
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3. Discussion

The Selvagens Islands are a unique ecosystem, listed among the least disturbed islands
in the Atlantic Ocean. Despite their small size that implies a small coastal area and their
distance to the continental mainland, these islands show high species richness in terms of
ichthyofauna, as described by [23]. CTX-like toxicity, as measured by CBA in fish species
representative of the several trophic levels, highlighted the presence of toxins in fish at
intermediate levels as well as in the top predators. Toxicity was not detected in the two
species with the lowest position in the food web, but herbivorous fish, such as the parrotfish
Sparisoma cretense, and omnivorous species, such as Diplodus cervinus and Bodianus scrofa,
showed notable high toxicity levels. These species commonly show positive relationships
in fish assemblage structures and environmental variables, such as seaweed cover and
productivity [30]. Further investigation on the presence and abundance of ciguatera-
causing dinoflagellates will be presented elsewhere, pointing out the Selvagens Islands as
an archipelago with high abundances and biodiversity of marine life playing an important
role on the growth and proliferation of Gambierdiscus in NE Atlantic (Godinho et al. in
prep). The toxicity levels reported in the present study are similar or higher than that
observed for groupers and moray eels in the nearby islands of the Canary archipelago [31],
raising risks for their consumption.

Although the Selvagens Islands are a marine protected area where fisheries are in-
terdicted, fish inhabiting these islands can migrate and spread CTX to regions in close
proximity to the islands. In addition, some fisherman disrespecting fisheries interdictions
are occasionally attracted by the abundance and high size fish inhabiting the Selvagens
Islands. This was the case of a 4 kg red porgy (Pagrus pagrus), a fish species with an
intermediate position in the food web, captured by Christmas 2016 that caused CP and
was recently reported to contain levels of C-CTX1 as high as 0.76 μg kg−1, as determined
by LC-MS/MS [26]. In the present study, higher levels of C-CTX1 were found in Bodianus
scrofa ranging from 0.08 to 0.48 μg kg−1. These levels are among the highest determined in
Macaronesia and exceeds the U.S. Food and Drugs Administration (FDA) guidance level
of 0.1 μg C-CTX1 kg−1. Such high levels have been of key importance to fully characterize
and confirm fragmentation pathways of C-CTX1 by high resolution mass spectrometry [32].

The present study suggests a higher prevalence and incidence of CTX in fish from the
Selvagens Islands than that initially reported by [27]. In this study, two detection methods
were used. CBA is a functional assay that provides a toxicological response and LC-MS/MS
is a highly selective chemical method that can be used to identify the compounds in the fish
matrices. Although a comparison of the advantages and specific issues of these methods is
not within the scope of this study, it is important to pay attention to discrepancies regarding
CTX toxicity found in the fish top predators, namely the yellow mouth barracuda and
the amberjacks, and the results obtained by LC-MS/MS below the detection limit. These
contrasting results indicate that CTX toxicity of top predators may derive from metabolic
fish products of C-CTX1 that have not been elucidated yet. Furthermore, the absence of
C-CTX1 and the detection of C-CTX-1157 in a toxic D. cervinus showed a possible new
toxic profile in which C-CTX1 is not the major contributor to the toxicity. Again, it is
important to remember that differences were obtained by these two methods Therefore,
further investigations are needed to better understand CTX biotransformation processes,
to assess the full suite of toxins in the fish top predators, which are key target species for
fisheries in NE Atlantic, and to accurately assess the risk of ciguatera poisoning. This study
provides a quite complete evaluation of CTXs in fish (n = 56). Nonetheless, for each species
or trophic level, the number of fish may be modest and further work increasing number of
fish may provide a better estimation of the incidence of CTXs in the different groups.

The Selvagens Islands that are characterized by high abundances and biodiversity of
marine life seem to play a role in incubation and proliferation of Gambierdiscus (Godinho
et al. in prep) and ciguateric fish. Since fisheries, whether commercial or recreational, are
forbidden, fish can grow and reach a greater size and can live longer. With a higher lifespan,
fish have time to increasingly accumulate and metabolize ciguatoxins. The occurrence
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of ciguatera in Europe may now pose a new challenge to the management of the marine
protected area of the Selvagens Islands.

4. Materials and Methods

4.1. Fish Sampling

Fifty-six fish specimens belonging to 12 species within different trophic levels were
caught between 5 and 7 September 2018 in Selvagem Grande and Selvagem Pequena
(Table 2). Estimates of trophic levels were obtained from Fishbase that calculates trophic
level from stomach contents data [33]. Fish were caught by means of spearfishing, per-
formed by technicians of the Fisheries Department of Madeira Government, and after the
required legal permission of the Madeira Natural Park.

Table 2. Length and weight of fish specimens caught in the coastal food web of the Selvagens Islands habitat.

Trophic Level * Species Common Name n Length Range (mm) Weight Range (g)

2.0 Kyphosus sectatrix Bermuda sea chub 5 420–530 1178–2387
2.8 Aluterus scriptus Scribbled leatherjacket filefish 1 640 2417
2.9 Sparisoma cretense Parrotfish 14 280–350 409–849
3.0 Diplodus cervinus Zebra seabream 1 520 2840
3.5 Bodianus scrofa Barred hogfish 16 390–530 1122–3010
4.1 Balistes capriscus Grey triggerfish 4 350–490 585–2640
4.3 Serranus atricauda Blacktail comber 5 250–300 193–336
4.3 Sphyraena viridensis Yellowmouth barracuda 3 850–1170 2246–5955
4.5 Seriola dumerili Greater amberjack 1 850 5656
4.5 Seriola fasciata Lesser amberjack 2 490–620 1602–2795
4.5 Seriola rivoliana Longfin yellowtail 2 600–1060 12,308–2536
4.5 Seriola spp Amberjack 1 460 1163

* Estimated trophic level (TL) as expressed in Fishbase (2021). TL = 2.0 is at the base of the consumers food web, with their diet composed
mainly of detritus and plants, and TL = 5.0 is a top predator fish.

4.2. CTX-like Toxicity Measured by Neuroblastoma (Neuro-2a) Cell-Based Assay (CBA)
4.2.1. CTX Extraction for CBA

Fish samples for CBA screening assays were extracted at IPMA, according tothe
protocol described elsewhere [34] and with some modifications. A 10 g portion of fish
flesh was minced and boiled at 70 ◦C for 15 min. Once cooled, samples were homogenized
with 20 mL of acetone in a Polytron® homogenizer (Fisher Scientific, Porto Salvo, Portugal)
at approximately 18,000× g for 2 min. Samples were centrifuged for 15 min at 3000× g
and the pellets extracted again with acetone. Then, the combined supernatants were
filtered through a 0.2 μm pore PTFE filter (Whatman, Lisbon, Portugal) with a syringe
and evaporated at 60 ◦C, under vacuum in a rotary evaporator (Fisher Scientific, Porto
Salvo, Portugal). The resulting aqueous residue was transferred into a tube and partitioned
twice with diethyl ether keeping the ratio 8:2 relative to the amount of residual water.
The diethyl ether phases were pooled and evaporated. The dry residue was partitioned
with 4 mL of n-hexane and 2 mL of aqueous methanol/H2O (4:1, v/v). The upper phase
(hexane) was removed, and the partition repeated twice by adding 4 mL of hexane to the
methanolic fraction. The methanolic phase was collected, evaporated, and stored at −20 ◦C
until analysis.

4.2.2. CBA Screening Assay

For cell maintenance, neuro-2a (N2a) cells (ATCC, CCL131) were cultured in 10%
fetal bovine serum (FBS) RPMI medium with 1% sodium pyruvate solution (100 mM), 1%
l-glutamine solution (200 mM), and 0.5% antibiotic solution (10 mg/mL streptomycin and
1000 U/mL penicillin) (Sigma-Aldrich, St. Louis, MO, USA). Cultures were maintained
at 37 ◦C and 5% CO2 in a humid atmosphere incubator (Binder, Tuttlingen, Germany).
The day prior to the assay, cells were seeded in a 96-well microplate in 200 μL of 5% FBS-
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RPMI medium at a density of 35,000 cells per well. Cells were incubated under the same
conditions as described for cell maintenance. Every standard (CTX-1B) and sample extract
were assayed in triplicate. Half the wells of each microplate were pretreated with ouabain
and veratridine corresponding to a final concentration of 1 and 0.1 mM, respectively.
Standard solutions and sample extracts were reconstituted in RPMI 5%. Then, samples were
serially diluted, and 10 μL added to each well, with (O/V+) and without (O/V-) ouabain
and veratridine pretreatment. According to matrix effects estimated without (O/V-),
concentrations for the different fish extracts were adjusted to avoid matrix effects. On the
next day, cell viability was measured, by means of the MTT test [3-(4,5-dimethylthiadol-2-
yl)-2,5-diphenyltetrazolium] (500 μg/mL) [35] and absorbance measured at 570 nm using
an automated multi-well scanning. Samples were considered to be positive when cell
viability was inhibited in O/V+ wells and unaffected in O/V- wells.

4.3. Determination of CTX by Liquid Chromatography with Tandem Mass Spectrometry
(LC-MS/MS) Analysis

Sample pretreatment and LC-MS/MS analyses were carried out following the condi-
tions described by [34] and modification performed by [26], and are briefly described below.

4.3.1. Reference Materials

C-CTX1 pure standard (5 ng mL−1) was kindly provided by Dr. Robert Dickey
(University of Texas, Austin, TX, USA) via Dr. Ronald Manger (Fred Hutchinson Cancer
Research Center, Seattle, WA, USA).

The laboratory reference material (C-CTX1 and C-CTX1-Me) extracts from contami-
nated fish tissue were obtained after HPLC fractionation.

CTX1B (4466 ng mL−1) and a qualitative mixture of P-CTXs (CTX1B, 2,3-dihydroxy
CTX3C, 51-hydroxyCTX3C, 52-epi-54-deoxyCTX1B/54-deoxyCTX1B, 49-epiCTX3C/CTX3C,
and CTX4A/CTX4B) were kindly provided by Prof. Takeshi Yasumoto (Japan Food Research
Laboratories, Tokio, Japan).

Calibration was performed by dilution of the stock solution of CTX1B (4466 ng mL−1)
in methanol. The calibration range selected was from 0.45 to 27.88 ng mL−1 (n = 5).

C-CTX1 in samples was quantified as CTX1B in the calibration curve and transformed
to C-CTX1 eq. with a correction factor previously obtained with C-CTX1 pure standard in
the calibration curve.

4.3.2. Sample Pretreatment

First, 15 g of homogenized raw fish muscle was extracted with acetone (2 × 45 mL)
using an UltraTurrax®. Acetone extracts were combined and evaporated to an aqueous
residue which was partitioned with diethyl ether (2 × 15 mL). Diethyl ether layers were
combined and evaporated to dryness. The solid residue was dissolved in 90% methanol
(4.5 mL) and defatted with hexane (9 mL). The resulting methanolic fraction was dried
and resuspended in ethyl acetate (2 mL) for clean-up procedures. A Florisil cartridge (J. T.
Baker, 500 mg, Center Valley, PA, USA) was conditioned with ethyl acetate (3 mL) and the
sample loaded into the cartridge. The cartridge was washed with ethyl acetate (3 mL) and
C-CTXs eluted with ethyl acetate/methanol (9:1, v:v) (5 mL) and ethyl acetate/methanol
(3:1, v:v) (5 mL). The second fraction, containing most of the toxins was further dried under
nitrogen at 50 ◦C, and then dissolved in 60% methanol (2 mL) for a second clean-up step.
Sample was loaded into a C18 cartridge (SUPELCLEAN, Supelco, 500 mg, Bellefonte, PA,
USA) previously conditioned with 60% methanol (3 mL). The cartridge was washed with
60% methanol (3 mL) and CTXs were eluted with 90% methanol (5 mL). The final eluate
was dried under nitrogen at 50 ◦C and dissolved in 0.5 mL of MeOH LC-MS grade filtering
(Syringe Driver filter Unit, Millex®-CV 0.22 μm, 13 mm, Millipore, Billerica, MA, USA)
prior to LC-MS/MS analysis.
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4.3.3. LC-MS/MS Analysis

An Agilent 1290 Infinity LC system coupled to an Agilent 6495 iFunnel Triple Quadrupole
LC-MS (Agilent Technologies, Waldbronn, Germany) were used for the LC-MS/MS analyses.
Two different methods of analysis were used in order to obtain the confident identification,
quantification, and confirmation of the toxins responsible for the contamination:

The first method was used for the sensitive identification and quantification of
the CTXs. The chromatographic separation was performed in a Poroshell 120 EC-C18
(3.0 × 50 mm, 2.7 μm, Agilent, Santa Clara, CA, USA) column set at 40 ◦C. The mobile
phases were: (A) 0.1% formic acid and 5 mM ammonium formate in water (J. T. Baker,
Center Valley, PA, USA) and (B) methanol (Merck KGaA, Darmstadt, Germany). The gradi-
ent of mobile phase started at 78% of B increasing to 88% of B in 10 min, and holding for
5 min to finally increase to the 100% of B at 15.01 min washing the column for 3 min before
reducing to the initial conditions at 18 min equilibration for 4 min before the following
injection. The injection volume was set at 1 μL and the flow rate 0.4 mL/min.

The MS instrument operated in ESI+ in multiple reaction monitoring (MRM) mode
monitoring as precursor and product ion at 40 eV the sodium adduct [M+Na]+ of the
different CTXs with reference material available: CTX1B (m/z 1133.6 [M+Na]+ -> m/z
1133.6 [M+Na]+), C-CTX1 (m/z 1163.7 [M+Na]+ -> m/z 1163.7 [M+Na]+), C-CTX1-Me (m/z
1177.6 [M+Na]+ -> m/z 1177.6 [M+Na]+), 2,3-dihydroxyCTX3C (m/z 1079.6 [M+Na]+ ->
m/z 1079.6 [M+Na]+), 51-hydroxyCTX3C (m/z 1061.6 [M+Na]+ -> m/z 1061.6 [M+Na]+),
52-epi-54-deoxyCTX1B/54-deoxyCTX1B (m/z 1117.6 [M+Na]+ -> m/z 1117.6 [M+Na]+),
49-epiCTX3C/CTX3C (m/z 1045.6 [M+Na]+ -> m/z 1045.6 [M+Na]+), and CTX4A/CTX4B
(m/z 1083.6 [M+Na]+ -> m/z 1083.6 [M+Na]+).

Source and interface settings were: Drying gas 15 L/min of N2 at 290 ◦C; sheath gas
12 L/min of N2 at 400 ◦C; nebulizer gas, N2 at 50 psi; capillary voltage, 5000 V; nozzle
voltage: 300 V; fragmentor potential 380 V.

The second method was used to confirm the presence of C-CTX1 and specific C-CTX
congeners. The chromatographic separation was performed in a Poroshell 120 EC-C18
(2.1 × 100 mm, 2.7 μm, Agilent USA) column set at 40 ◦C. The mobile phases were: (A)
0.1% formic acid and 5 mM ammonium formate in water (J. T. Baker, Center Valley, PA,
USA); (B) acetonitrile (Merck KGaA, Darmstadt, Germany). The gradient of mobile phase
started at 35% of B for 1 min increasing to 80% of B in 15 min, increasing in 1 min to a 95%
of B and holding for 5 min to finally return to the initial conditions at 24 min equilibrating
for 4 min before the following injection. The injection volume was set at 5 μL and the flow
rate 0.4 mL/min.

The MS instrument operated in ESI+ in MRM mode monitoring C-CTX1 water losses
([M+H-nH2O]+) and specific fragments m/z 191.1 and m/z 108.9. The MS/MS ion transitions
for the C-CTXs detected are summarized in Table 3. Source and interface settings were:
Drying gas 16 L/min of N2 at 250 ◦C; sheath gas 12 L/min of N2 at 400 ◦C; nebulizer gas,
N2 at 15 psi; capillary voltage, 5000 V; nozzle voltage 1000 V; fragmentor potential 380 V.

Table 3. MS/MS conditions for the confirmation of specific C-CTXs.

Compound Precursor Ion (Q1) Product Ion (Q3) CE (eV)

C-CTX-1157

[M+H-H2O]+ m/z 1139.6 [M+H-2H2O]+ m/z 1121.6 15
[M+H-H2O]+ m/z 1139.6 [M+H-3H2O]+ m/z 1103.6 30
[M+H-H2O]+ m/z 1139.6 [M+H-4H2O]+ m/z 1085.6 30
[M+H-H2O]+ m/z 1139.6 m/z 191.1 41
[M+H-H2O]+ m/z 1139.6 m/z 108.9 52

C-CTX1 and
isomers

[M+H-H2O]+ m/z 1123.6 [M+H-2H2O]+ m/z 1105.6 25
[M+H-H2O]+ m/z 1123.6 [M+H-3H2O]+ m/z 1087.6 29
[M+H-H2O]+ m/z 1123.6 [M+H-4H2O]+ m/z 1069.6 37
[M+H-H2O]+ m/z 1123.6 m/z 191.1 41
[M+H-H2O]+ m/z 1123.6 m/z 108.9 52
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Table 3. Cont.

Compound Precursor Ion (Q1) Product Ion (Q3) CE (eV)

[M+H-CH3-H2O]+ m/z 1123.6 [M+H-CH3-2H2O]+ m/z 1105.6 25
[M+H-CH3-H2O]+ m/z 1123.6 [M+H-CH3-3H2O]+ m/z 1087.6 29

C-CTX1-Me [M+H-CH3-H2O]+ m/z 1123.6 [M+H-CH3-4H2O]+ m/z 1069.6 37
[M+H-CH3-H2O]+ m/z 1123.6 m/z 191.1 41
[M+H-CH3-H2O]+ m/z 1123.6 m/z 108.9 52
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Abstract: Ciguatera poisoning is mainly caused by the consumption of reef fish that have accumu-
lated ciguatoxins (CTXs) produced by the benthic dinoflagellates Gambierdiscus and Fukuyoa. China
has a long history of problems with ciguatera, but research on ciguatera causative organisms is
very limited, especially in the Beibu Gulf, where coral reefs have been degraded significantly and
CTXs in reef fish have exceeded food safety guidelines. Here, five strains of Gambierdiscus spp. were
collected from Weizhou Island, a ciguatera hotspot in the Beibu Gulf, and identified by light and
scanning electron microscopy and phylogenetic analyses based on large and small subunit rDNA
sequences. Strains showed typical morphological characteristics of Gambierdiscus caribaeus, exhibiting
a smooth thecal surface, rectangular-shaped 2′, almost symmetric 4”, and a large and broad posterior
intercalary plate. They clustered in the phylogenetic tree with G. caribaeus from other locations.
Therefore, these five strains belonged to G. caribaeus, a globally distributed Gambierdiscus species.
Toxicity was determined through the mouse neuroblastoma assay and ranged from 0 to 5.40 fg
CTX3C eq cell−1. The low level of toxicity of G. caribaeus in Weizhou Island, with CTX-contaminated
fish above the regulatory level in the previous study, suggests that the long-term presence of low
toxicity G. caribaeus might lead to the bioaccumulation of CTXs in fish, which can reach dangerous
CTX levels. Alternatively, other highly-toxic, non-sampled strains could be present in these waters.
This is the first report on toxic Gambierdiscus from the Beibu Gulf and Chinese waters and will provide
a basis for further research determining effective strategies for ciguatera management in the area.

Keywords: Gambierdiscus; morphology; phylogeny; ciguatoxin; benthic dinoflagellate; Beibu Gulf;
Chinese waters

Key Contribution: The first description of the morphology, phylogeny, and toxicity of G. caribaeus
from the Beibu Gulf, as well as the first report of toxic Gambierdiscus spp. in Chinese coastal waters.
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1. Introduction

Ciguatoxins (CTXs) are a group of polyether compounds mainly present in coral
reef fish and rarely in invertebrates, which can cause ciguatera poisoning due to human
consumption of CTX-contaminated seafood. CTXs are very potent and comprise one of the
most significant marine biotoxin families, with 10,000–50,000 people affected worldwide
annually [1]. CTX intoxication causes neurological abnormalities and gastrointestinal
and cardiovascular dysfunction, with “paradoxical” sensory disturbance or “reversal” of
temperature perception being the most characteristic symptoms [2]. In severe cases, intoxi-
cation symptoms can last for months or even years, and death is occasionally reported [3].

CTXs and its precursors are produced by epibenthic dinoflagellates of the genera
Gambierdiscus and Fukuyoa. In the 1950s, Randall [4] proposed the famous food chain
hypothesis, suggesting that CTXs originate from benthic microalgae in tropical seawater
and are transferred to reef fish through the food chain. It was not until 1977 that the
presence of Diplopsalis sp., the organism responsible for CTXs, was first confirmed in the
Pacific Ocean on the Gambier Islands, French Polynesia, via a joint effort between Japan
and France [5]. It was subsequently identified as a new genus and renamed Gambierdiscus
toxicus [6]. Recently, globular Gambierdiscus was separated from anterior-posteriorly com-
pressed Gambierdiscus based on morphology and defined independently as a new genus
named Fukuyoa [7]. Unlike planktonic dinoflagellates that can produce blooms in surface
waters, the genera Gambierdiscus and Fukuyoa mainly attach to macroalgae, dead corals,
or rubble in benthic ecosystems exhibiting a patchy distribution and do not cause blooms
visible to the naked eye.

Ciguatera, a human poisoning caused by the consumption of seafood [2], is predomi-
nantly endemic in tropical and subtropical Pacific, Atlantic, Caribbean, and Indian Ocean
waters from 35◦ N to 37◦ S [8,9]. With increasing global warming and coastal disturbance
caused by human activities, benthic dinoflagellates, including those of the genera Gam-
bierdiscus and Fukuyoa, are experiencing geographic expansion or range shifts. As a result
of expanding tourism and the global trade of reef fish, ciguatera incidents have increased
significantly in recent years [10–12]. Owing to the difficulty in sampling benthic habitats,
the study of CTXs and their toxin-producing organisms has been limited compared to that
of planktonic microalgae [13,14]. This is particularly true in China, which has tropical and
subtropical waters and has long been known to be a ciguatoxin-prone region [15–17] but
with little history of CTX research.

As early as the 1970s, more than 20 species of carnivorous fish from the South China
Sea islands, Guangdong coast, southern East China Sea, and Taiwan were reported to
contain CTXs, although the toxicity was not determined [18]. In the 1980s and the 1990s,
ciguatera incidents were first reported in Hong Kong and mainland China [19,20], but
in 2007, CTX-contaminated fish were detected on the southern coast of China, including
Weizhou Island and the Beibu Gulf [21]. Potential CTX-producing Gambierdiscus cells have
been recorded in tropical and subtropical waters near the Xisha Islands, Hong Kong, Daya
Bay, Hainan Island [22–26] and even in the temperate waters of Dayao Bay and Zhangzi
Island in Dalian at 38◦–39◦ N [27,28]. In addition, dormant cysts of the genus Gambierdiscus
were found in Daya Bay and Dapeng Bay, Guangdong [29]. Recently, the potential CTX
organisms Fukuyoa ruetzleri and Fukuyoa sp. HK Type 1 were recorded for the first time in
the eastern waters of Hong Kong [30].

As reviewed by Chinain et al. [1], there are currently 18 species of Gambierdiscus, and
the Pacific region has the highest species diversity and geographic distribution. Ciguatera
poisoning has been widely reported in the central and southern Pacific, but is less frequently
reported in the northern Pacific/Asia. In east and southeast Asia, the incidence of ciguatera
is higher in coastal cities in southern China (Hong Kong, Foshan, Zhongshan) than in
Japan (Okinawa Prefecture), whereas in other countries in the region, only isolated cases or
small case series have been reported [17,31]. Unfortunately, fish exports from China have
triggered ciguatera poisoning events in other countries; for example, between 2017–2019,
Chinese exports of Lutjanidae led to at least two ciguatera outbreaks in Malaysia [1]. This
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is closely related to the fact that China, geographically a CTX-prone country, straddles
tropical and subtropical sea areas, and has a diet that favors large banquets and large
carnivorous fish [16]. However, it has been previously assumed that ciguatera events in
China are caused by imported fish from Pacific island countries [32,33], and thus, research
on Chinese ciguatoxic fish and potentially toxic dinoflagellates of the genera Gambierdiscus
and Fukuyoa is limited. For decades, CTX-producing microalgae in Chinese waters have
been named monotypic Gambierdiscus toxicus based on light microscopy [22–25,27,28], and
precise species identification and toxicity determinations have not been conducted.

Until 2016, three precise Gambierdiscus species, G. australes, G. caribaeus, and G. pacificus,
were first reported in China (Hainan Island) using light and scanning electron microscopy
and phylogenetic trees based on D1–D3 and D8–D10 regions of the large subunit (LSU)
rDNA [26]. This was the first accurate identification of Gambierdiscus in Chinese waters, but
no toxicity measurements were conducted on these species. In 2018, Leung et al. [30] also
identified F. ruetzleri and Fukuyoa sp. HK Type 1 for the first time in Chinese waters (Hong
Kong) using similar morphological and molecular taxonomic methods and determined
that F. ruetzleri and Fukuyoa sp. HK Type 1 were toxic and lethal to brine shrimp larvae
using a bioassay methodology. Consequently, toxin characteristics of species-level well-
defined Gambierdiscus in Chinese waters remain unknown to date. Given the presence
of CTX-contaminated fish along the Chinese coast, there is an urgent need to conduct
studies on species identification and toxicity, as well as on the physiological and ecological
characteristics of the genera Gambierdiscus and Fukuyoa, in the region.

Weizhou Island (20◦54′–21◦10′ N, 109◦00′–109◦15′ E), located in the northwestern part
of the South China Sea, is the largest island of the coast of the Guangxi province and in
the Beibu Gulf, China. It is also the largest and youngest island formed by submarine
volcanic eruptions in China and belongs to one of the most northerly distributed tropical
coral reef ecosystems in the world [34,35]. In the past 20 years, coral reefs of Weizhou
Island have continuously been degraded by human activities and extreme climates, such
as the El Niño phenomenon in 1998 and extremely low temperatures in January–February,
2008 [36,37]. Corals that once covered the substrate are replaced by rubble, turf algae, an
epilithic algae matrix, and macroalgae [36], all of which provide a suitable environment
for the growth of epibenthic dinoflagellates, including CTX-producing Gambierdiscus and
Fukuyoa and the transfer of CTXs along the food chain [38]. In 2007, researchers found CTX
detection rates of 37.5% using the Cigua-Check® kit and mouse bioassay in eight coral
reef fish samples from Weizhou Island, and one Epinephelus tauvina sample among them
exhibited the highest level of 135 ng P-CTX-1/kg meat, exceeding the safe threshold (100
ng P-CTX-1/kg meat) for consumption [21]. However, at that time, the origin and source
of the CTXs in Weizhou Island were not studied.

In this study, five strains of Gambierdiscus spp. were isolated from dead coral and
rubble on Weizhou Island in 2015–2017 in an effort to uncover the toxicity of ciguatoxin-
producing microalgae in southern Chinese waters, to check whether Gambierdiscus produces
CTXs and their potency, and to analyze their species composition and toxicity, highlighting
a possible relationship with CTX-infected fish from Weizhou Island.

2. Results

2.1. Morphological Analysis

Gambierdiscus spp. belong to Dinophyta, Dinophyceae, Desmokontae, Gonyaulacales,
Ostreopsidaceae, and Gambierdiscus. When observed under a light microscope, living cells
were dark yellow and yellowish-brown, round or elliptical in the apical/antapical view,
and lenticular in the lateral view. They had transverse and longitudinal grooves, and
two flagella were found to arise from the cingulum and sulcus, respectively. The cells
consisted of epithecae and hypothecae; however, they were mostly observed in the apical
or antapical view under a light microscope. The average depth of living cells was 103.9 μm
(76.1–132.6 μm) and the average width was 99.6 μm (70.8–123.8 μm).
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The toxic strain GCBG01 from Station S3 and the non-toxic GCBG02 from Station S4
were chosen as representative strains and observed by scanning electron microscopy. They
were found to be nearly circular in both apical and antapical views, with a plate tabulation
formula of Po, 3′, 7”, 5′′′, 1p, and 2′′′′ (cingular and sulcus plates were not measured;
Figures 1 and 2). The cell depth visualized through scanning electron microscopy averaged
77.0 μm (70.1–81.2 μm), and the cell width averaged 84.2 μm (73.4–93.6 μm). The cell
surface was smooth and ornamented with many small, reticulated pores, and plates were
separated by ridges. In the epithecae, an oval-shaped apical pore plate (Po) with a fishhook-
like opening was observed near the center of the cell (Figures 1–3), and three apical plates
(′) were attached around Po, specifically 1′, 2′, and 3′, of which 1′ had a smaller area and
was nearly pentagonally distributed on the side from the Po plate to the ventral edge,
whereas 2′ had the largest area among the three apical plates and was rectangular. The
precingular plates 2”, 3”, 4”, 5”, and 6” could be clearly seen, with 3” and 4” being larger
and occupying most of the left and dorsal sides of the cell, respectively, and 4” being nearly
symmetric (Figures 1 and 2). No dorsal rostrum was found in either strain GCBG01 or
GCBG02 (Figures 1 and 2).

 

Figure 1. Scanning electron microscope images of Gambierdiscus caribaeus GCBG01 strain from
Weizhou Island, Beibu Gulf of China. (A,B): apical view, (C,D): antapical view, (E): dorsal view,
(F): ventral view. Scale bars: 10 μm.
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Figure 2. Scanning electron microscope images of Gambierdiscus caribaeus GCBG02 strain from
Weizhou Island, Beibu Gulf of China. (A,B): apical view, (C,D): antapical view, (E): apical–lateral
view, (F): ventral view. Scale bars: 10 μm.

 

Figure 3. Scanning electron microscope images of fish-hook apical pore plates (Po) for Gambierdiscus
caribaeus strains GCBG01 and GCBG02 from Weizhou Island, Beibu Gulf of China. (A,B): GCBG01,
(C,D): GCBG02. Scale bars: 2 μm.
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In the hypothecae, the postcingular plates 1′′′, 2′′′, 3′′′, 4′′′, and 5′′′ could be clearly seen
from the antapical view, with 4′′′ and 2′′′ being the largest (Figures 1 and 2). The cell had a
broad pentagonal posterior intercalary plate (1p) and two antapical plates 1′′′′ and 2′′′′. The
1p was connected to 2′′′, 3′′′, 4′′′, 1′′′′, and 2′′′′ (Figures 1 and 2). Among them, 1′′′′ and 2′′′′
were irregularly polygonal in shape and relatively small in area and were positioned close
to the ventral side of the cell (Figures 1 and 2). From the lateral view, the cingulum of the
cell was narrow and slightly protruded in a beak-like shape, and at the ventral convergence,
the cingulum met the sulcus to form a swirling deep groove (Figure 1E,F and Figure 2E,F).
Thus, the morphological characteristics of strains GCBG01 and GCBG02 were consistent
with those of G. caribaeus, which have been previously described [39–44].

2.2. Sequence Analysis

The average lengths of the D1–D3 LSU rDNA, D8–D10 LSU rDNA, and small subunit
(SSU) rDNA sequences obtained from the five strains of Gambierdiscus from the Beibu Gulf
were 1390, 908, and 1743 bp, respectively. Their sequence composition characteristics were
similar to those of 50, 65, and 50 Gambierdiscus sequences that were used to construct a phy-
logenetic tree (Table 1). Among the three sequence types, the D8–D10 LSU rDNA sequence
had the highest and lowest proportions of conserved (58.2%) and variable (40.4%) sites,
respectively, which was similar to the composition of SSU rDNA sequences of conserved
(57.4%) and variable (41.1%) sites but greater than that of the D1–D3 LSU rDNA sequences
of conserved (30.4%) and variable (68.0%) sites.

Table 1. Sequence composition used in Gambierdiscus phylogenetic tree.

Gene Analysis
Length

Average Content (%) Conserved
Site

Variable
Site

Parsimonious
Information

Site

Monomorphic
Site

Conversion/
Transversion

RatioA T G C

D1–D3 LSU
rDNA 1035 25.3 25.1 30.8 18.8 323 696 661 35 0.9

D8–D10
LSU rDNA 914 26.1 25.8 27.8 20.3 532 369 281 87 1.5

SSU rDNA 1774 24.9 27.1 28.1 19.9 1016 728 578 149 1.6

2.3. Phylogenetic Tree Analysis

Phylogenetic trees of the D1–D3 LSU rDNA, D8–D10 LSU rDNA, and SSU rDNA were
inferred using Pyrodinium bahamense and Alexandrium minutum, Prorocentrum micans and A.
minutum, P. micans and A. minutum, respectively, as outgroups (Figures 4–6). Sequences
from 1–3 strains per species/ribotype were used for phylogenetic tree construction based
on sequence availability. Except for Gambierdiscus belizeanus and Gambierdiscus honu on the
D1–D3 LSU rDNA phylogenetic tree, Gambierdiscus cheloniae and Gambierdiscus lapillus, and
Fukuyoa paulensis and Fukuyoa sp. HK Type 1 on the D8–D10 LSU rDNA phylogenetic tree,
the topological structures of the trees using the maximum likelihood (ML) and Bayesian
inference (BI) were largely consistent. Therefore, only ML trees are shown here.
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Figure 4. Phylogenetic tree constructed based on Gambierdiscus D1–D3 large subunit ribosomal
DNA (D1–D3 LSU rDNA) sequences. Values at nodes indicate bootstrap values from the maximum
likelihood method and posterior probabilities from the Bayesian inference method. Bootstrap values
<50 and posterior probabilities <0.50 are not shown. # Indicates the topology; here, the maximum-
likelihood tree differs from the Bayesian tree.
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Figure 5. Phylogenetic tree constructed based on Gambierdiscus D8–D10 large subunit ribosomal
DNA (D8–D10 LSU rDNA) sequences. Values at nodes indicate bootstrap values from the maximum
likelihood method and posterior probabilities from the Bayesian inference method. Bootstrap values
<50 and posterior probabilities <0.50 are not shown. # Indicates the topology; here, the maximum-
likelihood tree differs from the Bayesian tree.
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Figure 6. Phylogenetic tree constructed based on Gambierdiscus small subunit ribosomal DNA
(SSU rDNA). Values at nodes indicate bootstrap values from the maximum likelihood method and
posterior probabilities from the Bayesian inference method. Bootstrap values <50 and posterior
probabilities <0.50 are not shown.

Various species and genotypes in the genera Fukuyoa and Gambierdiscus were all
independently branched and had good bootstrap and Bayesian posterior probability val-
ues, varying in 50–100/0.87–1.00, 62–100/0.93–1.00, and 79–100/0.89–1.00 for D1–D3 LSU
rDNA, D8–D10 LSU rDNA, and SSU rDNA, respectively (Figures 4–6). The five Gambierdis-
cus strains from Weizhou Island clustered with G. caribaeus from different marine areas
in the world, exhibiting good support values of 89/0.94, 78/1.00, 94/0.98, respectively
(Figures 4–6). Combined with morphological characteristics described previously herein,
these five sample strains were thus identified as G. caribaeus, a worldwide distributed
species of Gambierdiscus. In agreement with the results of other studies [40,41], the result
from our study highlighted that G. caribaeus constituted a clear large clade with Gam-
bierdiscus jejuensis and Gambierdiscus carpenteri in support of 100/1.00, 89/1.00, 100/1.00
values. On D1–D3 and D8–D10 LSU rDNA trees, G. jejuensis was a basal species, whereas
G. caribaeus and G. carpenteri formed a sister branch (Figures 4 and 5). In SSU rDNA tree,
G. carpenteri was a basal species and G. caribaeus and G. jejuensis formed a sister branch
(Figure 6).
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Genetic distances of D1–D3 LSU rDNA, D8–D10 LSU rDNA, and SSU rDNA se-
quences were calculated using the p distance (uncorrected genetic distance). A detailed
comparison of genetic distances is shown in Table S1. In brief, the intraspecific genetic
distances of D1–D3 LSU rDNA, D8–D10 LSU rDNA, and SSU rDNA sequences for G.
caribaeus (including Weizhou Island strains) were 0.010 ± 0.005 (0.002–0.022), 0.008 ± 0.004
(0.000–0.013), and 0.014 ± 0.009 (0.001–0.035), respectively, and they were significantly
smaller than the interspecific distances between G. caribaeus and other Gambierdiscus
species, that is, 0.334 ± 0.109 (0.052–0.418), 0.155 ± 0.058 (0.016–0.234), and 0.143 ± 0.045
(0.017–0.187), respectively. The genetic distance data confirmed that the five Gambierdiscus
strains from Weizhou Island, Beibu Gulf belonged to G. caribaeus.

2.4. Toxin Analysis

Among the five strains of G. caribaeus tested, only GCBG01 isolated from the northeast
side of Weizhou Island (S3) produced CTX-like toxicity with a low value of 0.54 fg CTX3C
eq cell−1, whereas no toxicity was detected in the remaining four strains (Table 2).

Table 2. Ciguatoxin (CTX)-like toxicity of Gambierdiscus caribaeus isolates from Weizhou Island, Beibu
Gulf of China (fg CTX3C eq cell−1).

Strains Species Toxicity

GCBG01 G. caribaeus 5.4
GCBG02 G. caribaeus ND
GCBG03 G. caribaeus ND
GCBG04 G. caribaeus ND
GCBG05 G. caribaeus ND

ND: Toxicity not detected.

3. Discussion

To date, eighteen species and five ribotypes have been described within the genus
Gambierdiscus. It is not surprising to find G. caribaeus in Weizhou Island, as this species is
one of the most widely distributed Gambierdiscus species [45], recorded in many waters,
including the Caribbean, North Atlantic, and Pacific (Figure S1). Moreover, it has also been
found in the waters of Hainan Island, China, which is adjacent to the Weizhou Island [26].

All available G. caribaeus D1–D3 LSU rDNA and D8–D10 LSU rDNA sequences in
the National Center for Biotechnology Information (NCBI) database were downloaded,
and the genetic distance matrix was calculated through MEGA-X v10.1.8 and analyzed
with principal coordinate analysis (PCoA) in RStudio (Figure S2). In the D1–D3 LSU
rDNA PCoA plot, although G. caribaeus strains GCBG02-05, HF2, and 64B3 seemed to be
separated, the explanatory degree of the X-axis and Y-axis together was only 34.16% of
the total variation, whereas in the D8–D10 LSU rDNA PCoA plot, the explanatory degree
of the X-axis and Y-axis together was 10.03% of the total variation (Figure S2). Therefore,
sequence differences between different geographical sources of G. caribaeus were very small,
and there was no obvious clustering pattern based on geographical location. Referring to
D8–D10 LSU rDNA for G. caribaeus, which had more sequences than D1–D3 rDNA and
SSU rDNA sequences in NCBI, the genetic distance for D8–D10 LSU rDNA among the five
strains of G. caribaeus in this study and strains NOAA11_1_1 from Carrie Bow Cay, Belize
(Caribbean), NOAA20_5 from Grand Cayman Island (Caribbean), and TF9G and TF26G
from Koh Wai, Thailand was closest, with a value of 0.016 ± 0.006 (0.001–0.024).

In this study, five strains of G. caribaeus were isolated from Weizhou Island, and only
one strain (GCBG01) had detectable toxicity at 0.54 fg P-CTX-1 eq cell−1. This represents
the first report of toxic Gambierdiscus not only from Beibu Gulf, but also from Chinese
waters. The toxicity magnitude of G. caribaeus strains from Weizhou falls within the G.
caribaeus toxicity range (i.e., <the limit of detection to 903.70 fg CTX3C eq. cell−1) has
been reported in previous studies (Table 3). G. caribaeus has been thought to be a low
and slow toxin-producing species [44,46,47]; to date, all documented toxicity for this
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species from the Caribbean and Pacific regions is less than 5.40 fg P-CTX-1 eq cell−1

(Table 3). However, several other strains recently isolated from the Canary Islands exhibit
surprisingly high toxicity; in particular, strain VGO1367 shows an extremely high CTX-like
toxicity of 903.70 fg CTX3C eq. cell−1, which is comparable to that in the most highly toxic
species, including Gambierdiscus excentricus in the Atlantic and Gambierdiscus polynesiensis
in the Pacific [1,46,48]. In this regard, it should be attributed to the association between the
toxicity and the geographical origin of the strain. Rossignoli et al. [47] have suggested that
some species in the genus Gambierdiscus, like G. australes and G. silvae, have a similar CTX-
like toxicity for strains from different locations, but G. caribaeus and G. excentricus differ
considerably due to the origin of the strain. The toxicity of G. caribaeus from Weizhou Island
here seemed to reinforce the fact that the G. caribaeus in the Pacific Ocean has low toxicity.
The mechanism underlying for the toxicity of some Gambierdiscus species is unrelated to the
geographical origin, whereas other species is related. Therefore, this uncertainty remains a
challenge that needs to be unraveled.

Table 3. Summary on Gambierdiscus caribaeus ciguatoxin (CTX)-like toxicity in different strains.

Strain Locality Toxicity Methodology References

NOAA 7 (CCMP 1652) Mataiva, Tahiti, South
Pacific 2,3-dihydroxy CTX3C * LC-MS/MS [49]

NOAA 20 (CCMP 1651) Grand Cayman Island,
Caribbean 2,3-dihydroxy CTX3C * LC-MS/MS [49]

CCMP 401 St. Barthelmy Island,
Caribbean 2,3-dihydroxy CTX3C * LC-MS/MS [49]

CCMP 1733 Carry Bow Cay, Belize,
Caribbean 2,3-dihydroxy CTX3C * LC-MS/MS [49]

TF9G Koh Wai, Trat, Thailand ≥100 × 10−4 MU/1000
cells

MBA [43,50]

Gam 19 Carrie Bowe Caye
Belize, Caribbean <LOD CBA [51]

Pat HI Jar 2 Gam 2 Big Island, Hawaii,
USA, Pacific <LOD CBA [51]

CCMP1733 Carrie Bow Cay, Belize,
Caribbean

0.80 ± 0.43 fg CTX3C
eq cell−1 CBA [46]

CCMP 1651 Grand Cayman Island,
Caribbean

0.48 ± 0.04 fg CTX3C
eq cell−1 CBA [46]

SW gam 5 Southwater Cay, Belize,
Caribbean

1.52 ± 0.26 fg CTX3C
eq cell−1 CBA [46]

CBC gam1 Carrie Bow Cay, Belize,
Caribbean

0.62 ± 0.12 fg CTX3C
eq cell−1 CBA [46]

Mexico Algae 1 Cancun, Mexico 1.29 ± 0.40 fg CTX3C
eq cell−1 CBA [46]

Dive 1 FA Carrie Bow Cay, Belize,
Caribbean

0.69 ± 0.19 fg CTX3C
eq cell−1 CBA [46]

Keys Jar 7 Florida Keys, USA 0.19 ± 0.03 fg CTX3C
eq cell−1 CBA [46]

Bill Hi Gam8 Waikiki Beach,
Honolulu, Hawaii

1.60 ± 1.00 fg CTX3C
eq cell−1 CBA [52]

CUB4A5 Cienfuegos coast,
south-central Cuba <LOD RBA [53]

VGO1362
La Gomera Porto-Playa

Santiago, Canary
Islands

6.00 fg CTX3C eq cell−1 CBA [47]

VGO1364
La Gomera Porto-Playa

Santiago, Canary
Islands

25.9 ± 5.0 fg CTX3C eq
cell−1 CBA [47]

VGO1365
La Gomera Porto-Playa

Santiago, Canary
Islands

<LOD CBA [47]
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Table 3. Cont.

Strain Locality Toxicity Methodology References

VGO1366
La Gomera Porto-Playa

Santiago, Canary
Islands

5.00 fg CTX3C eq cell−1 CBA [47]

VGO1367
La Gomera, San

Sebastián-Playa la
Cueva, Canary Islands

903.7 ± 158.9 fg CTX3C
eq cell−1 CBA [47]

IRTA-SMM-17-03 Tamaduste, El Hierro,
Canary Islands <LOD CBA [44]

IRTA-SMM-17_03 Tamaduste, El Hierro,
Canary Islands

0.13–0.21 fg 51-hydroxy
CTX3C eq cell−1 Immunoassay [54]

IRTA-SMM-17_03 Tamaduste, El Hierro,
Canary Islands

1.3–2.4 fg CTX3C eq
cell−1 Immunoassay [54]

GCBG01 Weizhou Island, Beibu
Gulf, China 5.40 fg CTX3C eq cell−1 CBA This study

GCBG02 Weizhou Island, Beibu
Gulf, China <LOD CBA This study

GCBG03 Weizhou Island, Beibu
Gulf, China <LOD CBA This study

GCBG04 Weizhou Island, Beibu
Gulf, China <LOD CBA This study

GCBG05 Weizhou Island, Beibu
Gulf, China <LOD CBA This study

*, Qualitative results; LOD, limit of detection; MBA, mouse bioassay; RBA, receptor binding assay; CBA, cell-based assay; the toxicity of
VGO1362 and VGO1366 was roughly determined from Figure 3 in [47].

Production of CTX or CTX-like compounds is more dependent on intrinsic genetic
factors (species/strain) than on extrinsic environmental conditions (temperature, pH, light,
salinity, nutrients, and growth stage) [9,45,55,56]. In the Caribbean and Gulf of Mexico, a
1740-fold interspecies variations in Gambierdiscus and Fukuyoa toxicity were observed [46].
Here, for G. caribaeus, the most toxic strainVGO1367 from Canary Islands was 4755-fold
more toxic than the less toxic strain Keys Jar 7 from Florida Keys (Table 3). In comparison,
combined effects of light, salinity and temperature on Gambierdiscus culture can lead to a
maximum 200-fold difference in toxicity [57]. It has also been reported that Gambierdiscus
spp. under extreme conditions such as low temperature/increased depth, low light, and
stationary and decline phase produce more CTXs than under optimal growth conditions
and in the exponential phase. Therefore, if the optimal batch cultivation conditions are
changed, the CTX-like toxicity of G. caribaeus strains in this study might increase, and it
could also be detected in GCBG02–GCBG05 strains currently below the detection limit.
Unfortunately, this study focused on Gambierdiscus species identification and preliminary
toxicity analysis in Weizhou Island and did not test their toxicity associated with different
growth phases and growth conditions, which to some extent, limits the comprehensive
understanding of the toxin-producing characteristics of G. caribaeus and ciguatoxic fish in
the region.

The non-toxic and low-level toxicity of G. caribaeus in this study seems to contradict
the 37.5% CTX detection rate and 12.5% CTX exceedance rate of Weizhou Island coral reef
fish. In addition to the environmental factors mentioned previously herein that might lead
to a higher CTXs production in natural water bodies compared to that in the current strains
GCBG01–GCBG05, the following reasons are also possible:

(1) Collection dates for fish samples in the study of Xu et al. [21] and those of CTX-
producing microalgae collection in this study were different. As a result, Gambierdiscus
species and their corresponding toxicity might differ between the two time periods. Further,
even at the same sampling time, asynchrony of Gambierdiscus spp. abundance and toxicity
have been documented in both the Pacific and Caribbean regions [56,58].
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(2) Additionally, other more toxic Gambierdiscus/Fukuyoa species are present on
Weizhou Island but have not been recognized because of their low abundance. Scientists
have recently identified G. pacificus, G. australes, and G. caribaeus in the Hainan Island [26]
and F. ruetzleri in Hong Kong waters [30], not far from Weizhou Island. According to
other studies, all of these species are generally more toxic than G. caribaeus [44,52,59]. If
the sampling intensity and frequency are enhanced in Weizhou Island, other Gambierdis-
cus/Fukuyoa spp. with medium- or high-level toxicity, such as G. polynesiensis, which has
proven to be the most toxic and major toxin producer in the Pacific Ocean with a wide
geographic distribution, are likely to be found [1]. The average toxicity of G. polynesiensis
from French Polynesia calculated by Longo et al. [48] is 3285 fg CTX3C eq cell−1, a 75.8-fold
increase compared to the average G. caribaeus toxicity, specifically 43.33 ± 192.25 fg CTX3C
eq cell−1 (Table 3).

(3) It cannot be ruled out that it was indeed the low toxicity of G. caribaeus that resulted
in ciguatoxic fish in Weizhou Island, because this species has a wider range of tolerance
to environmental conditions of temperature, salinity, and light than most other species
of the genus Gambierdiscus, consistent with their broad geographic distribution [9,50,60].
The long-term presence of G. caribaeus with low toxicity in the water column will result
in bioaccumulation in fish and will lead to dangerous CTX levels. Litaker et al. [46] have
analyzed 33 strains representing seven Gambierdiscus and one Fukuyoa species from the
Caribbean and Gulf of Mexico and have found that all except G. excentricus can induce high
CTX-like toxicity, at 469 fg CTX3C eq cell−1, comparable with the highly toxic isolates from
the Pacific [1,61]. All other six species were low toxin-producers, varying from 0.27–19.6
fg CTX3C eq cell−1 [46], but that does not change the fact that the Caribbean and Gulf of
Mexico remain among the most CTX-prone areas in the world. Our speculation needs to
be verified through the long-term tracking of the abundance and species composition of
Gambierdiscus/Fukuyoa spp. in Weizhou Island in the future.

4. Conclusions

In this study, species identification and toxicity analyses of CTX-producing microalgae
in Weizhou Island were conducted for the first time, and five strains of G. caribaeus were
identified based on thecal morphology and a molecular characterization. The toxicity
was determined to be 0–5.40 fg CTX3C eq cell−1, which represents the first report of toxic
Gambierdiscus in Chinese waters. Further studies are strongly recommended to better
explain the correlation between the causative organism abundance, species composition,
species/strain-specific toxicity, and the risk of CTX-contaminated fish in Weizhou Island
waters and to develop better strategies for ciguatera management in China.

5. Materials and Methods

5.1. Study Area and Sample Collection

Eight sites were sampled on Weizhou Island in October–2014–2016 (Figure 7). Benthic
macroalgae and hard dead coral reef rubble were collected by diving. Cells of benthic di-
noflagellates including Gambierdiscus attached to the macroalgae and hard dead coral were
released by vigorous shaking, and 20–200 μm particles were collected through filtration
for further cell isolation and monoclonal strain establishment, adding the 20 μm-filtered
seawater and 1 mL of reduced enriched K medium (removing Si and Tris) [62] to the
samples to keep Gambierdiscus cells alive but prevent fast reproduction.
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Figure 7. Sampling sites.

5.2. Culture Establishment

Field samples were transported to the laboratory and observed using an inverted
microscope (TS100, Nikon, Tokyo, Japan). The cell size and shape of Gambierdiscus sp. were
observed and photographed (NIS-Elements D 4.50.00), and these were then isolated with
a capillary tube under an inverted microscope. The cells were aspirated and placed onto
a glass plate with K medium, washed repeatedly 3–4 times, and then single cells were
cultured in a 96-well plate in a light incubator (GHP-9270N, Ningbo Laifu Technology Co.,
Ningbo, China) at 23 ◦C, 150 μE·m–2 s–1, with a 14 h:10 h light:dark cycle. After 4–6 weeks
of culture, well-grown cells were selected and transferred to a 24-well plate for further
growth, and 2–3 weeks later, cells were transferred to cell culture flasks (25 cm2, Fisher
Scientific Co., Waltham, MA, USA) and maintained as a monostrain culture of Gambierdiscus
sp. (Table S2).

5.3. Scanning Electron Microscopy

Glutaraldehyde solution was added to the Gambierdiscus culture growing in expo-
nential growth phase for 35 h for cell fixation, at a final solution concentration of 2.5%.
Fixed samples (5 mL) were filtered and collected through a 3 μm polycarbonate membrane
(Merck Millipore Ltd., Burlington, MA, USA) and then desalted in a salinity gradient. Using
sterile seawater at a concentration of 100%, desalination was performed with a concentra-
tion gradient of 90%, 70%, 50%, 30%, 0%, and 0% (ultrapure water), with each iteration
lasting for 30 min. The filter membrane was then dewatered in different concentrations of
ethanol with a concentration gradient of 30%, 50%, 70%, 90%, 100%, and 100%, with each
iteration conducted for 30 min, dried with a critical point drier (Joel Hi-Tech, Dalian Co.,
Dalian, China), and gold-coated in a sputter coater. Lastly, the Gambierdiscus cells were
observed and photographed under a scanning electron microscope (TM-1000 Tabletop Mi-
croscope, Hitachi High-Technologies Corporation, Tokyo, Japan). The plate formula for the
morphology description was the same as that described in previous publications [39,63,64].

5.4. DNA Extraction and PCR Amplification

DNA was extracted from Gambierdiscus cells growing in exponential phase using
the BioFastSpin Plant Genomic DNA Extraction Kits (Bioer, Hangzhou, China) following
the manufacturer’s instructions. DNA extraction was confirmed through electrophoresis.
Characteristic D1–D3 LSU rDNA, D8–D10 LSU rDNA, and SSU rDNA fragments were
amplified through PCR using the primers listed in Table S3. The PCR reaction included
20 μL 2 × Es Taq Master Mix (CoWin Biosciences, Cambridge, MA, USA), forward and
reverse primers (1 μL each), DNA template (1 μL), and ddH2O (17 μL). The PCR program
was run on a Biometra EasyCycler Gradient, and comprised pre-denaturation at 94 ◦C for
5 min, 35 cycles of 94 ◦C for 30 s, 56 ◦C for 30 s, and 72 ◦C for 30 s, and elongation at 72
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◦C for 5 min. The D1–D3 LSU rDNA and D8–D10 LSU rDNA PCR products were directly
Sanger sequenced at the TsingKe Biological Technology Company (Beijing, China).

Direct SSU rDNA Sanger sequencing failed, and these samples were further cloned
before sequencing. Therefore, SSU rDNA was extracted from PCR agarose gels, purified
using the Universal DNA Purification Kit (Tiangen, DP214, Beijing, China), and then ligated
with the pMD19-T vector overnight at 16 ◦C. Receptor cells (Escherichia coli DH5α) were
removed from the −80 ◦C storage freezer and thawed on ice. DH5α was added to the
ligation product, mixed well, incubated in an ice bath for 30 min, and heat shocked at 42 ◦C
for 60–90 s, which was followed by rapid transfer to an ice bath for 2–3 min. Then, 500 μL
of Luria-Bertani medium (without antibiotics) was added to the mixture, mixed well, and
incubated at 37 ◦C for 45 min (150 rpm) in a shaker. The mixture (200 μL) was pipetted into
a Luria-Bertani plate (containing ampicillin, Isopropyl β-d-1-thiogalactopyranoside, and
X-Gal) and evenly spread. The plate was incubated a 37 ◦C overnight. Single colonies were
picked for PCR confirmation, and the positive ones were chosen for Sanger sequencing.
All sequences were deposited in GenBank (Table S2).

5.5. Phylogeny and Sequence Analysis

The D1–D3 LSU rDNA, D8–D10 LSU rDNA, and SSU rDNA sequences of the five
Gambierdiscus isolates (GCBG01, GCBG02, GCBG03, GCBG04, and GCBG05) were searched
in the NCBI website (http://www.ncbi.nih.gov) using BLAST, and sequences related to
these strains with high similarity and coverage were downloaded. Totals of 44, 60, and
44 sequences were obtained, respectively. Sequences were subjected to multiple sequence
alignment using ClustalW in MEGA-X v10.1.8, and redundant bases were sorted and
truncated to 1035 bp, 914 bp, and 1788 bp for the D1–D3 LSU rDNA, D8–D10 LSU rDNA,
and SSU rDNA, respectively. Base composition, conserved sites, variant sites, parsimony
informative sites, monomorphic sites, and conversion/inversion ratios were also calculated
using MEGA-X v10.1.8. The substitution model and rates among sites were determined
by running the software Modeltest 3.7, showing the best selection as GTR + G, which was
used in the construction of the ML and BI trees.

ML trees were constructed using software MEGA-X v10.1.8, with 1000 bootstrap
replications, partial deletion of gaps/missing data treatment, and a site coverage 95% cutoff.
BI trees were inferred using the Bayesian algorithm in MrBayes v3.1.2, and 1 × 106 runs of
three hot chains and one cold chain were performed independently under four Markov
chains, with sampling performed every 500 generations. The analysis was thought to reach
stability, that is, a standard error <0.01, when the program ended. Phylogenetic trees were
viewed with the software FigTree v1.4.0 and saved in PDF format. The GenBank accession
number, species and strain names, bootstrap values, and posterior probability values were
added to the major branch node using Adobe Acrobat Pro v11.0.5.

5.6. CTX-Like Toxicity Analysis

The 106–107 Gambierdiscus cells in the early stationary phase were collected by centrifu-
gation at 2000× g at 4 ◦C and stored at −20 ◦C by adding methanol. CTX-like toxins were
released from cells using a sonicator probe (Branson Digital Sonifier, Branson Ultrosonics
Corporation, Brookfield, CT, USA) for 5 s on, 1 s off, and 80% amp. After sonication,
a drop of each extract was placed on a microscope slide to verify cell disruption. The
primary extract was centrifuged at 2000× g for 5 min at 4 ◦C, and the supernatant was
collected. Residual cells were extracted for 2 min using a vortex mixer (Vortex-6, Qilin-
beier, Jiangsu, China), and the supernatant was combined with the primary extracted
supernatant. CTX-like toxins in the supernatant were then extracted using a 3:2:2 volume
ratio of methanol:MilliQ water:dichloromethane and dried in a rotary evaporator; then,
methanol was added, and the extract was stored at −20 ◦C for final toxicity measurements.
Toxicity was determined using mouse neuroblastoma (Neuro-2a cells; ATCC, CCL131;
ATCC, Manassas, VA, USA) according to the mouse neuroblastoma assay described by Xu
et al. [64].
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Supplementary Materials: The following is available online at https://www.mdpi.com/article/
10.3390/toxins13090643/s1, Figure S1: global distribution map of Gambierdiscus caribaeus, Figure
S2: principal coordinate analysis (PCoA) based on the p distance matrices of Gambierdiscus caribaeus
D1–D3 LSU rDNA and D8–D10 LSU rDNA sequences downloaded from the NCBI database, Table
S1: the p distance (uncorrected genetic distance) comparison of D1–D3 LSU rDNA, D8–D10 LSU
rDNA, and SSU rDNA sequences, Table S2: sample information, Table S3: primers and PCR product
information.
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Abstract: Ciguatera poisoning is a globally occurring seafood disease caused by the ingestion of
marine products contaminated with dinoflagellate produced neurotoxins. Persistent forms of ciguat-
era, which prove to be highly debilitating, are poorly studied and represent a significant medical
issue. The present study aims to better understand chronic ciguatera manifestations and identify
potential predictive factors for their duration. Medical files of 49 patients were analyzed, and the
post-hospitalization evolution of the disease assessed through a follow-up questionnaire. A rigorous
logistic lasso regression model was applied to select significant predictors from a list of 37 patient
characteristics potentially predictive of having chronic symptoms. Missing data were handled by
complete case analysis, and a survival analysis was implemented. All models used standardized
variables, and multiple comparisons in the survival analyses were handled by Bonferroni correction.
Among all studied variables, five significant predictors of having symptoms lasting ≥3 months
were identified: age, tobacco consumption, acute bradycardia, laboratory measures of urea, and
neutrophils. This exploratory, hypothesis-generating study contributes to the development of ciguat-
era epidemiology by narrowing the list from 37 possible predictors to a list of five predictors that
seem worth further investigation as candidate risk factors in more targeted studies of ciguatera
symptom duration.

Keywords: ciguatera poisoning; epidemiology; least absolute shrinkage and selection operator;
machine learning; data science; medical informatics; survival analysis; foodborne diseases

Key Contribution: This study is the first exploration of predictors of chronic ciguatera among severe
ciguatera cases that required hospitalization.

1. Introduction

Ciguatera poisoning (CP) is a non-infectious food poisoning resulting from the con-
sumption of marine organisms contaminated by ciguatoxins (CTXs), neurotoxins produced
by microalgae in the genera Gambierdiscus and Fukuyoa, that preferentially proliferate in
tropical and subtropical ecosystems [1,2]. According to current figures, this would af-
fect 10,000 to 50,000 persons every year [3], nevertheless, it is likely that these numbers
only represent 20% of the true situation due to the absence of diagnostic tools, and a
strong under reporting of the disease at a global scale [4]. Due to the nature and the large
distribution of CTXs’ biological targets (e.g., voltage-gated sodium channels, potassium
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channels, and calcium channels) and the variety of cells affected [5–8], CP results in a
variable and highly subjective syndrome. Indeed, symptom expression and severity may
vary [9] under the combined influence of the amount, and likely, the family of CTXs in-
gested, as well as individual susceptibility. CP diagnosis is solely based on the history of
poisoning and symptoms’ description, and must be considered in a non-febrile patient
presenting with a combination of gastrointestinal, cardiovascular, musculoskeletal and/or
neurological disorders (especially cold allodynia, unsustainable itching and heightened
nociperception), which appear within 48 h after the ingestion of “at-risk” marine organ-
isms [9]. Gastrointestinal manifestations (i.e., diarrhea, vomiting, nausea, and abdominal
pain) usually occur first, sometimes accompanied by cardiovascular disorders, mostly
bradycardia and hypotension. These manifestations generally disappear within 48–72 h,
either spontaneously or under adapted medication, while neurological and other systemic
manifestations (e.g., cold allodynia, itching, paraesthesia, myalgia, arthralgia) appear
during subsequent days [10–13].

Chronic forms of CP with symptoms lasting ≥3 months are a real clinical challenge.
Even though chronic CP cases are regularly reported, studies dedicated to the understand-
ing of this phenomenon are scarce, especially due to the lack of a clear consensus regarding
its clinical definition. Indeed, some CP manifestations may persist for months or even
years after the initial poisoning, mostly under the traits of neurological and psychiatric
disorders (i.e., tenacious fatigue, paraesthesia, dysesthesia, pruritus, attention deficit disor-
der, anxiety, depression) [14–17]. These manifestations can be expressed continuously or
through transient reactivation peaks, triggered by multiple factors (e.g., consumption of
marine/fresh water-related products, even from non-endemic region, alcohol, nuts, and
red meat. Stress and contrasted ambient temperature may also impact [9,17]. Diagnosing a
chronic CP, with a time lag from the initial poisoning, represents a real struggle for both
patients and clinicians, as it often required costly and unsatisfactory biological tests. To
date, no treatment has proven effective in CP medical management. Treatment essentially
relies on supportive care, with variable results [9,18]. Considering that at least 20% of
the persons affected by CP are likely to develop a persistent form [19], this health issue
deserves an increased attention and dedicated studies.

The present study aims at better characterizing CP chronic forms among a cohort
of individuals that have been hospitalized for CP motive at the main hospital of French
Polynesia (FP), a territory with a high CP endemicity, and assessing a statistical predictive
model for symptoms’ duration.

2. Results

2.1. Participants’ Description

Among the n = 49 participants, n = 26 were identified as acute CP cases (with symp-
toms that fully improved in less than 3 months) and n = 23 as chronic CP cases. As shown in
Table 1, the median age was 50 years (47 years old in acute cases vs. 52 years old in chronic
cases); and males were predominant (SRn=49: 1.882; SRacute: 1.364; SRchonic: 2.833). The
cohort was composed of 65% (n = 32) Polynesian, 26% (n = 13) mixed-race and 8% (n = 4)
non-Polynesians. A total of 52% (n = 12) of chronic patients had one or more comorbidities
such as chronic hypertension and type 2 diabetes vs. 11% (n = 3) among the acute CP cases;
and 65% (n = 15) of chronic CP cases declared weekly tobacco consumption at the time of
the poisoning vs. 23% (n = 6) among acute CP cases.
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Table 1. Participant’s characteristics.

All Participants%
(n = 49)

Acute CP Cases
(n = 26)

Chronic CP Cases
(n = 23)

Median age 50 47 52
Sex ratio (M/F) 1.882 1.364 2.833

Ethnicity:
Polynesian 65% (n = 32) 58% (n = 15) 74% (n = 17)
Mixed-race 26% (n = 13) 31% (n = 8) 22% (n = 5)

Non-Polynesian 8% (n = 4) 11% (n = 3) 4% (n = 1)
Tobacco consumption 43% (n = 21) 23% (n = 6) 65% (n = 15)

Comorbidities: 31% (n = 15) 11% (n = 3) 52% (n = 12)
Chronic hypertension 16% (n = 8) 11% (n = 3) 22% (n = 5)

Type 2 Diabetes 16% (n = 8) 4% (n = 1) 30% (n = 7)
Italics are used to better distinguish the subpopulations in the different groups (Ethnicity and Comorbidities).

2.2. Acute Symptoms and Biological Variables

In Table 2 we reported the acute symptoms and biological characteristics of the n = 49
participants (or the subset of participants with complete data on that variable) vs. the
n = 38 participants included in the rigorous logistic lasso regression (RLLR model). For
binary variables, the percent reporting “yes” is reported; for continuous variables, the
median (25th percentile, 75th percentile) is reported. The symptoms incubation time was
once recorded as “>3 h”, and once as “<24 h”; for data analysis, these were assumed to fall
into the categories of <12 h and ≥12 h, respectively.

Table 2. Characteristics of the full n = 49 participants vs. the n = 38 participants included in the
RLLR model.

Variable
All Participants with Data

(n = 49)
RLLR Model Sample

(n = 38)

Age 50 (45, 60) 49.5 (45, 56)
Male sex 65% 71%

Ate non-herbivorous fish 89% * 89%
Ate head and/or viscera 79% ** 82%

Prior ciguatera 57% 63%
Tobacco consumption 43% 45%
Chronic hypertension 16% 16%

Type 2 diabetes 16% 13%
Symptoms incubation time ≥12 h 10% 11%

Acute Digestive disorders

Diarrhea 90% 92%
Vomiting 71% 74%

Abdominal pain 69% 66%
Nausea 53% 50%

Acute Cardiovascular disorders

Hypotension 80% 82%
Bradycardia 55% 58%

Heart rhythm disorder 16% 18%
Tachycardia 4% 3%
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Table 2. Cont.

Variable
All Participants with Data

(n = 49)
RLLR Model Sample

(n = 38)

Acute Neurological and Other Disorders

Asthenia 88% 87%
Paraesthesia 84% 79%

Itching 71% 66%
Cold allodynia 69% 71%

Dizziness 59% 63%
Migraine 53% 47%

Dysesthesia 51% 45%
Gait disorder 51% 50%

Chill 45% 42%
Muscle disorder 43% 37%

Joint pain 39% 34%
Blurred vision 39% 34%
Hypothermia 35% 37%

Balance disorder 35% 32%
Oral/peri-oral burning sensation 24% 21%

Urogenital pain/itching or discomfort 22% 18%
Dysgeusia 20% 24%

Language disorder 18% 18%
Coordination disorder 14% 11%

Heat allodynia 6% 8%
Dysuria 4% 0%

Depression 2% 0%

Biological Tests

Urea (g/L) [0.13–0.43] *** 0.48 (0.41, 0.56) 0.50 (0.41, 0.57)
Creatinine (mg/L) [6–12] 12 (10, 15) 12.5 (10, 15)

Sodium (mEq/L) [136–145] 140 (138, 141) 140 (138, 141)
Potassium (mEq/L) [3.4–4.4] 4.1 (3.7, 4.4) 4.1 (3.9, 4.4)
Chloride (mEq/L) [98–107] 105 (103, 108) 106 (103, 109)
Leukocytes (g/L) [4.0–10.7] 9.7 (7.4, 11.7) 9.75 (7.7, 11.9)
Neutrophils (g/L) [1.8–7.3] 7.1 (4.4, 8.8) 7.3 (4.8, 8.8)
Eosinophils (g/L) [0.0–0.6] 0.2 (0.1, 0.2) 0.15 (0.1, 0.2)
Basophils (g/L) [0.0–0.2] 0 (0, 0.1) 0 (0, 0.1)

Lymphocytes (g/L) [1.0–3.4] 2 (1.4, 2.6) 1.9 (1.4, 2.6)
* n = 46. ** n = 48. *** normal ranges.

2.3. Chronic Symptoms and Triggering Factors

As shown in Table 3, the most prevalent chronic symptoms were neurological (i.e.,
itching (65%), asthenia (61%), paraesthesia (56%), cold allodynia (39%), dysesthesia (26%),
muscular disorders (26%) and blurred vision (26%)), whereas digestive and cardiovas-
cular manifestations were less present (diarrhea (17%) and peak of hypotension (13%)).
As to neuropsychiatric manifestations such as sleep disorder, irritability, depression, and
attention disorders, they were expressed with a respective prevalence of 22%, 17%, 9%,
and 4%.

Those manifestations were reported to be triggered or worsened by factors that mainly
belong to food products category, such as fish (56%), chicken (30%), beef (26%), nuts (22%),
pork (17%), soy related products (17%), canned food (17%), dairy products (17%), alcohol
(13%), coffee/tea (9%), chocolate (9%) and spices (4%) (Table 4). Note that the prevalence
for fish, meat, and alcohol may be lowered by the fact that some of the participants avoided
them following their hospital discharge, under the recommendation of their physician, and
still did not reintroduce them in their diet when the interview was realized. Non-food
factors were also reported to influence chronic symptoms’ expression, such as cold/hot
ambient air contrast (n = 4), rapid weight loss (n = 4), physical activity (n = 3), and sun
exposure (n = 4).
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Table 3. Frequency of chronic symptoms in the sample of chronic CP cases (n = 23).

Chronic Symptoms Category % (n = 23)

Itching N 65 (n = 15)
Asthenia N 61 (n = 14)

Paraesthesia N 56 (n = 13)
Cold allodynia N 39 (n = 9)

Dysesthesia N 26 (n = 6)
Muscle disorder N 26 (n = 6)
Blurred vision N 26 (n = 6)
Sleep disorder Np 22 (n = 5)

Diarrhea D 17 (n = 4)
Joint pain O 17 (n = 4)
Irritability Np 17 (n = 4)

Gait disorder N 17 (n = 4)
Headache/Migraine N 13 (n = 3)

Hypothermia N 13 (n = 3)
Chill N 13 (n = 3)

Peak of hypotension Cv 13 (n = 3)
Vomiting D 13 (n = 3)

Urogenital discomfort/pain/burning O 13 (n = 3)
Abdominal pain D 9 (n = 2)

Nausea D 9 (n = 2)
Heart rhythm disorder Cv 9 (n = 2)

Language disorder N 9 (n = 2)
Balance disorder N 9 (n = 2)

Depression Np 9 (n = 2)
Bradycardia Cv 4 (n = 1)

Dizziness N 4 (n = 1)
Coordination disorder N 4 (n = 1)

Dysgeusia O 4 (n = 1)
Oral/peri-oral burning sensation N 4 (n = 1)

Attention disorder Np 4 (n = 1)
N: neurologic; Np: neuropsychiatric; D: digestive; Cv: cardiovascular; O: other.

Table 4. Chronic CP manifestations triggering/worsening factors.

Triggering Factors % (n = 23)

Food Origin

Fish 56
Chicken 30

Beef 26
Nuts 22
Pork 17

Soy related products 17
Canned products 17
Dairy products 17

Alcohol 13
Coffee/Tea 9
Chocolate 9

Spices 4

Non-Food Origin

Cold/hot air contrast 17
Rapid weight loss 17
Physical activity 13

Sun exposure 13
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2.4. Chronic CP Predictors

Table 5 provides the p value from either a Fisher’s exact test for categorical predictors
(e.g., tobacco consumption, acute bradycardia symptoms) or a t-test for continuous predic-
tors (e.g., age, urea, neutrophils) comparing cases to non-cases of chronic CP. There were
n = 49 included in tests of the binary predictors, and n = 45 participants with complete
data on laboratory biomarkers for two sample equal-variance t-tests. Only the comparison
of tobacco consumption between the cases and non-cases of chronic CP was Bonferroni-
significant (p < 0.01) considering the 5 hypothesis tests. Unlike the RLLR analysis, these
hypothesis tests did not use standardized variables.

Table 5. Significant variables for chronic CP predictors.

Chronic CP Predictors N p Value (Fisher’s Exact or t Test)

Age 49 0.10
Tobacco consumption 49 0.004

Bradycardia 49 0.25
Urea 45 0.03

Neutrophils 45 0.12

A two-by-two table of the observed chronic case status vs. the predicted chronic case
status given the RLLR model, with model predictions calculated for all n = 49 participants
is presented in Table 6. There were n = 35 patients for whom the model prediction matched
the observed chronic case status vs. n = 14 for whom the model prediction did not match.
The sensitivity of this prediction model was 92% (95% confidence interval: 75%, 99%) and
the specificity of this prediction model was 48% (95% confidence interval: 27%, 69%). The
positive predictive value of this model was 67% (95% confidence interval: 57%, 75%), and
the negative predictive value of this model was 85% (95% confidence interval: 58%, 96%).
The model accuracy was 71% (57%, 83%).

Table 6. Two-by-two table of the observed chronic case status vs. the predicted chronic case status
from the RLLR model.

Observed Chronic Observed Non-Chronic

Predicted Chronic n = 24 n = 12
Predicted Non-Chronic n = 2 n = 11

2.5. Time until Cessation of Symptoms among Chronic Cases

The smallest sample-size survival model had 20 participants, 13 with observed cessa-
tion of symptoms during follow-up, and 450 total months of follow-up.

The results of the parametric survival analyses of time until cessation of symptoms
among chronic cases, considering only the variables suggested as predictive of being a
chronic case in the RLLR model, are presented in Table 7. There were 16 chronic cases
with recorded cessation of symptoms and 7 who had not yet experienced a cessation of
symptoms at the end of the study follow-up period (total n = 23). The maximum analysis
time at risk in this survival analysis was 535 person-months (n = 23 participants, n = 16
events) and the minimum was 450 person-months (n = 20 participants, n = 13 events). Note
that standardized variables were used for this predictive analysis. One of the bootstrap
estimates for the lognormal survival-time model with bradycardia as the predictor failed
to converge so the confidence interval was based on 499 bootstrap replicates.
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Table 7. Parametric survival analyses of time until cessation of symptoms among chronic cases.

Standardized
Predictor

n of Participants,
n of Events,

Person-Months at Risk

Weibull Assumption
Time Ratio

(Bootstrap 95% CI)

Lognormal
Assumption
Time Ratio

(Bootstrap 95% CI)

Age 23, 16, 535 1.39 (0.65, 3.02) 1.51 (0.55, 2.67)
Tobacco consumption 23, 16, 535 1.19 (0.79, 2.62) 1.38 (0.70, 2.48)

Bradycardia 23, 16, 535 1.31 (0.82, 2.81) 1.60 (0.81, 2.76)
Urea 20, 13, 450 0.71 (0.33, 0.95) 0.72 (0.30, 1.11)

Neutrophils 21, 15, 528 0.94 (0.49, 1.53) 0.88 (0.54, 2.03)

3. Discussion

Among the n = 49 participants, 47% (n = 23) kept suffering from persisting symptoms
at least 3 months after the initial poisoning. However, this number may be biased as it
can be hypothesized that candidates who developed chronic manifestations were more
inclined to contribute to the study. As comparison, Pearn [19] and Baumann et al. [20] have
respectively estimated this prevalence at 20% and 34%.

The acute clinical picture of our cohort is comparable with the one described by Gatti
et al. [21]. Indeed, among the n = 129 hospitalizations for ciguatera registered at the same
hospital between 1999 and 2005, the most prevalent symptoms were identical, i.e., diarrhea,
vomiting and abdominal pain regarding gastrointestinal symptoms; hypotension and
bradycardia, as cardiovascular symptoms; and paraesthesia, asthenia and pruritus among
neurological symptoms.

Moreover, 43% of the participants in the present study declared smoking tobacco
(vs. 41% of the population of French Polynesia in 2010 [22]), suffering from chronic
hypertension for 16% of them (vs. 26.7% [22]) and type 2 diabetes for 16% of them (vs. 19%
in 2012 [23]). In addition, the prevalence of participants with antecedent of ciguatera (57%)
is in accordance with the estimations observed among ambulatory cases recorded through
the surveillance program of FP (51.6% in 2016 [24], 56% in 2020 [25]). This information
suggests that the study cohort does not present higher risk or fragility than the general
population.

3.1. Chronic Manifestations and Triggering Factors

Chronic manifestations, that are mainly dominated by neurological symptoms, are
also consistent with observations made in a 20 months’ follow-up of 9 tourists contaminated
with trochus shell, Tectus niloticus (whose specimens from the same site were showed to
contain high amounts of CTXs) [17,26]. Indeed, itching, asthenia, paranesthesia and cold
allodynia were also the most prevalent persisting symptoms which gives CP its status as
mixed sensory neuropathy that predominantly affects the lemniscal system [12,27], while
cardiovascular and digestive manifestations were absent or anecdotal. Note that in both
studies, neuropsychiatric manifestations essentially made their appearance during the
chronic stage.

There are several mechanisms that were given as explanations for the persistence of
CP symptoms. It has been hypothesized that it could result from prolonged activation of
voltage-gated sodium channels by CTXs, fixed in deep tissues and occasionally released into
the bloodstream following lipid metabolism activation [28], and/or a possible immune im-
balance common to several chronic auto-inflammatory and auto-immune diseases [29–33].
In the present study, the first theory is supported by the declaration of symptoms worsening
after non-rapid weight loss in 4 participants. Concerning neuropsychiatric manifestations
such as depression, anxiety, memory loss or attention disorder [11,34–36], they could
be attributable to (i) a pre-existing non-CP related psychiatric illness, (ii) a secondary
consequence of a certain lassitude linked to persistent invalidating manifestations that
could not be mitigated or removed by effective treatments, and a lack of recognition by
medical professionals, (iii) to direct physiological damages caused by CTXs on the central
nervous system, or (iv) to a synergistic effect of CTXs biological impacts combined with
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functional/psychiatric disorders. As also observed in the Gatti et al. 20 month’s follow-up
study [17], except for psychiatric-related symptoms that can make their appearance weeks
or months after the initial poisoning, no new symptoms other than the ones expressed
during the acute phase made their appearance.

As also observed in the present study, characteristic of CP is that its symptoms,
especially neurological ones, may be modulated by external factors contributing to transient
relapse or intensification. [9]. Although many symptom-triggering factors reported by the
ciguatera cases in this study (Table 4) have a food-based origin, others are related to the
environment (e.g., contrasted ambient air temperature, sun exposure) or linked to patients’
physical condition (e.g., rapid weight loss, intense physical activity). Assembling a list
of potentially modifiable triggering factors would be helpful to assist CP patients in their
recovery process by adapting their diet and behavior. It is possible that mechanism for
symptom triggering might be related to histamine metabolism, due to the similarities that
can be observed in CP patients and certain histamine-related disorders, although this has
not been assessed in this study.

Finally, in this study as also observed in Chateau-Degat et al. [16] and Gatti et al. [17],
CP usually showed a positive evolution, with symptoms that progressively and sponta-
neously regressed in frequency and intensity over time.

3.2. Chronic CP Predictive Factors

In this exploratory study, our RLLR model identified five potentially predictive vari-
ables of developing a chronic ciguatera form that would merit further investigation: age,
tobacco consumption, acute bradycardia, laboratory measures of urea and neutrophils.
This predictor-screening RLLR model used a standardized version of each predictor vari-
able rather than the real-world untransformed observed values of each variable. When we
considered untransformed variables, only tobacco consumption was Bonferroni-significant
when considered in relation to observed chronic case status. In secondary survival analyses
for duration of symptoms among chronic cases, the point estimates for tobacco consump-
tion were consistent with an extended duration of symptoms among tobacco consumers,
but these model estimates were imprecise and not statistically significant. Nevertheless,
this finding is consistent with the observation of Chateau-Degat et al. [16] who identified a
clear association between tobacco consumption and CP symptoms persistence on mild CP
cases. Further toxicological research on tobacco implication (through a co-modulation of
cholinergic receptors by CTXs and nicotine), as a potential obstacle in the healing process,
is warranted.

Acute hypotension and bradycardia were respectively expressed in 80% and 55% of
participants, which reinforces the idea that our study population suffers from a severe form
of CP. Indeed, according to Geller and Benowitz [37], these manifestations would result
from an autonomic dysfunction (combination of parasympathetic excess and sympathetic
failure), considered one of the most serious CP complications, also used as determining
factor for patient’s hospitalization. By comparison, hypotension and bradycardia preva-
lence among CP ambulatory cases reported in French Polynesia were respectively 19.7%
and 24.3% in 2018 [38]. Bradycardia as predictive factors for chronic cases could mean that
the severity of the poisoning would have an influence on patients’ recovery capacity. At
this stage, a prospective comparative study between ambulatory and hospitalized cases,
with the support of a severity index, may be able to answer this question.

Our study also suggested that age may be a predictive factor. Such observation is
consistent with the result of Katz et al. [39] who found a correlation between age and
increasing duration of CP symptoms while describing an outbreak in Hawaii. This finding
has biologically plausible mechanisms relating to the decreasing capacity of neuronal repair
and/or a slower sodium channel regeneration with age, accentuated by the ability of some
CTX to reduce the intrinsic growth capacity of peripheral neurons as observed on animal
model [40].
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Known to be a significant actor of the innate immune response, neutrophils are also
implicated in several other processes, such as acute cell injury and repair, cancer, autoimmu-
nity or chronic inflammation [41]. Even though the innate immune response to non-protein
toxins is poorly documented, there is some evidence that CTXs are involved in both im-
mune and inflammatory dysregulation [7,31]. As mentioned by Pierre et al. [42], available
data suggest that the systemic immune response following acute CTX exposure is rather
an anti-inflammatory Th2 response that may result in a possible genetic predisposition
associated with MHC variants conferring susceptibility to develop a persistent syndrome.
As these processes are not clearly established yet, we are unsure about the mechanism by
which neutrophil regulation is related to CP symptoms duration. These findings merit
further dedicated studies.

Urea, a nitrogenous metabolite resulting from the catabolism of proteins, is mainly
measured to assess kidney function, even though its production may be easily influenced by
several unconnected medical causes [43]. At this stage, suggesting a significant biological
explanation for its role as a potential predictive factor for symptoms duration remains
nebulous and needs further research.

It is possible that some of these factors, although they did not show detectable as-
sociations in this sample, could have a causal relationship that might be detectable in a
larger sample; for example, it is possible that diabetes may contribute to more sensitive
nerve cells to the variations of osmolarity induced by CTXs, and consequently to more
substantial neurological disturbances.

3.3. Limitations of the Study

As in any study based on the recall of past events, recall bias represents a significant
weakness, which, however, was partially controlled by comparing data collected through
questionnaires with data from hospital medical records. Yet, and above all, the main
weakness resides in the small sample size of the cohort, especially given the population
initially targeted (n = 254 potential candidates). Another limitation of this study resides
in the fact that it was focused on screening individual predictors and did not allow for
possible interactions between predictors. This screen suggested that tobacco consumption
may be of particular interest for follow-up research as a potentially modifiable, significant
predictor of being a chronic case; we do not evaluate in this study possible heterogeneity in
the association of tobacco with ciguatera duration according to sex or any other participant
characteristics.

Overall, there was a good agreement of our RLLR model prediction of the most likely
outcome per participant vis-à-vis the observed outcomes. The overall model accuracy was
71%, which can likely be improved if additional predictive variables are identified in the
future, but suggests that these five variables may be informative for risk stratification of
new ciguatera patients as having elevated risk of becoming a chronic case. The negative
predictive value of this model was better than the positive predictive value, and the
sensitivity was better than the specificity.

The survival analysis examining the associations of these five variables to the duration
of symptoms is conditional on the results of the original RLLR model with a somewhat
related outcome variable, as well as having five separate hypothesis tests, and so would
be expected to also have an inflated Type I error rate. We find a nominally significant
(p < 0.05), but not Bonferroni-significant, association of higher levels of (standardized)
urea with shorter duration of symptoms, assuming a Weibull distribution for survival
times. However, this is no longer nominally significant when we consider a lognormal
distributional assumption for the survival-time distribution. Thus, our inferences about
statistical significance or lack thereof are sensitive to our parametric model assumptions,
although we obtained similar point estimates for each predictor variable regardless of
distributional assumptions. Our subjective impression is that both urea and bradycardia
merit further investigation as potential predictors of the timing of cessation of symptoms
in a future study. We intentionally limited our number of hypothesis tests due to our very
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limited sample size for the survival analyses. Since we used RLLR for chronic ciguatera
as a screening tool to reduce the number of modeled covariates, we cannot preclude the
possibility that another variable that was not identified in the RLLR model as significantly
predictive would nevertheless be predictive of the duration of symptoms conditional on
being a chronic case.

Despite the lack of knowledge about the mechanisms underlying CP, it appears
important to bring to the attention of healthcare workers the existence of CP chronic
manifestations, especially in a context of globalization of this affliction [44]. Moreover,
collaborative international efforts must be encouraged in order to (i) increase CP awareness,
especially in non-endemic regions, (ii) define a “Medical Consensus Guideline” to come in
support of the medical community, (iii) develop diagnosis tools and effective treatments.
Although the conclusions of the present study are very preliminary, based on a limited
sample size and mixed findings, it may be of valuable interest in order to narrow the
search space for future investigations from an agnostic set of 37 potential predictors to a
more feasible study set of 5 candidate predictors with suggestive but not conclusive prior
evidence for association.

4. Materials and Methods

4.1. Cohort Recruitment and Data Collection

Candidates to the study were selected from the medical records register of patients
hospitalized for ciguatera motive (coded T61.0 according to the International Classification
of Diseases), between 1 January 2010 and 31 December 2015, at the Centre Hospitalier de
Polynésie Française. All T61.0-corresponding files were then verified by the CP referent
physician of the hospital for a posteriori diagnosis confirmation. After excluding (i) incor-
rectly coded cases, (ii) persons that have left the territory, (iii) deceased persons, (iv) people
with serious physical or mental condition incompatible with the holding of an interview,
(v) and people who could not be contacted due to false or no contact information; n = 100
potential candidates were identified to be included in the study and met the investigators
for a follow-up interview. Among them, n = 13 refused to participate and n = 38 never
showed up to the follow-up interview despite giving their consent. The study was finally
conducted on 49 participants for whom we disposed of acute ciguatera hospitalization
medical records (which dates back to 3 months at the earliest) and chronic symptom’s evo-
lution collected through a dedicated questionnaire carried out in face-to-face or remotely
with the assistance of the investigators when needed. In detail, medical records gathered
information about patients’ characteristics (age, sex, medical history, tobacco consump-
tion, comorbidities), the context of poisoning, the acute clinical description and biological
test results (carried out systematically for all incoming patients regardless of the reason
for their hospitalization). The follow-up questionnaire included questions related to the
participant medical history, the initial poisoning context, the acute symptoms during the
hospitalization (in order to assess the level of reliability of their memories, by comparing
this information with that contained in the hospital medical records), the chronic evolution
of symptoms, and the factors likely to influence their expression.

4.2. Statistical Analysis and Predictive Model

Lasso regression [45] is a well-established machine learning approach that uses reg-
ularization to stabilize model estimation by solving for optimal regression coefficients β̂
to minimize a loss function − 2

n LL(β) + λ ∑
j

∣
∣β j

∣
∣, where LL represents the log-likelihood

of the model for coefficient set β, n is the sample size, λ is a model tuning parameter
that determines how much penalty to attach to extra model complexity (i.e., inclusion of
nonzero coefficients), and β j is each regression parameter. The lasso regression approach
lacks a formal causal interpretation but can be useful for discerning predictive variables in
situations where there is data sparsity (e.g., a large number of candidate predictors com-
pared to the number of observations, with the number of predictors potentially exceeding
the number of observations). The primary goal of lasso regression is prediction rather than
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causal inference; it is possible that a variable that is retained in the model as predictive is
correlated with a causal variable but is not a causal variable.

Rigorous logistic lasso regression [46], is an extension of the lasso modeling framework
developed to handle binary outcome variables with potentially heteroskedastic errors or
clustering of observations and a limited sample size relative to the number of observations.
The penalty in RLLR is defined by the equation λ = c

2
√

nΦ−1(1 − γ), where c is a slack
parameter (we constrained to c = 0.1), Φ is the Gaussian cumulative distribution function,
and γ is the significance level (we constrained to γ = 0.05

max(p∗log(n),n) ). Thus, using this
constrained approach there was only a single λ possible and no grid search was needed for
an optimal λ.

For the RLLR model, we included biological test that had been realized in ≥90% of
participants (for urea, creatinine, sodium, potassium, chloride, leukocytes, neutrophils,
eosinophils, basophils and lymphocytes measures); whether the patient had consumed her-
bivorous fish or a different kind of seafood; and whether or not the patient had consumed
a part of the seafood more likely to be high in CTXs (i.e., head or viscera). We excluded
participants missing data on any of these variables, leading to a reduced sample size of
n = 38, and considered acute symptoms that were observed in >10% (n ≥ 4) and <90%
(n ≤ 34) of the n = 38 patients with complete data on the included biological tests and
fish-related variables. We also considered participant age, sex, ciguatera incubation time
(dichotomized at ≥12 h, with the assumption that a recorded “>3 h” meant <12 h, and a
recorded “<24 h” meant ≥12 h), previous ciguatera, chronic hypertension, diabetes status,
and tobacco consumption.

Thus, there were a total of n = 38, p = 44 included in the RLLR. All these candidate
predictors were standardized prior to the RLLR to allow for comparable-magnitude regres-
sion coefficients. The RLLR models were implemented in Stata version 16.1 M/P software
using the <lassopack> contributed by Ahrens, Hansen, and Schaffer [47]. We subsequently
evaluated the predictive ability of the RLLR model by calculating the most likely outcome
(i.e., chronic ciguatera case or not) model predictions in Stata for all n = 49 participants. All
predictors were included in one model.

We then considered whether the significant candidate predictors of being a CP chronic
case in the RLLR model were individually associated with being a chronic case in the
larger patient sample with complete data on the candidate predictor (i.e., missing data
were handled by pairwise deletion). We used Fisher’s exact test for binary variables and
two-sample equal-variance t-tests for the continuous variables (i.e., laboratory measures)
differing according to chronic case status; we report two-tail hypothesis test p values. The
Fisher’s exact test and t-tests were implemented using Stata version 16.1 M/P software.
Because there are likely to be an inflated Type I error rate when separately considering p
values from multiple hypothesis tests [48,49], we therefore considered whether the post-
hoc test results were Bonferroni-significant accounting for the number of hypothesis tests,
assuming these predictors were independent hypothesis tests, by dividing the original
significance threshold “p < 0.05” by the number of hypothesis tests. We deliberately chose
a conservative method for dealing with multiple comparisons because we were aware
of a second reason our results in the post-hoc test may be prone to elevated Type I error
rates: these post hoc tests were selected conditional an already-fitted model applied to
almost the same dataset [50]. These tests assumed independent and identically distributed
observations which may be an unrealistic simplifying assumption.

We contrasted the most likely outcome for each participant predicted by the RLLR
model against the observed chronic case status of each participant using MedCalc Statistical
Software version 19.5.2. We report the model sensitivity, specificity, positive predictive
value, negative predictive value, and accuracy [sensitivity * prevalence + specificity *
(1-prevalence). We report exact confidence intervals [51] for the sensitivity, specificity,
and accuracy, and standard logit confidence intervals [52] for the positive and negative
predictive values. We assumed that the prevalence observed in this sample is representative
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of the prevalence in the general population; similar assumptions about representativeness
of our sample also apply to the other analyses reported in this paper.

We then considered the relationships of the variables suggested as predictive of being
a chronic by the rigorous logistic lasso to another outcome: the time until cessation of
symptoms among chronic ciguatera cases. For this analysis, we implemented a para-
metric survival analysis using accelerated failure-time regression models [53] assuming
proportionate survival times. We conducted sensitivity analyses assuming a lognormal
distribution of survival times vs. assuming a Weibull distribution of survival times. The
predictors in the survival analysis models were standardized. Results are presented as
survival time ratios per one unit change in predictor, with bootstrap percentile 95% confi-
dence intervals [54], with 500 bootstrap replicates. These confidence intervals were selected
due to their often-good performance at small sample sizes but ignore possible clustering
of participants. These survival analyses were implemented using Stata version 16.1 M/P
software.

Author Contributions: Conceptualization, C.M.i.G., K.C., E.O., M.O.G., and M.C.; Methodology,
C.M.i.G., K.C., and E.O.; Formal analysis, T.J.P. and M.O.G.; Investigation, C.M.i.G. and K.C.; Data
curation, C.M.i.G., K.C., and E.O.; Writing—original draft, C.M.i.G. and M.O.G.; Writing—review
& editing, C.M.i.G., K.C., E.O., T.J.P., and M.C.; Supervision, C.M.i.G., E.O., and M.C.; Project
administration, C.M.i.G.; Funding acquisition, M.O.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This study did not receive specific grants and was mainly performed as part of the
professional activities of the authors whose employers are the Institut Louis Malardé and the Centre
Hospitalier de la Polynésie française. Nevertheless, data statistical analysis received some funds from
the United States National Institute for Environmental Health Sciences (NIEHS) and the National
Institute on Aging (NIA): The Stata software license used in this paper was sponsored by NIA
U54AG062334, and Dr. Gribble’s effort was supported in part by NIEHS P30ES019776.

Institutional Review Board Statement: This study was conducted with the approval of the Direction
of the Centre Hospitalier de Polynésie française, the ethic committee of French Polynesia). Data were
processed in compliance with the European General Data Protection Regulation.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Acknowledgments: The authors thank all the participants for their contribution to this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lewis, R.J.; Holmes, M.J. Origin and transfer of toxins involved in ciguatera. Comp. Biochem. Physiol. Part C Pharmacol. Toxicol.
Endocrinol. 1993, 106, 615–628. [CrossRef]

2. Litaker, R.W.; Holland, W.C.; Hardison, D.R.; Pisapia, F.; Hess, P.; Kibler, S.R.; Tester, P.A. Ciguatoxicity of Gambierdiscus and
Fukuyoa species from the Caribbean and Gulf of Mexico. PLoS ONE 2017, 12, e0185776. [CrossRef]

3. Friedman, M.A.; Fleming, L.E.; Fernández, M.; Bienfang, P.; Schrank, K.; Dickey, R.; Bottein, M.-Y.; Backer, L.; Ayyar, R.; Weisman,
R.; et al. Ciguatera Fish Poisoning: Treatment, Prevention and Management. Mar. Drugs 2008, 6, 456–479. [CrossRef] [PubMed]

4. Skinner, M.P.; Brewer, T.D.; Johnstone, R.; Fleming, L.E.; Lewis, R.J. Ciguatera Fish Poisoning in the Pacific Islands (1998 to 2008).
PLoS Negl. Trop. Dis. 2011, 5, e1416. [CrossRef]

5. Benoit, E.; Juzans, P.; Legrand, A.-M.; Molgo, J. Nodal swelling produced by ciguatoxin-induced selective activation of sodium
channels in myelinated nerve fibers. Neuroscience 1996, 71, 1121–1131. [CrossRef]

6. Hidalgo, J.; Liberona, J.L.; Molgó, J.; Jaimovich, E. Pacific ciguatoxin-1b effect over Na+ and K+ currents, inositol 1,4,5-triphosphate
content and intracellular Ca2+ signals in cultured rat myotubes. Br. J. Pharmacol. 2002, 137, 1055–1062. [CrossRef]

7. Matsui, M.; Kumar-Roiné, S.; Darius, H.T.; Chinain, M.; Laurent, D.; Pauillac, S. Pacific ciguatoxin 1B-induced modulation of
inflammatory mediators in a murine macrophage cell line. Toxicon 2010, 56, 776–784. [CrossRef] [PubMed]

8. Inserra, M.C.; Israel, M.R.; Caldwell, A.; Castro, J.; Deuis, J.R.; Harrington, A.J.; Keramidas, A.; Garcia-Caraballo, S.; Maddern, J.;
Erickson, A.; et al. Multiple sodium channel isoforms mediate the pathological effects of Pacific ciguatoxin-1. Sci. Rep. 2017, 7,
42810. [CrossRef] [PubMed]

248



Toxins 2021, 13, 646

9. Friedman, M.A.; Fernandez, M.; Backer, L.C.; Dickey, R.W.; Bernstein, J.; Schrank, K.; Kibler, S.; Stephan, W.; Gribble, M.O.;
Bienfang, P.; et al. An Updated Review of Ciguatera Fish Poisoning: Clinical, Epidemiological, Environmental, and Public Health
Management. Mar. Drugs 2017, 15, 72. [CrossRef] [PubMed]

10. Cameron, J.; Capra, M.F. The Basis of the Paradoxical Disturbance of Temperature Perception in Ciguatera Poisoning. J. Toxicol.
Clin. Toxicol. 1993, 31, 571–579. [CrossRef]

11. Pearn, J. Neurology of ciguatera. J. Neurol. Neurosurg. Psychiatry 2001, 70, 4–8. [CrossRef]
12. Chateau-Degat, M.L.; Beuter, A.; Vauterin, G.; Nguyen, N.L.; Chinain, M.; Darius, T.; Legrand, A.M.; Chansin, R.; Dewailly, E.

Neurologic Signs of Ciguatera Disease: Evidence of their Persistence. Am. J. Trop. Med. Hyg. 2007, 77, 1170–1175. [CrossRef]
13. Vetter, I.; Touska, F.; Hess, A.; Hinsbey, R.; Sattler, S.; Lampert, A.; Sergejeva, M.; Sharov, A.; Collins, L.S.; Eberhardt, M.; et al.

Ciguatoxins activate specific cold pain pathways to elicit burning pain from cooling. EMBO J. 2012, 31, 3795–3808. [CrossRef]
[PubMed]

14. Pearn, J.H. Chronic fatigue syndrome: Chronic ciguatera poisoning as a differential diagnosis. Med. J. Aust. 1997, 166, 309–310.
[CrossRef] [PubMed]

15. Chan, T.Y. Lengthy persistence of ciguatoxin in the body. Trans. R. Soc. Trop. Med. Hyg. 1998, 92, 662. [CrossRef]
16. Chateau-Degat, M.L.; Huin-Blondey, M.O.; Chinain, M.; Darius, T.; Legrand, A.M.; Nguyen, N.L.; Laudon, F.; Chansin, R.;

Dewailly, E. Prevalence of Chronic Symptoms of Ciguatera Disease in French Polynesian Adults. Am. J. Trop. Med. Hyg. 2007, 77,
842–846. [CrossRef] [PubMed]

17. Gatti, C.M.I.; Lonati, D.; Darius, H.T.; Zancan, A.; Roué, M.; Schicchi, A.; Locatelli, C.A.; Chinain, M. Tectus niloticus (Tegulidae,
Gastropod) as a Novel Vector of Ciguatera Poisoning: Clinical Characterization and Follow-Up of a Mass Poisoning Event in
Nuku Hiva Island (French Polynesia). Toxins 2018, 10, 102. [CrossRef] [PubMed]

18. Mullins, M.E.; Hoffman, R.S. Is mannitol the treatment of choice for patients with ciguatera fish poisoning? Clin. Toxicol. 2017, 55,
947–955. [CrossRef] [PubMed]

19. Pearn, J. Chronic Ciguatera. J. Chronic Fatigue Syndr. 1996, 2, 29–34. [CrossRef]
20. Baumann, F.; Bourrat, M.-B.; Pauillac, S. Prevalence, symptoms and chronicity of ciguatera in New Caledonia: Results from an

adult population survey conducted in Noumea during 2005. Toxicon 2010, 56, 662–667. [CrossRef]
21. Gatti, C.; Oelher, E.; Legrand, A.M. Severe seafood poisoning in French Polynesia: A retrospective analysis of 129 medical files.

Toxicon 2008, 51, 746–753. [CrossRef]
22. Bertrand, S.; Berry, A.L. Enquête santé 2010 en polynésie française: Surveillance des facteurs de risque des maladies non

transmissibles. Bull. Épidémiol. Hebd. 2013, 28–29, 326–332.
23. CPS. Le Diabète en Polynésie Française. Available online: http://www.cps.pf/espace-assure/promotion-de-la-sante/le-diabete-

en-polynesie-francaise-0#2-quel-est-le-nombre-de-patients-diabtiques-en-lon (accessed on 1 July 2021).
24. Gatti, C.; Chinain, M.; Giard, M. Situation de la Ciguatéra en Polynésie Française. Bilan 2016; Institut Louis Malardé: Pape’ete, French

Polynesia, 2017.
25. Gatti, C.; Chinain, M.; Henry, S. Surveillance de la Ciguatéra en Polynésie Française. Bilan 2020; Institut Louis Malardé: Pape’ete,

French Polynesia, 2021.
26. Darius, H.T.; Roué, M.; Sibat, M.; Viallon, J.; Vandersea, M.W.; Tester, P.A.; Litaker, R.W.; Amzil, Z.; Hess, P.; Chinain, M. Tectus

niloticus (Tegulidae, Gastropod) as a Novel Vector of Ciguatera Poisoning: Detection of Pacific Ciguatoxins in Toxic Samples from
Nuku Hiva Island (French Polynesia). Toxins 2018, 10, 2. [CrossRef]

27. Schnorf, H.; Taurarii, M.; Cundy, T. Ciguatera fish poisoning: A double-blind randomized trial of mannitol therapy. Neurology
2002, 58, 873–880. [CrossRef]

28. Nicholson, G.M.; Lewis, R.J. Ciguatoxins: Cyclic Polyether Modulators of Voltage-gated Iion Channel Function. Mar. Drugs 2006,
4, 82–118. [CrossRef]

29. Shoemaker, R.C.; House, D.; Ryan, J.C. Defining the neurotoxin derived illness chronic ciguatera using markers of chronic
systemic inflammatory disturbances: A case/control study. Neurotoxicol. Teratol. 2010, 32, 633–639. [CrossRef] [PubMed]

30. Lonati, D.; Martinetti, M.; Pasi, A.; Gatti, A.; Buonocore, M.; Locatelli, C.A. Clinical findings and genomic biomarkers in three
cases of chronic ciguatera poisoning. Clin. Toxicol. 2014, 52, 395.

31. Ryan, J.C.; Wu, Q.; Shoemaker, R.C. Transcriptomic signatures in whole blood of patients who acquire a chronic inflammatory
response syndrome (CIRS) following an exposure to the marine toxin ciguatoxin. BMC Med. Genom. 2015, 8, 1–12. [CrossRef]

32. Lopez, M.-C.; Ungaro, R.F.; Baker, H.V.; Moldawer, L.L.; Robertson, A.; Abbott, M.; Roberts, S.M.; Grattan, L.M.; Morris, J.G., Jr.
Gene expression patterns in peripheral blood leukocytes in patients with recurrent ciguatera fish poisoning: Preliminary studies.
Harmful Algae 2016, 57, 35–38. [CrossRef]

33. Schicchi, A.; Pasi, A.; Lonati, D.; Coccini, T.; Locatelli, C.A.; Martinetti, M. Ciguatoxin-induced chronic disease unmasks people
carrying human leukocyte antigen (hla) epitopes peculiar to celiac disease and rheumatoid arthritis. Clin. Toxicol. 2017, 55, 469.

34. Blythe, D.; De Sylva, D.P.; Cramer-Castro, S. Ciguatera fish poisoning-the name may be difficult to remember. But if you get this
disease, you’ll never forget it. Aqua Int. 1992, 13, 26.

35. Arena, P.; Levin, B.; Fleming, L.; Friedman, M.A.; Blythe, D. A pilot study of the cognitive and psychological correlates of chronic
ciguatera poisoning. Harmful Algae 2004, 3, 51–60. [CrossRef]

249



Toxins 2021, 13, 646

36. Friedman, M.A.; Arena, P.; Levin, B.; Fleming, L.; Fernandez, M.; Weisman, R.; Bernstein, J.; Schrank, K.; Blythe, D.; Backer, L.;
et al. Neuropsychological study of ciguatera fish poisoning: A longitudinal case-control study. Arch. Clin. Neuropsychol. 2007, 22,
545–553. [CrossRef]

37. Geller, R.J.; Benowitz, N.L. Orthostatic Hypotension in Ciguatera Fish Poisoning. Arch. Intern. Med. 1992, 152, 2131–2133.
[CrossRef] [PubMed]

38. Gatti, C.; Chinain, M.; Giard, M. La Ciguatéra en Polynésie Française. Bilan 2018; Institut Louis Malardé: Pape’ete, French Polynesia,
2019.

39. Katz, A.R.; Terrell-Perica, S.; Sasaki, D.M. Ciguatera on Kauai: Investigation of Factors Associated with Severity of Illness. Am. J.
Trop. Med. Hyg. 1993, 49, 448–454. [CrossRef]

40. Au, N.P.B.; Kumar, G.; Asthana, P.; Tin, C.; Mak, Y.L.; Chan, L.L.; Lam, P.K.S.; Ma, C.H.E. Ciguatoxin reduces regenerative
capacity of axotomized peripheral neurons and delays functional recovery in pre-exposed mice after peripheral nerve injury. Sci.
Rep. 2016, 6, 26809. [CrossRef] [PubMed]

41. Liew, P.X.; Kubes, P. The Neutrophil’s Role during Health and Disease. Physiol. Rev. 2019, 99, 1223–1248. [CrossRef] [PubMed]
42. Pierre, O.; Misery, L.; Talagas, M.; Le Garrec, R. Immune effects of the neurotoxins ciguatoxins and brevetoxins. Toxicon 2018, 149,

6–19. [CrossRef] [PubMed]
43. Wang, H.; Ran, J.; Jiang, T. Urea. Subcell. Biochem. 2014, 73, 7–29. [PubMed]
44. Chinain, M.; Gatti, C.M.I.; Darius, H.T.; Quod, J.-P.; Tester, P.A. Ciguatera poisonings: A global review of occurrences and trends.

Harmful Algae 2021, 102, 101873. [CrossRef]
45. Tibshirani, R. Regression Shrinkage and Selection via the Lasso. J. R. Stat. Soc. Ser. B 1996, 58, 267–288. [CrossRef]
46. Belloni, A.; Chernozhukov, V.; Wei, Y. Post-Selection Inference for Generalized Linear Models with Many Controls. J. Bus. Econ.

Stat. 2016, 34, 606–619. [CrossRef]
47. Ahrens, A.; Hansen, C.B.; Schaffer, M.E. lassopack: Model selection and prediction with regularized regression in Stata. Stata J.

Promot. Commun. Stat. Stata 2020, 20, 176–235. [CrossRef]
48. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.

Stat. Soc. Ser. B 1995, 57, 289–300. [CrossRef]
49. Benjamini, Y. Simultaneous and selective inference: Current successes and future challenges. Biom. J. 2010, 52, 708–721. [CrossRef]

[PubMed]
50. Lee, J.D.; Sun, D.L.; Sun, Y.; Taylor, J.E. Exact post-selection inference, with application to the lasso. Ann. Stat. 2016, 44, 907–927.

[CrossRef]
51. Clopper, C.J.; Pearson, E.S. The use of confidence or fiducial limits illustrated in the case of the binomial. Biometrika 1934, 26,

404–413. [CrossRef]
52. Mercaldo, N.D.; Lau, K.F.; Zhou, X.H. Confidence intervals for predictive values with an emphasis to case–control studies. Stat.

Med. 2007, 26, 2170–2183. [CrossRef]
53. Cox, C.; Chu, H.; Schneider, M.F.; Muñoz, A. Parametric survival analysis and taxonomy of hazard functions for the generalized

gamma distribution. Stat. Med. 2007, 26, 4352–4374. [CrossRef]
54. DiCiccio, T.J.; Efron, B. Bootstrap confidence intervals. Stat. Sci. 1996, 11, 189–228. [CrossRef]

250



toxins

Article

Depuration Kinetics and Growth Dilution of Caribbean
Ciguatoxin in the Omnivore Lagodon rhomboides: Implications
for Trophic Transfer and Ciguatera Risk

Clayton T. Bennett 1,2 and Alison Robertson 1,2,*

Citation: Bennett, C.T.; Robertson, A.

Depuration Kinetics and Growth

Dilution of Caribbean Ciguatoxin in

the Omnivore Lagodon rhomboides:

Implications for Trophic Transfer and

Ciguatera Risk. Toxins 2021, 13, 774.

https://doi.org/10.3390/

toxins13110774

Received: 27 September 2021

Accepted: 29 October 2021

Published: 1 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Marine and Environmental Sciences, University of South Alabama, Mobile, AL 36688, USA;
claybennett08@gmail.com

2 Dauphin Island Sea Lab, Dauphin Island, AL 36528, USA
* Correspondence: arobertson@disl.org; Tel.: +1-(251)-414-8163

Abstract: Modeling ciguatoxin (CTX) trophic transfer in marine food webs has significant impli-
cations for the management of ciguatera poisoning, a circumtropical disease caused by human
consumption of CTX-contaminated seafood. Current models associated with CP risk rely on model-
ing abundance/presence of CTX-producing epi-benthic dinoflagellates, e.g., Gambierdiscus spp., and
are based on studies showing that toxin production is site specific and occurs in pulses driven by envi-
ronmental factors. However, food web models are not yet developed and require parameterizing the
CTX exposure cascade in fish which has been traditionally approached through top-down assessment
of CTX loads in wild-caught fish. The primary goal of this study was to provide critical knowledge on
the kinetics of C-CTX-1 bioaccumulation and depuration in the marine omnivore Lagodon rhomboides.
We performed a two-phase, 17 week CTX feeding trial in L. rhomboides where fish were given either a
formulated C-CTX-1 (n = 40) or control feed (n = 37) for 20 days, and then switched to a non-toxic
diet for up to 14 weeks. Fish were randomly sampled through time with whole muscle, liver, and
other pooled viscera dissected for toxin analysis by a sodium channel-dependent MTT-based mouse
neuroblastoma (N2a) assay. The CTX levels measured in all tissues increased with time during the
exposure period (days 1 to 20), but a decrease in CTX-specific toxicity with depuration time only
occurred in viscera extracts. By the end of the depuration, muscle, liver, and viscera samples had
mean toxin concentrations of 189%, 128%, and 42%, respectively, compared to fish sampled at the
start of the depuration phase. However, a one-compartment model analysis of combined tissues
showed total concentration declined to 56%, resulting in an approximate half-life of 97 d (R2 = 0.43).
Further, applying growth dilution correction models to the overall concentration found that growth
was a major factor reducing C-CTX concentrations, and that the body burden was largely unchanged,
causing pseudo-elimination and a half-life of 143–148 days (R2 = 0.36). These data have important
implications for food web CTX models and management of ciguatera poisoning in endemic regions
where the frequency of environmental algal toxin pulses may be greater than the growth-corrected
half-life of C-CTX in intermediate-trophic-level fish with high site fidelity.

Keywords: Lagodon rhomboides; pinfish; bioaccumulation; depuration; ciguatoxin; Caribbean cigua-
toxin; ciguatera; growth dilution; model; kinetics

Key Contribution: This study demonstrates that decreases in C-CTX concentration in fish tissues
relate to organismal redistribution across tissues and are a factor of growth dilution, rather than
systemic elimination. We demonstrate the importance of evaluating growth dilution during long-
term studies of CTX and other natural toxins to avoid underestimates of toxin body burden and
overestimates of depuration rates, which have clear implications for trophic transfer and ciguatera
poisoning risk.
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1. Introduction

Benthic dinoflagellates have the capacity to produce a diverse suite of bioactive sec-
ondary metabolites that have been linked with seafood safety and human health concerns
globally. One such group includes the neurotoxic ciguatoxins (CTXs) that have been linked
to ciguatera poisoning and have been associated with some species and strains of epi-
benthic dinoflagellates from the genus Gambierdiscus and Fukuyoa [1–5]. Several studies
have reported that the in situ dinoflagellate community assemblage can change with envi-
ronmental factors (e.g., temperature) and that species and strains may have physiological
niches [6–8]. Likewise, long-term field studies have demonstrated that the CTX load of
field-collected benthic microalgae is: (1) asynchronous with Gambierdiscus abundance;
(2) site specific; (3) seasonal; and (4) occurring in pulses in tropical reef ecosystems [6,9]. It
has also been proposed that CTX environmental pulses are linked to the presence of highly
toxic Gambierdiscus strains rather than high overall algal biomass [5,6,9,10] potentially
reducing the effectiveness of genus-level monitoring for these benthic HABs in terms of
risk reduction. This presents some questions on the subsequent CTX load and CTX pulses
that may occur in other demersal marine biota feeding on potentially toxicogenic epiphytic
algae, aquatic invertebrates (e.g., amphipods), and other small grazers.

While still a working hypothesis in the field, the bioaccumulated CTX load in fish
collected from ciguatera poisoning hotspots (and therefore ciguatera risk) is a function of the
rate of toxin production by epi-benthic dinoflagellates (conceptual model in Lewis et al. [11]
and revisited in Lewis and Holmes [12]). However, there remains a gap in understanding
the timing between these processes. Field-based studies have provided evidence of a
temporal lag of months to years occurring between the environmental triggers that increase
toxin production, toxicity in upper-trophic-level fish, and increasing ciguatera cases [13,14].
Further, high fish toxicity (and resulting ciguatera prevalence) has been observed in high-
site-fidelity fish when toxigenic dinoflagellate abundance and toxicity are low (or absent),
suggesting a shift towards a non-toxic area [15,16], which leads to an assumption that
bioaccumulated CTX is persistent in fish after the dinoflagellate source declines. However,
field studies lack the ability to properly investigate ecologically relevant exposure routes
(e.g., dietary, respiration, dermal) or the rates of uptake and depuration once a CTX source
is removed, because total source removal can only be assumed.

Early studies attempted to investigate the retention of CTX-like toxicity (as a proxy for
CTX, which was yet to be structurally elucidated) in a laboratory setting using fish that had
naturally incurred toxin. For example, in Hawaii, Takata and colleagues (reported by [17])
allowed wild-caught Lutjanids (Lutjanus bohar, L. gibbus) and a Serranid (Variola louti) to
depurate in aquariums at various intervals up to 14 months, while Banner et al. [17] kept
wild L. bohar in holding ponds up to 30 months. In both studies, fish at the end remained
toxic when fed to cats and mongoose. Davin et al. [18] fed several species of marine and
freshwater fish the ground flesh or extracts of barracuda (Sphyraena) or whole Gambierdiscus
cells (both sourced near the Caribbean Antilles Islands), followed by depuration time up to
81 d. Many of the fish died or were intoxicated. Largemouth bass (Micropterus salmoides)
fed a high dose of cells recovered behaviorally but remained moderately toxic by intraperi-
toneal injection to mice after 81 days of clean feed, but fish fed lower doses were non-toxic
after depuration. Recently, more laboratory studies have focused on CTX elimination using
several exposure methods and in a variety of organisms. For instance, Ledreux et al. [19]
performed single-oral dose-recovery experiments with mullet (Mugil cephalus) fed G. poly-
nesiensis cells and reported only 5% of the CTX activity occurred in tissues after 24 h
when analyzed by the mouse neuroblastoma assay (N2a). Li et al. [20] described multi-
ple tissue kinetics of three Pacific CTX congeners, namely P-CTX-1 (CTX1B), P-CTX-2
(52-epi-54-deoxyCTX1B), and P-CTX-3 (54 deoxyCTX1B) extracted from eel (Lycodontis
javanicus). Toxins were added to a pelleted feed and given to juvenile orange-spotted
grouper (Epinephilus coioides) for 30 d and subsequently depurated for 30 d. The authors
reported that CTX declined exponentially in depuration in some tissues (including mus-
cle); however, CTX burden by the end of the study was not significantly different from
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the levels measured prior to depuration [20]. In another recent report, Caribbean CTX
(C-CTX-1) depuration was investigated in the muscle of the freshwater goldfish (Carassius
auratus) following a 43 d daily feeding of naturally C-CTX incurred amberjack (Seriola
sp.) flesh prepared in agarose [21]. Estimated CTX toxicity (concentration) in muscle was
reported to decline by approximately 86% out to 60 d post-exposure, but other tissues
were not analyzed. Most recently, a depuration experiment using juvenile lionfish (Pterois
volitans) was reported after 30–41 d experimental feeding on the flesh of the naturally
P-CTX-contaminated parrotfish (Chlorurus microrhinos) [22]. Extracts from pooled liver
showed a gradual decline in CTX concentration in fish harvested during a 43 d depuration,
where fish were switched to a non-toxic diet of farmed sea bream (Sparus auratus). These
two latter studies report depuration in single tissues (muscle and liver, respectively) and
provide informative data on trends in bioaccumulation and depuration following oral
exposure but were unable to capture cross-tissue distribution and did not examine fish
growth that may contribute to the change in CTX tissue concentrations, but not body
burden, as suggested by Holmes et al. [23] in a recent field-based study and review. We
propose that estimates of toxicokinetic rates that also incorporate growth dilution may be
more valuable than CTX concentrations in tissues in studies aiming to predict or model CP
risk in the food web across species.

In this study, we provide data on the kinetic rate of C-CTX-1 bioaccumulation and
depuration in the ecologically relevant marine omnivore Lagodon rhomboides (pinfish).
Replicate fish were either fed a C-CTX-1 (n = 40) formulated diet or matrix matched control
(n = 37) for 20 d, and then placed into depuration for up to 99 d. CTX toxicity in the
major tissue compartments of L. rhomboides were quantified and compared through time
and across replicates compared to control fish using an in vitro mouse neuroblastoma
(N2a-MTT) assay.

Sampling and CTX analysis of whole muscle, liver, and other pooled visceral con-
tents (heart, spleen, gall bladder, intestine) throughout the time course revealed dynamic
trends in tissue burden and kinetics. Further, modeling concentrations corrected for fish
growth dilution revealed an increase in the estimated half-life of C-CTX-1 in L. rhomboides,
highlighting growth as a major source of pseudo-elimination of accumulated CTX. This
correction reveals that C-CTX (measured here as a CTX3C equivalents) can be retained for
several months following removal from the toxin source and if not accounted for could
result in error during CP risk assessment and analysis of food web transfer potential. This
work should be considered when sampling mid-trophic-level fish with high site fidelity
and in the development of temporal models of CTX cascades where the frequency of toxin
pulses may be shorter than the CTX half-life in fish. These data have implications for CP
risk analysis in fish and may help to explain high toxin loads in highly migratory species
collected in non-endemic regions for ciguatera (e.g., barracuda, mackerel, amberjack).

2. Results

2.1. Experimental Design, Diet Formulation and Consistency

Two dual-phase experimental trials were conducted to assess the depuration of
Caribbean CTX-1 (C-CTX-1) that had bioaccumulated in Lagodon rhomboides fed a control
or low-dose CTX diet through time and were sampled according to Table 1. A laboratory
formulated diet was prepared and analyzed for procedural consistency (Table 2). Param-
eters including water content, pellet weight, whole-food CTX concentration, and pellet
CTX concentration were quantified in all three batches of CTX pellets and four batches
of control food for each trial. Slight differences were recorded in the water content of
pellets after drying; however, food preparation was identical and resulted in the equivalent
pellet weights. See methods for full details on the preparation of the control and CTX
formulated diet.
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Table 1. Number of replicates (n) Control and ciguatoxin (CTX)-exposed Lagodon rhomboides sampled
during two trials where CTX-exposed individuals were fed pelleted Caribbean CTX-1 at 0.02 ng
CTX3C eq. g−1 fish (initial weight) day−1. Days in parentheses are number of days in the depuration
phase while non-parentheses numbers are total days in the experiment.

Trial 1 (N) Trial 2 (N)

Phase of Experiment Experiment Day Control CTX Control CTX

Bioaccumulation

0 4 - 3 -
6 4 4 - -

10 4 4 - -
20 4 4 2 4

Depuration

25 (5) 4 4 - -
30 (10) 4 4 - -
40 (20) 4 4 - -
60 (40) - - 2 4
90 (70) - - - 4

119 (99) - - 2 4

Total 28 24 9 16

Table 2. Quality control of experimental treatments using the formulated pellet diet. Values are
provided as the mean ± standard deviation (s.d.) of subsamples from each batch (per trial, control = 4,
CTX = 3).

Quality Control Parameter
Trial 1 Trial 2

Treatment

Control CTX Control CTX

Pellet Water Content (%) a 35.8 ± 0.5 27.0 ± 4.0 37.3 ± 1.5 33.7 ± 2.9
Pellet Weight (g) b 0.10 ± 0.00 0.09 ± 0.01 0.09 ± 0.01 0.09 ± 0.01

Food CTX Concentration (ng g−1) c 0 1.06 ± 0.06 0 0.96 ± 0.04
Pellet CTX Concentration (ng pellet−1) c 0 0.096 ± 0.020 0 0.091 ± 0.019
% of Initial Weight Fed Daily (whole) d 1.9 ± 0.2 1.8 ± 0.2 1.7 ± 0.1 1.8 ± 0.1

% of Initial Weight Fed Daily (dry) e 1.2 ± 0.1 1.3 ± 0.1 1.1 ± 0.1 1.2 ± 0.0
Consumption Rate (ng g−1 fish day−1) f 0 0.019 ± 0.002 0 0.017 ± 0.001

a Calculated from the weight of dry ingredients in the whole food after drying. b Calculated from the mean
weight of 40 pellet subsamples per batch. c Calculated using the CTX3C eq. concentration of dried toxic barracuda
powder and amount of powder in the mixture. d Calculated from the average weight of pellets provided daily
and weight of fish on day 0. e Calculated using pellet water content and percentage of initial weight fed daily
(whole). f Calculated from total weight of pellets provided daily, pellet CTX3C eq. concentration, and initial
weight of fish.

2.2. Fish Growth

The mean initial weight of fish in the first trial (24.4 ± 9.4 g) was smaller than the
second (36.4 ± 5.9 g; p < 0.0001); however, feeding rate was normalized to each fish at the
start of trials so that fish consumed proportionally similar food and CTX relative to their
mass (Table 2). At initial, fish were fed approximately 1.8% by weight equaling an exposure
rate of around 0.018 ng CTX3C eq. g−1 fish day−1 that declined to 0.015 ng CTX3C eq. g−1

fish day−1 due to fish growth by day 20 when CTX feeding was stopped. The growth rate
constants (kg) of control and CTX-treated fish collected at the same time point were similar
except on experimental day 20 in both trials (see Supplementary Table S1). This effect was
resolved when CTX-fed fish were swapped to the non-toxic diet for depuration.

Raw kg determined for the combined experiment between treatments were non-
parametric according to statistical comparisons and visual inspection of the residual plots
highlighted that the variability on day 6 and 10 d were responsible. Growth rates between
replicate fish stabilized from day 10 to 20 (bioaccumulation) as fish stabilized to their
control and experimental feeding regime. Exclusion of the data points in the early portion
of the trial (day 1–10) restored normality and homoscedasticity. An ANOVA and post hoc
analysis showed that the kg on days 20 and 25 were significantly different than days 90 and
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119 in the CTX fish (Supplementary Figure S2B). The kg at day 40 was a transition period
and was not significantly different than other time points. Non-linear regression using a
one-phase exponential decay model to the kg of fish against time (R2 = 0.70) showed kg
neared a plateau around experimental day 55 at approximately 4.07 × 10−3 day−1 (see
Figure 1). The mean weight of CTX and control fish on the last day were 78 ± 13% and
65 ± 17% larger than at the beginning of the study which caused the daily feeding rate to
decrease from around 1.8% to 1.0% of fish biomass by the end of the experiment.

Figure 1. Non-linear regression of growth rate (kg) and time course in days of CTX fish in depuration.

2.3. Toxin Distribution in the Bioaccumulation Phase

Maximum concentrations of extracts used for CTX quantification were 50, 10, and
2.5 mg tissue equivalents (TE) well−1 (217.4, 43.5, and 10.9 mg TE mL−1) for muscle,
liver, and viscera samples, respectively, and the mean value of the 75% maximal effective
concentration (EC75) from CTX3C dose–response curves was 0.452 ± 0.151 pg well−1

(1.965 ± 0.657 pg mL−1). Based on these data the limit of quantification (LOQ) for each
tissue was 0.009 ± 0.003 (muscle), 0.045 ± 0.015 (liver), and 0.181 ± 0.060 (viscera) ng
CTX3C eq. g−1 tissue (Supplementary Figure S1). Brain was extracted and analyzed on
a screening basis up to a 30 mg TE dose (130.4 mg TE mL−1) on the N2a-MTT, but all
were non-toxic. Likewise, only 9 fish had gonads that were mature while all others were
immature and unrecognizable. Mature gonads were extracted and assayed up to a 10 mg
TE (43.5 mg TE mL−1) and were also non-toxic, therefore brain and gonads were excluded
from further study. Quantifiable CTX3C eq. concentrations were possible in viscera across
all sampling points, whereas the CTX toxicities in other tissues were detectable but not
quantifiable (based on our QAQC criteria) until later time points.

For instance, CTX was detected on the first sampled time point (day 6) in all muscle
extracts, but only one fish reached levels exceeding the LOQ. Likewise, CTX was not
detected in 3 of the 4 fish livers from day 6 due to non-specific matrix effects on the N2a-
MTT but were quantifiable from one replicate fish. After 10 d of CTX meals, 2 of 4 fish had
CTX detectable in muscle and 2 of 4 fish sampled could be quantified. After 20 d of CTX
feeding, all tissue extracts of sampled fish had toxicity above the determined LOQ and
were the highest measured during the CTX feeding phase.

Mean CTX3C eq. concentrations in all tissues of fish harvested on day 20 were not
different between trials based on a t-test (Table 3). Mean CTX3C eq. concentrations were
significantly different in muscle on day 20 of trial 1 and trial 2 compared to day 6 (p < 0.05
and p < 0.001, respectively) and on day 20 (trial 2) compared to day 10 (p < 0.01; α = 0.05;
Supplementary Figure S3A), but no statistical difference was found in liver or viscera of fish
sampled during the bioaccumulation phase (day 6–20) based on ANOVA (Supplementary
Figure S3B,C). A steady state of CTX concentration was not reached by day 20 based on the
continued upward trend in CTX through the feeding period (Figure 2). Since this was not
the goal of the present study, this was an acceptable outcome.
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Table 3. Between-trial reproducibility of CTX-1 concentrations measured as CTX3C eq. by mouse
neuroblastoma assay (N2a-MTT) in fish tissues collected at day 20. Data for each trial are the
mean ± s.d. (n = 4). All controls were negative and are not shown. A two-tailed t-test was performed
to test for significant differences (α 0.05; df = 6).

Tissue
CTX3C Eq. Statistics

Trial 1 Trial 2 t p-Value

Muscle 0.04 ± 0.02 0.06 ± 0.01 1.39 0.214
Liver 1.01 ± 0.99 0.91 ± 0.48 0.165 0.875

Viscera 4.40 ± 1.17 3.80 ± 0.37 0.971 0.369

Figure 2. Linear regression of CTX-1 measured as a CTX3C eq. concentration (mean ± s.d.) in sampled (A) muscle, (B) liver,
and (C) viscera through bioaccumulation (red) and depuration (blue). Solid regression lines denote a significant correlation
while dashed lines were not significant due to high variability between individual fish within a tissue type. Control fish
were negative for CTX in all cases and are not plotted. Data points represent the mean ± s.d. of replicate fish (n = 4 except
on day 20 where n = 8 across two trials).

2.4. Toxin Distribution in the Depuration Phase

The primary goal of this study was to estimate depuration and based on the con-
sistency of CTX3C eq. concentrations in fish analyzed at day 20 (see Table 3), we had
confidence in combining sample data from the two identical trials for an extended depura-
tion phase analysis (details in methods; summary in Table 1).

Mean CTX3C eq. concentration in muscle extracts were not significantly different
between 0 and 70 d into the depuration period (Supplementary Figure S3A). The highest
mean muscle CTX concentrations were measured in fish 99 d into depuration (day 119
of the complete study) and was 0.09 ng CTX3C eq. g−1 TE (Figure 2A). The mean con-
centration in muscle on the last day of depuration was significantly higher than those
measured at all prior time points based on ANOVA, except for the day 20 fish from
trial 2 which only marginally fell outside the criteria for significance (α = 0.05; p = 0.054;
Supplementary Figure S3A). Consistent with these results were lower extract doses on the
N2a-MTT needed for fish sampled on day 119 (5–20 mg TE) versus fish sampled earlier in
the depuration phase (30–50 mg TE).

Liver extract CTX3C eq. concentrations from replicate fish in the depuration phase
were the most variable of the tissues analyzed with relative standard deviation for trials 1
and 2 between 60 and 100% and 52 and 99%, respectively. This variability was consistent
during both trials and through each sampling point with no significant trends (R2 = 0.09;
p = 0.152; Figure 2B). Concentrations in liver of fish from trials 1 and 2 during depuration
ranged from 0.12 to 1.77 and 0.23 to 2.52 ng CTX3C eq. g−1 TE, respectively, and no statisti-
cal differences were found between days 20 and 119 (α = 0.05; Supplementary Figure S3B).

Mean toxicity of viscera extracts were highest in fish sampled 5 d into the depuration
phase (5.61 ± 1.06 ng CTX3C eq. g−1 TE; Figure 2C). No significant loss of CTX from
viscera was measured by the end of trial 1 (day 20 = 4.40 ± 1.17 vs. day 40 = 4.43 ± 1.34 ng
CTX3C eq. g−1 TE; Supplementary Figure S3C). When depuration time was extended in
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trial 2, a significantly lower concentration was measured on day 119 (1.73 ± 0.21 ng CTX3C
eq. g−1 TE) than was measured 5 d and 10 d into depuration (day 25 vs. 119 p < 0.01;
day 30 vs. 119 p = 0.018; Supplementary Figure S3C).

2.5. Muscle, Liver, and Viscera CTX Kinetics

Linear regression of the bioaccumulation phase data showed a positive correlation
between the number of exposure days and CTX3C eq. concentration for muscle and viscera
(R2 = 0.70, p = 0.0001; R2 = 0.47, p < 0.01, respectively; Figure 2A, and 2C; Table 4). The best
fit models for bioaccumulation in both cases were simple straight-line equations (muscle
and viscera AICc = 100 and 99.4%, respectively) in the form of y = kuptake ∗ x + b, where
kuptake is uptake rate (ng CTX3C eq. g−1 fish day−1) equal to 3.37 × 10−3 for muscle and
0.124 for viscera (Table 4). Some liver samples on days 6 (n = 3) and 10 (n = 2) were
excluded from the regression analyses due to significant non-specific matrix issues on
the N2a-MTT assay because a value of zero could not be assumed. Liver concentrations
during accumulation followed a non-significant increase (R2 = 0.24, p = 0.129; Table 4), so
an uptake rate is not reported.

Table 4. Results of linear regression analysis for CTX3C eq. concentrations in fish samples during the
experimental bioaccumulation and depuration phases.

Tissue Statistical Parameters Bioaccumulation Depuration

Muscle Linear equation y = 0.0034x − 0.0200 y = 0.0005x + 0.0201
R2 0.70 0.43

p-value 0.0001 0.0005
Liver Linear equation y = 0.0630x − 0.3024 y = 0.0063x + 0.5277

R2 0.24 0.09
p-value 0.1291 0.1518

Viscera Linear equation y = 0.1239x + 1.704 y = −0.0331x + 6.093
R2 0.47 0.43

p-value 0.0034 0.0005

Straight line and one-phase exponential decay models were chosen for comparison
of depuration kinetics of individual tissues. Depuration resulted in a linear decrease in
viscera CTX3C eq. concentration (R2 = 0.44; p = 0.0005; Figure 2C), but an unexpected
linear increase occurred with depuration time for muscle (R2 = 0.43; p = 0.0005; Figure 2A).
The regression was likely skewed because of the weight of day 119 on the end of the
regression line. Model comparison to describe depuration kinetics of tissues also showed
simple linear models were the most probable in each case and depuration rates for muscle
and viscera were −4.62 × 10−4 and 3.31 × 10−2, respectively (Table 4). However, liver
CTX concentrations did not follow any pattern of depuration (R2 = 0.09; p = 0.152), so a
depuration rate is not reported here.

2.6. Muscle, Liver, and Viscera CTX Burdens

Tissue burden, i.e., the amount of contaminant per tissue (ng CTX tissue−1) was
calculated by multiplying the CTX concentration in each tissue by the whole tissue wet
weight determined at the time of dissection. The concentrations of CTX (ng CTX g−1 TE)
within L. rhomboides tissues were present at levels of descending concentration as follows:
viscera > liver > muscle. However, the tissue CTX burden (that incorporates total tissue
mass) showed some variability between individuals. For instance, viscera carried the
highest toxin burden in all fish fed CTX throughout the entire experiment followed by
muscle in 28 individuals. In the other 12 CTX-exposed individuals, liver CTX burden was
slightly higher (1.4 ± 0.3 fold) than in muscle for 10 fish. CTX was not detected in muscle
and liver of two fish at day 6 which prevented a comparison.

Total CTX body burdens in fish were not directly compared across days because fish
were fed different amounts of CTX based on individual starting body weight. Instead,
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toxin burdens of replicate fish were compared by the relative distribution of CTX as a
percent of the sum of toxin burden measurements in tissue compartments (Figure 3). Up to
day 40, viscera contained most of the total measured toxicity (89 ± 9%) followed by muscle
(7 ± 4%) and liver (3 ± 2%). From day 40 to 119, the relative distribution of toxicity began
to shift. While relative viscera burden declined to 44% the relative muscle burden increased
to 41% on the last day.

Figure 3. Distribution of the C-CTX-1 burden in tissues of L. rhomboides expressed as a percent of
the whole burden measured in CTX3C eq. Note that fish were placed into depuration after day 20.
Bars represent the mean ± s.d. of replicate fish (n = 4 except on day 20 where n = 8 across two trials).
* CTX was below detectable levels on day 0.

2.7. One-Compartment Model Kinetics and Growth Correction

For the one-compartment model, the total concentration (Cfish) represents the sum of
CTX burdens in muscle, liver, and viscera divided by the combined mass of those tissues.
The one-compartment model showed CTX bioaccumulation in L. rhomboides followed a
linear increase from day 0 to 20 at an overall kuptake of 8.80 × 10−3 ng g−1 day−1 (R2 = 0.67,
p = 0.0001; Figure 4).

Figure 4. One compartment analysis of accumulated C-CTX-1 quantified by N2a-MTT as a PCTX3C
eq. showed bioaccumulation (red) followed a linear pattern, while depuration (blue) followed expo-
nential decay. The uptake rate (kuptake) calculated by linear regression was equal to 8.80 × 10−3 ng
CTX3C eq. g−1 day−1 (R2 = 0.67, p = 0.0001) and logarithmic transformation of depuration data
resulted in a first-order relationship (R2 = 0.43). The overall elimination rate constant (k2) was
7.161 × 10−3 day−1 based on the slope of the linear plot. Vertical dashed lines indicate the point
where fish were swapped from CTX feed to a non-toxic food for the depuration phase. Data points
represent the mean ± s.d. of replicate fish (n = 4 except on day 20 where n = 8 across two trials).
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The straight-line plot of the transformed total concentration data (Ln [Cfish]) against
time confirmed depuration approximately followed first-order kinetics (R2 = 0.43) and
the overall k2 (linear slope) was equal to 7.161 × 10−3 with an estimated half-life of 97 d.
Significant fish growth that was measured during the depuration phase meant the kinetic
rate of elimination needed to be normalized to the CTX dilution rate due to increasing fish
mass, a source of pseudo-elimination. Growth correction of k2 was investigated through
multiple exponential decay simulations of the depuration phase data, where measured
k2 is adjusted using measured fish growth rates (k2 − kg = k2 growth-corrected) and based on
estimates of initial CTX3C eq. concentrations (Cfish(i)) immediately prior to depuration. The
combined mass of whole muscle, liver, and viscera tissues (∑ [muscle + liver + viscera] g)
had a strong linear correlation with whole body mass (R2 = 0.95; Figure 5) during the study,
as did total accumulated burdens with cumulative doses at the end of the bioaccumulation
phase (day 20) (R2 = 0.95; Figure 6) and provided a good estimate of initial CTX3C eq.
concentrations (estimated Cfish(i) = total CTX3C eq. burden/sum mass of whole muscle,
liver, and viscera) in each fish that entered depuration.

Figure 5. Combined sum of measured tissue masses (∑ [muscle + liver + viscera]) (black) of all
L. rhomboides sampled in this study as a function of total fish mass. Total body masses at the start of
depuration were estimated using an exponential growth formula (see Methods) and were used to
estimate the ∑ [muscle + liver + viscera] (red) for each fish at experiment day 20 which entered the
depuration phase (n = 24). Dashed lines are 95% confidence intervals.

Figure 6. Linear correlation of cumulative CTX burden with total dose in L. rhomboides sampled
during the bioaccumulation phase (black; n = 16; R2 = 0.95). The relationship was used to estimate
the CTX burden at the start of the depuration phase (i.e., after day 20) for fish remaining after the
bioaccumulation period that entered depuration (red; n = 24). Dashed lines are 95% confidence
intervals. Error bars are standard deviation of the CTX burdens (measured concentration ± s.d. × tissue
mass). Some points overlap.
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In the Simulation Model (Figure 7A), regression analysis with logarithmic transformation
of the predicted Cfish(t) values for each depuration time point (Ln [Cfish(t)] = -k2 ∗ t + Ln [Cfish(i)])
resulted in a predicted half-life of 75 d (R2 = 0.70; compared to 97 d from measured
Cfish(t)) and a correlation showed the Simulation Model fit closely to the measured Cfish(t)

(R2 = 0.68; p = 0.02). The Simulation Model was used as a starting point whereby several
models were compared to assess the effect of growth. In Model 1, growth correction of
the Simulation Model using the replicate average kg at each sampled time point (Figure 1;
Table 5) increased the half-life to approximately 143 d based on model fitting parameters
(Model 1: k2 growth-corrected = 4.84 × 10−3; R2 = 0.364; Figure 7B). Growth correction for
Model 2 was performed using three growth rates based on the ANOVA and Tukey’s test
(Table 6; Supplementary Figure S1B) and produced a similar half-life at 148 d (Model 2:
k2 growth-corrected = 4.68 × 10−3; R2 = 0.345; Figure 7C). Likewise, growth correction using the
kg measured for each individual fish resulted in a half-life of approximately 143 d (Model 3:
k2 growth-corrected = 4.83 × 10−3; R2 = 0.360; Figure 7D). Lastly, a common approach to growth
correction was performed by multiplying the measured concentrations by a correction
factor (1 + kg ∗ time). The correction factor method resulted in a half-life of approximately
157 d, although the uncertainty was greater in this model shown by the lower coefficient of
determination (correction factor method: k2 growth-corrected = 4.41 × 10−3; R2 = 0.22; Figure 7).

Figure 7. Modeled C-CTX-1 concentrations (based on CTX3C equiv.) compared to measured and growth-dilution-corrected
models. Complete details on the (A) simulation model; (B) Model 1; (C) Model 2; (D) Model 3; are provided in the methods.
(E) In the correction factor method, measured concentrations were adjusted using a simplistic approach where measured
data were multiplied by a growth correction factor (i.e., Cfish ∗ (1 + kg ∗ tΔ total)). Plotted symbols represent the mean ± s.d.
(n = 4 except on day 20 where n = 8).
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Table 5. Growth-corrected depuration rate constants (k2 growth-corrected) that were used in growth-
dilution correction Model 1 of this study. The mean kg (n = 4) of replicate fish at each time point were
used for the correction in this model.

Experiment Day Trial Average kg × 10−3 (d−1) k2 growth-corrected × 10−3 (d−1) a

20 1 7.615 ± 1.492 −0.454
20 2 8.402 ± 0.345 −1.241
25 1 7.747 ± 0.676 −0.586
30 1 7.037 ± 1.132 0.124
40 1 6.489 ± 1.270 0.672
60 2 5.187 ± 0.943 1.975
90 2 4.447 ± 0.878 2.714

119 2 4.619 ± 0.567 2.542
a Calculated by subtracting average kg from the overall k2 value of 7.16 × 10−3.

Table 6. The k2 growth-corrected that were used in the growth-dilution correction Model 2 of this study.
Time intervals where significant differences were detected by ANOVA and a Tukey’s test (See
Supplementary Figure S2B) were used for correction in this model.

Experiment Day Trial Average kg × 10−3 (d−1) k2 growth-corrected × 10−3 (d−1) a

20–25 1, 2 7.921 −0.760

30–40 1 6.763 0.398

60–119 2 4.785 2.410
a Calculated by subtracting average kg from the overall k2 value of 7.161 × 10−3.

3. Discussion

This study is the first multi-tissue report on the dynamics of C-CTX elimination in an
ecologically relevant intermediate consumer from the greater Caribbean region. This also
represents the longest experimental C-CTX fish depuration in an important and rapidly
expanding area of research. Since the initiation of these experiments in 2019, at least
three similar experiments have been undertaken [20–22] and recently a conceptual model
based on field-collected fish, focused on the contribution of growth in lowering CTXs
was released [23]. Clearly, the knowledge gaps on CTX bioaccumulation and depuration
kinetics have been acknowledged, and several groups are working to fill these. Modeling
the disposition of CTX in wild reef fish is a next step for the development of predictive
models on the time course of environmental changes, dinoflagellate proliferation and/ or
toxification, and CP outbreaks.

3.1. Experimental Considerations and Outcomes

Pinfish (L. rhomboides) are omnivorous and undergo transitional feeding behavior
during their life cycle. For instance, juvenile pinfish have a wide-ranging diet (small
crustaceans, fish, polychaetes, tunicates, hydroids, seagrasses, epiphytes), while adults are
reported to feed predominantly on epiphytes and macrophytes but continue to supplement
their diet with many small invertebrates throughout their life [24–27]. As such, a generic
trophic-level analysis can be difficult to determine based on the wide dietary range and
multiple ontogenetic transitions during the lifecycle [25]. Pinfish are found from the coasts
of New England to Brazil, and are widely distributed throughout the Gulf of Mexico,
Florida Keys, and Yucatan [28], where CP also occurs. Pinfish also represent a substantial
portion of the biomass in seagrass meadows and other structurally complex habitats (e.g.,
mangrove propagules, reefs, docks) and are a major source of organic matter exported
to reef fish during seasonal migrations towards offshore reefs (20–100 m deep) in the
Florida Big Bend area [29,30]. The stomach contents of gag grouper, a commercially
important species from offshore reefs, contained 47% pinfish during migration periods [31],
highlighting this species as a key prey item for higher-trophic-level fishes that have been
implicated in ciguatera. Pinfish have also been used to study brevetoxin accumulation and
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exposure of many other natural and human contaminants [32]. Wild-collected fish used in
this study were collected from an area with low prevalence of CTX and in the absence of
brevetoxin-producing K. brevis blooms; however, to ensure no naturally incurred levels of
CTX or brevetoxin that may skew our results, fish were acclimated, and subsamples of the
population were tested for CTX and brevetoxins immediately following collection and the
beginning of our experimental trials to ensure no detectable levels.

Some of the differences in our experimental design and the design of prior studies
were important for the study goals. There is a trade-off to consider for experiments where
it is necessary to maintain equal treatment conditions including the exposure rate (feeding)
across large groups of experimental replicates. Since space was limited, alternatives
such as grouping animals together in exposure tanks or pooling samples for analytical
purposes, were considered, but risked the loss of statistical power and would introduce
pseudo-replication. One of our goals were to capture the variability of CTX uptake and
depuration in this species, so while fish had some minor size variability at the start of
the trials, feed rations based on individual fish mass were prepared and maintained
to ensure a consistent daily intake. Now that we have characterized the variability in
these fish, we may be able to reconsider these alternatives in future studies to include
changes in CTX metabolite formation and distribution via LC-MS/MS strategies (that
require greater biomass for the CTX doses used here). The commercial omnivorous fish
food that was mixed to create the pellets provided supplemental nutrition and acted as a
binding agent which prevented fragmentation and loss of the powderized barracuda during
feeding. In other studies, control and treated diets were either not matrix matched [33]
or controls were not used [19]. In this case we were able to track similar growth rates
between control and treated fish across trials since both of these aspects were controlled.
The regulated feeding rate also led to a strong correlation (day 0–20; R2 = 0.95) between
cumulative burdens and the ingested dose in fish sampled during the CTX feeding phase
as reported by others [33]. This correlation was used to estimate the accumulated CTX
burden in fish prior to their depuration and allowed the analysis of the change in total
body concentration of individuals over time under multiple projections using growth
correction which was also attempted in one prior experimental study [20]. The isolation
of fish, controlled feeding rate, and sufficient replication also are important to capture
the individual physiological variability in CTX toxicokinetics, but these have not always
been met in other CTX studies [21]. Parallel controls at each sampling time point (except
experimental day 90) provided both growth and behavioral assessment (no behavioral
issues observed) and analytical controls for the tissue analyses by the N2a-MTT assay.

The procedural consistency across trials was crucial for us to consider CTX distri-
bution data through time as a single set in the analyses. Several points of data support
our consistency in approach. Quality control data shows reproducible pellet toxicity and
feeding rates across both trials which was supported by the cumulative burden measure-
ments in fish related to the total dose (Figure 6). Further, four fish were analyzed in both
trials on the last day of the bioaccumulation phase (day 20) and the toxicity of all tissues
sampled were not significantly different (see Table 3). The controlled formulation of the
experimental pellet diet also showed that pellet weight and proportional amount of food
provided to each fish between control and treated groups was consistent. Based on the
supporting evidence collected, we deemed it acceptable to combine datasets from the two
experimental trials for analyses of the extended depuration kinetics.

Use of the N2a-MTT assay to determine tissue CTX concentrations has been widely ac-
cepted by the CP research community and seafood management agencies alike for several
decades [34]. This methodology has been used in prior CTX exposure studies of various
organisms to analyze CTX activity over time [19,21,35,36] and provides a measure of the
composite toxicity of sodium channel activating metabolites that have implications for hu-
man health. In selecting N2a-MTT for our measurements we gained the sensitivity that we
needed to evaluate toxicokinetics across individuals through time in this small species but
lost the ability to evaluate trends in CTX profiles throughout the experiment. Unfortunately,
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we had insufficient tissue to support LC-MS/MS analyses without combining replicates
(as in other studies) and we wanted to maintain and evaluate the variability between fish
so that trends in depuration among tissues would be more robust. As LC-MS/MS methods
for CTXs become more sensitive (or with the use of a larger species) we hope to revisit the
change in toxin profiles (if any) through these processes in future work.

3.2. Muscle, Liver, and Viscera CTX Kinetics: Bioaccumulation

Prior to the study, fish were acclimated to the feeding schedule using cooked shrimp
and transitioned to gel pellets (no barracuda added) over the 2-week period. By the start
of experiments fish were consuming pellets immediately when added to the tanks and
continued to do so throughout the entire study. Rapid consumption during the experiment
likely limited leaching of toxin from the CTX-pellets into the aquarium water. Additionally,
35% water changes were performed weekly on all aquarium systems to maintain water
quality and prevent accumulation of possible residual toxins in the tank water. Although
tank water was not analyzed for CTX, the tanks of control and CTX-dosed fish shared the
same recirculating artificial seawater by randomized design and none of the control fish
tissue extracts or control feed exhibited CTX activity by the N2a-MTT. Additionally, tank
substrate was regularly vacuumed by siphoning to prevent the re-uptake of any CTX in
fish excrement. Therefore, we assumed with confidence that measured CTX activity was
dominated via the dietary exposure route.

During the uptake phase (day 1–20), measured CTX concentrations in muscle and vis-
cera of pinfish were positively correlated with number of CTX exposure days and followed
linear trends (Figure 2). Toxin uptake rate estimated in pinfish muscle (0.003 ng CTX3C eq.
g−1 TE day−1) by N2a-MTT was in the range of uptake rates reported for P-CTX-2 and -3 in
juvenile grouper (Epinephelus coioides) measured by LC-MS/MS (0.001–0.005 ng g−1 day−1)
but was 10-fold lower than P-CTX-1 (0.033 ng g−1 day−1) [20]. Toxin uptake rate in pinfish
viscera (0.123 ng CTX3C eq. g−1 TE day−1) was not comparable to other studies due
to sample preparation of this compartment; however, CTX bioaccumulation in viscera
was >41 times the rate in pinfish muscle which led to extremely high visceral concentra-
tions (4.40 ng CTX3C eq. g−1) versus muscle (0.04 ng CT3C eq. g−1) by the end of the
bioaccumulation phase.

Between days 6 and 20, CTX concentrations in viscera were 42–330 fold (except 1 fish
on day 6) and in liver, 3–69 fold higher than the concentration in muscle. The range of
concentration ratios for liver to muscle are similar to what has been reported from fish
collected in CP endemic waters [37]. However, as noted by Vernoux et al. [37], we did not
detect any pattern in the concentration ratios (data not shown), and therefore support their
recommendation to avoid using liver or viscera results to extrapolate flesh toxicity. These
compartments may confirm CTX exposure in fish but would not reliably estimate risk of
consuming fish fillets.

In some cases, the variability observed in CTX tissue concentration between individual
fish replicates in this study was high. This variability was important to capture if we
are to extrapolate future field studies where intraspecies variability will be even greater.
The strength of the correlation between cumulative CTX burden and total ingested dose
supports that fish were provided a normalized amount of CTX and nutritional food, as
does our quality assurance/quality control data (Tables 2 and 3). Our time until detection
in the muscle and liver using the N2a-MTT assay was much longer than found for mullet,
which occurred 3 hrs post-exposure to a single dose of G. polynesiensis cells [19] which could
relate to species differences or the increased toxicity of P-CTXs produced by G. polynesiensis
compared to C-CTX-1 that was used in this exposure study. Additionally, our CTX dose
was approximately 15-fold lower (0.02 vs. 0.3 ng CTX3C eq. per g of body weight) to
ensure that no behavioral disturbances were detected and supports an ecologically relevant
range. Intraspecific variability in assimilating and compartmentalizing CTX also could
have contributed to the limited detectability of CTXs in the muscle and liver during the first
10 days of the bioaccumulation phase. Omnivorous goldfish fed C-CTX-1 from Seriola sp.
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flesh at a rate of 0.014 ng CTX1B eq g−1 TE also had undetectable CTX in muscle after the
first CTX dose but CTX was measurable (n = 2) by day 8 [21]. The dose and physiological
differences between herbivorous and omnivorous fish may explain the observed lag time
between the CTX activity of benthic dinoflagellates and herbivores compared to upper-
trophic-level fish [6,13].

Through this work, we estimated an average net CTX assimilation of 43% in pinfish
from the ingested dose throughout the bioaccumulation phase of this study (days 1–20; see
Figure 6). The bioavailable amount of the CTX dose, which is the total CTX absorbed into
systemic circulation, was not quantified here, but our estimate of net assimilation (bioavail-
able amount—first pass metabolism elimination) in pinfish was much higher than reported
for C-CTX-1 in freshwater goldfish [21], P-CTX-1, -2, and -3 in juvenile grouper [20], and
CTX3C in naso [33], which were all less than ~10%. In contrast, mullet assimilated 42% of
ciguatoxicity from a single dose of G. polynesiensis [19] and orally bioavailable CTX in rats
was calculated around 39% [35] which are congruent with measured levels in this study.
The CTX burden in mullet declined to 5% of the single dose administered by 24 h, but re-
peated exposure was not evaluated [19]. It is also possible that C-CTX-1 investigated in this
study has a higher assimilation compared to other CTX congeners, among other factors.

Considering the continued linearly increasing trend of CTX in each tissue during
the exposure and bioaccumulation phase, we do not assume a steady state was reached
during the CTX feeding phase. Clausing et al. [33] determined in herbivorous naso fed
G. polynesiensis cells, that muscle CTX concentration stabilized somewhere between 8 and
16 weeks of exposure at bioaccumulated levels of approximately 3 ng CTX3C eq. g−1 TE.
However, the CTX concentration in muscle of goldfish stabilized by day 29 at 0.03 ng
CTX1B eq. g−1 TE [21]. This dissimilarity could be due in part to different physiology of
freshwater and marine fish, but the possibility that the low sample size (n = 2) combined
with biological variability prevented detectable trends in the goldfish study cannot be
dismissed. Goldfish were reportedly not growing during the study whereas biomass of
juvenile naso increased approximately four times compared with initial, therefore, the
possibility that there may be differences in the steady-state concentrations reached between
growing and non-growing fish cannot be ruled out.

3.3. Muscle, Liver, and Viscera CTX Kinetics: Depuration

Depuration resulted in an expected decrease in viscera CTX3C eq. concentration
with time that followed a simple linear relationship (Figure 2C). Initially, however, the
C-CTX-1 (measured as CTX3C eq.) concentrations in viscera continued increasing into the
depuration phase and were at the highest measured levels five days after depuration was
initiated (day 25 = 5.61 ng CTX3C eq. g−1). A similar trend was reported in a depuration
study of juvenile grouper (Epinephelus coioides) where P-CTX- 1, -2, -3 concentrations in the
skin and intestine were higher 4 days after depuration was started and then followed an
exponential decline through the next 30 days [20]. One factor mentioned by the authors
was that they observed some undigested material in stomachs when dissected, so this
could have had an effect. In this study, we excluded stomachs to avoid possible crossover
between assimilated and non-assimilated CTX. We did not measure fecal pellets or the tank
water during the trials, so we were unable to capture the CTX levels eliminated from the
organism directly; however, controls shared circulating tank water with CTX fish and no
controls had detectable CTX levels supporting that dietary uptake was the only relevant
exposure route.

Further explanation of the lag of CTX seen in the viscera compartment during this
study could be attributed to the amount and quality of protein and the presence of carbohy-
drates and fiber in the pelleted food. Food quality has been well established as a factor that
may increase gut retention and modify absorption kinetics for other toxicants in humans
and mammals (see [38–40]), which could be examined in future studies for CTX. Variability
of CTX kinetics, particularly from visceral organs, that has been reported between studies
may be a function of dietary differences, in addition to species and experimental factors
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already described. Persistent viscera contamination could also be influenced by enterohep-
atic recirculation as seen for anthropogenic contaminants where a xenobiotic is re-absorbed
by the intestine after first pass metabolism and returned to systemic circulation [41,42].
Cycling the toxin back through the system would redispose it in tissues, altering toxin
compartmentalization dynamics.

CTX depuration in muscle tissue was reported to be rapid in recent studies of juvenile
grouper, with half-lives for P-CTX-1, -2 and -3 reported as 28, 26 and 33 days, respec-
tively [20]. Our data on C-CTX-1 depuration in pinfish muscle contrast with these results
with C-CTX (as CTX3C eq.) concentrations being significantly higher on the last day than
at the start of depuration (Figure 2A), highlighting possible species-level differences. Our
data from day 119 likely pull the regression analyses towards a positive slope, but the low
variability between replicate fish and significant differences measured between days 20
and 119 showed that an increase in CTX tissue concentration in muscle was real. Further
supporting this phenomenon, it should be noted that during long-term studies such as
ours, fish are growing, and if CTX levels in muscle were growth-corrected a further increase
would be expected. These effects and models were comprehensively explored in this study.
Decreasing trends in viscera were paralleled by the increasing CTX levels observed in
muscle tissue, suggesting that CTX may be redistributed and/ or compartmentalized into
muscle from other tissues through time. A biphasic change in the location of the cyanotoxin
cylindrospermopsin was also reported in mussels and attributed to a re-distribution of the
toxin within tissues [43]. This may explain the persistent high levels of CTX found in the
upper-trophic-level fish in regions with frequent CTX exposure. Analysis of CTX levels
in blood between days 90 and 119 may have determined if enterohepatic recirculation
of CTX was occurring but was not performed in this study. These data remind us that
toxicokinetic models of CTX should consider organ compartments as dynamic places where
the toxins have the potential to be in flux and influenced by many environmental and
physiological mechanisms, yet to be elucidated. Hopefully, these data will press further
studies to investigate the CTX dynamics between tissues, since this may aid in fisheries
management and future dockside testing once rapid field assays become available (i.e.,
knowing which tissues will provide a reliable assessment of CTX risk).

There were no significant trends observed in the liver over time, except for highly
variable CTX concentrations throughout the depuration phase. This variability could be
attributed to metabolic process regulating elimination from liver. For instance, novel glu-
curonide metabolites of C-CTX were recently identified in hepatic microsomes indicating
that C-CTX glucuronidation may be a prevalent biotransformation pathway in fish [44]. In
contrast, grouper efficiently eliminated 90% of the P-CTX from liver by the end 30 days [20].
Additionally, under controlled exposure conditions, pooled lionfish liver samples (n = 1 of
pooled fish) analyzed by N2a-MTT gradually became less toxic over a 43 d depuration.

3.4. CTX Tissue Distribution

The relative CTX distribution in L. rhomboides tissues allowed us to compare the
disposition of CTX burden across fish of different sizes through time (Figure 3). The order
of highest to lowest CTX burden during the entire study was viscera > muscle > liver, but prior
studies have reported a similar analysis with variable findings. The highest percentage
of total CTX was in the muscle of grouper fed 1 ng P-CTX g−1 fish day−1 (approximately
50-fold higher dose than the present study) followed by other visceral tissues (intestine
and liver combined) for the entire experiment (except day 2 where skin CTX burden was
highest) [20]. Our visceral extract contained several tissues not analyzed in the grouper
(heart, spleen, gall bladder) which have been shown containing high CTX concentrations
in some fish and could explain the differences reported between studies [19]. The CTX
burden reported in the muscle of mullet also contained the highest toxin load when fewer
than nine CTX meals had been given [19]. However, similar to our findings, data extending
beyond nine CTX feedings on dinoflagellate cells by mullet, saw most of the CTX activity
detected in the intestine and gall bladder (~50%) followed by muscle (22%) and a small
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amount in liver (2%) [19]. Likewise, giant clams also contained most of the CTX in the
viscera following exposure [36].

3.5. One-Compartment Model Kinetics and Growth Correction

The C-CTX-1 uptake rate calculated for the combined tissue compartments in L. rhomboides
was 8.80 × 10−3 ng CTX3C eq. g−1 TE day−1. For comparison, the estimates for P-CTX-1
and -2 uptake rates in whole body of juvenile grouper were 25.2 and 3.51 × 10−3 ng g−1 day−1

by LC-MS analysis [20]. While our analyses do not account for CTX in some organismal
compartments (e.g., kidney, carcass), the included tissues likely contained the large ma-
jority of CTX that was bioaccumulated. Toxin accumulation was lower in muscle tissue,
which was exhaustively removed from fish during dissection, except for muscle tissue
surrounding the head, which was difficult to reliably remove from the small fish and minor
in mass. Bioaccumulation in hard parts such as bone and fin are possible but are likely
minor contributors to storage and not evaluated in this study. CTX activity was below
detection in the brain and gonads so these were excluded from whole body concentrations
reported in this study. There is still a lot of room for future studies that will better inform
organismal models of CTX bioaccumulation, and these should include longer period of
bioaccumulation, different fish species, life stages, and varied CTX congeners, for a more
comprehensive analysis of bioaccumulation rates.

Fish growth which contributes to lowered concentration of contaminants, can be
a difficult effect to control when investigating depuration, and complicates analyses in
exposures when significant [45]. Clausing et al. [33] found that naso growth masked CTX
accumulation, causing an apparent steady state in muscle at 8 weeks with similar CTX
concentrations occurring at 16 weeks of exposure and significant growth. In that example,
growth dilution kept CTX concentrations stable between weeks 8 and 16 while the muscle
CTX burden continued to increase. This effect cannot be ignored in the present study which
covered a 4 month timeframe. Quantifying the growth-dilution effect has been handled in
several ways when studying elimination of contaminants, including adjusting measured
concentrations by a growth correction factor as performed by Li et al. [20]. However, these
growth adjustment strategies have been critiqued by others and alternative strategies
suggested [45,46]. In our study, we applied several growth models and corrections includ-
ing the one reported by Li et al. [20] to determine the best approach for this and future
investigations for C-CTX depuration and growth. We first evaluated the rate constant
subtraction method outlined by Brooke and Crookes [45], which eliminates the change in
concentration due to growth from the other first-order depuration process (i.e., elimination
by respiration, feces, and metabolic transformation). Essential to our rate constant growth
correction analyses were the predicted concentrations (Cfish(i)) from body CTX burden and
weight estimates at the start of depuration. In our case, knowing the feeding rate, dose, and
growth rates of all fish (i.e., for n= 40 C-CTX treated; and n= 37 control) in the study allowed
us to perform model analyses that have not been used in past CTX exposure studies. While
first order kinetics were assumed based on regression of the transformed concentration
data (Figure 4), we acknowledge that a first order relationship is approximate, and is a
potential source of uncertainty in the model. However, this method did provide evidence
that fish growth was the major contributor to declining CTX concentrations through time
in this study.

The growth-corrected half-life for P-CTX-1, -2 and -3 (e.g., 21, 21, and 38 d, and
R2 equal to 0.97, 0.84, and 0.37, respectively) in the whole body of the juvenile grouper
E. coioides [20] were much shorter than reported by us and others [11,17]. This anomaly
could be attributed to unequal toxicokinetics between E. coioides and other fish, the use of
juvenile specimens, differences between CTX variants, or the statistical power or models
applied in that study. Our growth correction modeling technique increased the estimated
CTX depuration half-life from approximately 80 d in the raw data simulation to approxi-
mately 146 d (Figure 7A–D). Compared to other studies, our growth-corrected half-lives
of total ciguatoxicity are more similar to estimates in naturally incurred ciguatoxic Pacific
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moray eels (L. javanicus) and red snapper (L. bohar) where half-lives of 264 and 900 d were
reported, respectively [11,17]. Comparison to these data would depend on whether the
fish grew significantly, but if growth was positive (as would be expected), growth correc-
tion would increase the reported half-life. From this study and others, we might expect
a half-life of several months or longer which would be in line with long-term patterns
of persistent ciguatoxicity in fish from regions with CTX-producing benthic dinoflagel-
lates. Additionally, brevetoxins which are also Nav activators produced by the pelagic
dinoflagellate Karenia brevis, have been detected in fish livers more than a year after algal
blooms subside [32]. The CTX binding affinity for the primary Nav receptor was also
shown to outcompete brevetoxin for the site [47]. Therefore, it is not unreasonable to
consider CTXs have extremely long biological half-lives that are likely to vary based on the
physicochemical properties of each toxin variant.

In this study of L. rhomboides, the calculated CTX burdens for each fish at the end
of the depuration period were not measurably different than burdens measured (or esti-
mated using the correlation between cumulative dose and total CTX burden) for day 20
(see Supplementary Figure S4). Although the level of uncertainty in the kinetic rate mea-
surement limits the precision of our half-life estimate, the remaining high CTX burden
after depuration suggests that the models presented here are valid and show that pseudo-
elimination via growth was a primary factor in lowering concentration in L. rhomboides. The
growth correction Model 1, Model 2, and Model 3 (Figure 7B–D) showed that the use of
mean and individual measured growth rate constants agreed, suggesting that this method
is robust enough for use in food web modeling if accurate estimates of growth rates are
available for wild-fish. Age and growth studies are available for numerous reef fish species
globally and a thorough example of how these data could be useful was recently provided
in a critical review on conceptual models for ciguatera risk assessment [23].

3.6. Conclusions and Implications for Trophic Transfer

In this study we report that C-CTX-1 was bioaccumulated in L. rhomboides from low
environmentally relevant doses (0.02 ng CTX3C eq. g−1 day−1), and present that total
ciguatoxicity was retained for at least 3.3 months and depuration was mostly a function
of fish growth, a pseudo-elimination factor. These data highlight that field determined
concentrations of C-CTX may not reflect the mass balance of CTX that is bioavailable in food
webs. Increased elimination may be expected in wild-caught fish that have varied diets and
expend more energy, thus augmenting metabolic rates and lowering CTX levels. However,
the retention of C-CTX-1 in L. rhomboides at a basal level is remarkable. This long-term
CTX retention in fish helps to explain how regions with no recent sign of Gambierdiscus sp.
blooms can produce toxic fish that cause CP outbreaks, whether by fish migration or after a
period of low CTX production [12,48]. This study also suggests that field data may need to
be staggered if Gambierdiscus abundance and toxicity are collected as a baseline in parallel
with fish samples for food web toxin analysis, as is the traditional framework for field
studies. Future studies could include repeated exposures with intermittent depuration
periods to understand CTX kinetics once fish are re-exposed to the toxins while still
depurating, which likely occurs in migratory fish and in areas with regular temporal
swings in toxicity [6,9]. Quantifying the kinetics of elimination via respiration, feces, and
metabolic transformations, as well as sequestration in reproductive tissues, may also be
useful for future food web models of CTX exposure.

Improving our understanding of CTX kinetics has clear advantages to our interpreta-
tion of CTX dynamics in the field, and in developing improved risk models to prevent CP.
Our prior efforts have shown clear pulses of C-CTX in the benthic algal community [9] in
hyperendemic regions that may be dictated by lower temperature tolerance of toxigenic
Gambierdiscus species [8,49]. If the timing of the CTX source pulses occur in higher fre-
quency than the depuration of CTXs at higher trophic levels, we may expect increasing
prevalence of toxic fishes once CTX-producing algae are established in a region. While
more evidence on these dynamic cascades and factors that might influence them is needed,
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experimental studies such as these help to parameterize the capacity of toxin removal
from the organism. From a resource management perspective, understanding periods of
high and low risk, even if only possible for fish with high site fidelity, would be a great
advantage to the fishery, especially when coupled to spatial resolution of CTX.

4. Materials and Methods

4.1. Reagents and Chemicals

All solvents were HPLC grade obtained from Fisher Scientific (Waltham, MA, USA)
and were acetone, MeOH, n-hexanes, CHCl3, and dimethyl sulfoxide (DMSO). Bond Elut
silica solid-phase extraction (SPE) cartridges (100 mg and 500 mg) were from Agilent Tech-
nologies (Santa Clara, CA, USA). Ouabain octahydrate (O) and veratrine hydrochloride (V)
used for in vitro assays were from Sigma (St. Louis, MO, USA). The 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl- tetrazolium (MTT) was sourced from Alfa Aesar (Haverhill, MA, USA)
and was prepared in sterile phosphate buffered saline (PBS) from Medicago (Quebec City,
QC, Canada). Ciguatoxin 3C (CTX3C) was purchased from Wako Chemicals (Osaka, Japan)
and a 50 ng mL−1 stock was prepared in LCMS grade MeOH and aliquoted in sealed amber
vials maintained at −20 ◦C until use.

Adherent murine neuroblastoma cells (Neuro-2a; ATCC CCL-131) were originally
purchased from the American Tissue Culture Collection (Manassas, VA, USA) and modified
(i.e., OV desensitized) lines generated and maintained to ensure maximal and stable cell
response to CTX in MTT-based assays prior to use (available on request). Powdered Roswell
Park Memorial Institute (RPMI) 1640 medium (Millipore Sigma, Burlington, MA, USA)
was prepared in 10 L batches with sterile ultrapure water (18 mΩ) and 1L aliquots filtered
(polyethersulfone 0.2 μM Supor membrane; Pall Corp; Port Washington, NY, USA) into
sterile bottles. Supplements included sterile L-glutamine (200 mM stock), sodium pyruvate
(100 mM stock), and fetal bovine serum (all from Gibco; Grand Island, NY, USA). Trypsin-
EDTA (0.025% stock) used in cell detachment and harvest was from Corning (Corning, NY,
USA). Cell culture consumables including serological pipettes, tubes, flasks, and micro-well
plates were from CellTreat (Shirley, MA, USA). Trypan blue (Fisher Scientific, Waltham,
MA, USA) was prepared to 0.2% in sterile PBS (pH 7.4) and used in cell enumeration and
viability assessment.

4.2. Controlled Exposure
4.2.1. Fish Collection and Acclimation

Wild pinfish, Lagodon rhomboides (Sparidae), were collected from Mississippi Sound
(Dauphin Island, AL, USA) and Perdido Bay (Orange Beach, AL, USA) using hook-and-
line with sabiki rigs. To reduce stress from handling, fish were directly transferred to an
aerated, seawater-filled cooler using a specialized dehooking tool which does not require
fish handling. Fish were transported in aerated, temperature and salinity-controlled tanks
to the experimental wet-lab facility at the Dauphin Island Sea Lab (DISL) within one
hour. Prior to transfer to a primary acclimation tank, a five-minute freshwater dip was
performed to remove marine ectoparasites. This step was important to reduce the chance
of disease in the closed system. The recirculating aquarium system was composed of a
450 L sump, 375 L head tank, and 120 L enclosure tank and filled with artificial seawater
(Crystal Sea Marine mix; Mount Dora, FL, USA). To limit stress, environmental enrichment
provided to each tank habitat included a two-inch bed of pool filter grade silica sand,
12 cm diameter × 12 cm length PVC tubes for structure, and artificial submerged aquatic
vegetation. Fish were collectively monitored in the acclimation tanks in groups of 25 for
three weeks for signs of parasitic diseases and behavioral abnormalities prior to transfer
into individual tanks for experimental treatment. Two fish collections were performed
to supply fish for the exposure study, once in January 2019 and again in May 2020. The
water conditions across all systems were maintained on a 12 h light: 12 h dark cycle with
weekly water changes (artificial seawater: 15–17 psu; 24 ± 2 ◦C; ammonia ≤ 0.1 ppm,
nitrite ≤ 0.1 ppm, nitrate ≤ 40 ppm, pH = 8.1 ± 0.1).
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4.2.2. Feed Formulation

Experimental (CTX feed) and control diets (no CTX) were created from a blend of
fish meal, Mazuri Aquatic Gel Diet for Omnivorous Fish (sku: 1815252-409; Mazuri Exotic
Animal Nutrition, St. Louis, MO, USA), and water. The fish meal consisted of white
muscle tissue from either non-toxic great barracuda, Sphyraena barracuda, collected from the
northern Gulf of Mexico, Alabama (control) or S. barracuda with naturally incurred C-CTX
that were collected from the U.S. Virgin Islands during concurrent efforts. Fillets with skin,
scales, and bones removed, were cut into small chunks and subsequently homogenized
in an industrial food-grade stainless steel grinder (STX Turboforce 3000; Lincoln, NE,
USA). From each fish, at least five replicate subsamples of minced S. barracuda tissue were
extracted and analyzed for the presence of CTX-like activity using N2a-MTT, and C-CTX-1
confirmed by liquid chromatography-mass spectrometry as previously reported [50]. After
verifying control and CTX fish, batches were pooled and mixed three times, then frozen
in stainless steel trays and freeze dried. Dehydrated tissue (300 g) was powdered using a
grain mill (HC-300; C-Goldenwall, Amazon, Seattle, WA, USA) at 28,000 rpm for 1 min and
sieved to ≤500 μm to create a fine and uniform product. All fish powder was thoroughly
mixed and kept in 500 g aliquots at −20 ◦C in airtight containers until use. Subsamples of
the homogenized freeze-dried fish powder were taken for analysis by the N2a-MTT for
final quantification of toxicity of the pelleted diet prior to further preparation. The control
and CTX diets for L. rhomboides were created by combining equal parts Mazuri gel powder
and fish powder, then homogenized and combined with 60% water (by weight) that was
warmed to 65 ◦C. The homogenized feed was transferred to a pastry piping bag with
a round tip (Wilton size 10), then dispensed in even rows onto pre-weighed parchment
paper. After fully dispensing the gel, wet weight was recorded, and the gel was cut into
5 mm pellets. The tray was then placed in a drying oven at 65 ◦C for approximately 1 h to
remove approximately 2/3 water so that pellets retained a uniform shape. To maintain a
consistent product across batches, the water content (as a percent of the final product) was
calculated by subtracting the weight of solid ingredients in the mixture from the weight of
the formulated food after drying, then dividing by the whole-food dry weight. Subsamples
of pellets were weighed on an analytical balance to collect an average pellet weight.

4.2.3. Experimental Design

To accomplish optimal control and observation of fish, L. rhomboides were individually
transferred to 12 L tanks attached to a closed recirculating aquarium system. Four recir-
culating aquarium systems with 10 to 15 tanks per system were used in this study. Fish
were acclimated to the individual tanks (one fish per tank) for at least 2 weeks prior to the
beginning of experimental treatment to ensure water quality parameters and fish health
were stable. This acclimation period was in addition to the post-collection acclimation.

The experiments were designed to provide control over dietary intake of C-CTX-1
in individual fish so that the toxicokinetics of bioaccumulation and depuration could be
analyzed across multiple tissues with sufficient replication for the subsequent statistical
analyses. Tanks designated to receive control or CTX pellets were assigned a sampling day
on the day prior to the start of experiments using a random number generator. Control
fish received control pellets throughout trials while CTX fish received CTX pellets for
up to 20 days (bioaccumulation phase) and then transitioned to the control feed for the
depuration phase (see Table 1 for sampling scheme). Both control and CTX pellets contained
powderized S. barracuda flesh (non-toxic or toxic, respectively) to match the nutritional
intake across groups and maintain consistency (minus CTX) when fish were transitioned
from the bioaccumulation to the depuration phase. Fish fed only the control pellets were
designated for each sampling point to be used as matrix controls in assays, and to compare
differences in behavior, and growth rate compared to the CTX treatment groups.

Data were collected from two feeding experiments (trial 1 and 2, hereafter) to allow
adequate replication. The first experiment had maximum bioaccumulation and depuration
phases of 20 days each with a total of 52 fish and was performed 5 March–13 April 2019.
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Fish were sampled as baseline controls prior to feeding on the first experimental day and
on days 6, 10, and 20 of bioaccumulation and days 5, 10, and 20 of depuration. In the
second experiment performed 30 July–25 November 2020, the bioaccumulation phase was
replicated identical to trial 1, and depuration was extended out to a maximum of 99 days to
increase the depuration course. Fish were collected on day 20 of the bioaccumulation phase
to compare to trial 1 for reproducibility, and then on days 40, 70, and 99 of the depuration
phase. Based on the lack of overt signs of intoxication during the first experiment and
ample analytical controls, during the second experiment, remaining L. rhomboides were
allocated towards maintaining experimental replication in the CTX treatment group (CTX
fish, n = 4) and control replicates were reduced to n = 2 per time point (except day 0, n = 3)
(Table 1).

Daily feed requirements were calculated based on initial weights (g) of fish which
were recorded using a water displacement method one or two days prior to the beginning
of exposure trials. All fish were fed either control or CTX pellet food at the same time daily,
normalized to body mass (approximately 1.8% of initial body weight day−1). Fish were
fed the same amount of food daily relative to the initial whole wet weight for the entire
experiment. Individuals were closely observed to ensure all food was eaten during feeding
times, and after acclimation L. rhomboides were consistently consuming the pellets within
seconds of entering the tank. Fish were also re-weighed at multiple points (at minimum
initial and at time of sampling) throughout the study to track growth rate and to determine
if somatic growth influenced C-CTX concentration as previously expected by others in
P-CTX fish studies [20,33,51].

4.2.4. Fish Sampling, Dissection, and Extraction

On a designated day and time of sampling, fish were fed and left undisturbed for 7 h.
Fish were euthanized according to approved IACUC protocols by iced seawater immersion
and mortality was confirmed by cessation for at least 10 min. A secondary spinal transection
was performed to ensure mortality, and fish were then dissected. Dissected tissues were
weighed whole including muscle, brain, liver, gonads (when present), and additional
visceral organs combined (heart, spleen, pancreas, gall bladder, intestine). Swim bladder
was discarded and not analyzed in this study. Stomach was removed from the viscera
samples to limit residual CTX signal from undigested food in downstream toxicity assays;
however, given reported gut clearance rates <24 h, the amount of residual CTX in the
intestinal tract was expected to be below the limit of quantification (LOQ; described in
Section 4.3 Data Analysis) in the viscera on our assays.

Muscle subsamples (5–7 g) were extracted twice in acetone (2 mL g−1 tissue weight) by
bead disruption (2.6 mm diameter; ceramic) using a Bead Ruptor 24 (Omni International;
Kennesaw, GA) at a speed of 5 m/s for two cycles of 30 s duration each. Resultant
homogenates were centrifuged at 2465× g for 5 min at room temperature (approximately
21 ◦C) between extractions to obtain the supernatant. Combined supernatants were placed
at −20 ◦C for 18 h, then centrifuged (4 ◦C, 2465× g, 10 min), and supernatants dried
under a gentle nitrogen stream (45 ◦C). Dried residues were reconstituted in 90% aq.
MeOH (1 mL g−1 original weight) and partitioned twice using n-hexane (2 mL g−1 original
weight) to remove non-polar lipids. The aq. MeOH phase was dried under nitrogen, and
the resultant residue was partitioned with CHCl3: H2O (50:50, v:v). The CHCl3 layer
containing CTX was collected, then water phase partitioned again with the same volume
of CHCl3. Pooled CHCl3 fractions were dried, reconstituted in 500 μL CHCl3, and further
cleaned by silica SPE. Powderized fish tissue (CTX and control) was extracted in a similar
manner using a 5:1 solvent (mL) to tissue (g) weight ratio. Non-muscular tissues were
extracted whole due to their small size and solvent ratios adjusted accordingly. Final tissue
extracts were dissolved in 1 mL 100% MeOH and stored at −20 ◦C until analysis.
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4.3. Toxin Analysis
4.3.1. Maintenance of Neuroblastoma Cells

Cells were maintained in vented 175 cm2 sterile culture flasks with RPMI medium sup-
plemented with 5% heat-inactivated FBS, 1 mM sodium pyruvate, and 2 mM L-glutamine
(complete media) and maintained in a humidified water jacketed incubator at 37 ◦C with
5% CO2: 95% atmospheric air. Cells were passaged every 48 h and maintained in expo-
nential growth. During passaging and in preparation for seeding 96-well plates, cells were
harvested with 0.025% trypsin-EDTA for <2 min, trypsin deactivated with 10% FBS-RPMI
complete medium, centrifuged, supernatant discarded and cells washed two times in PBS.
Duplicate aliquots of cells resuspended in 5% FBS-RPMI medium were enumerated on a
hemocytometer to calculate growth rates, and passage % viability via trypan blue staining.

4.3.2. Neuroblastoma MTT Assay (N2a-MTT)

Sample extracts were tested for composite voltage-gated sodium channel (NaV) re-
sponse using a standardized in vitro mouse neuroblastoma assay (N2a-MTT) as previously
described [50] with toxin quantification of serially diluted samples evaluated and com-
pared to a 9-point 2-fold serial dilution of CTX3C (initial dose equal to 20 pg well−1 or
86.96 pg mL−1). The European Food Safety Authority (EFSA) has developed guidelines
outlining toxic equivalency factors for the various CTX-group toxins [52]. CTX3C has been
reported to be two-fold more toxic than C-CTX-1 based on intraperitoneal toxicity and
was accepted here as the better certified reference standard compared to P-CTX1 which
was reportedly ten-fold more toxic than C-CTX-1. The difference in CTX3C standard
toxicity could cause lower estimates of C-CTX-1 content. For better understanding of toxin
content, conversion from CTX3C eq. to C-CTX-1 can be done by multiplying CTX3C eq.
concentrations by a factor of 2.

Due to the sample size of subsampled fish tissues, we were unable to perform addi-
tional LC-MS/MS analysis which requires much higher CTX concentrations compared
to N2a-MTT. These analyses could have been accomplished by pooling tissues and/or
extracts from replicate fish for each sampling point as described by others [20] but this
would have lost the experimental replication that we deemed critical to the validity of this
study, so was delayed to a future study with larger fish specimens.

N2a cells from established OV adapted lines, were seeded into 96-well plates at a
density of 3 × 105 cells per well, in complete RPMI media (200 μL). After 20 h, cells were
dosed in triplicate with standards, controls, and sample extracts; all with and without OV.
To prepare fish extracts for dosing, an extract aliquot dissolved in MeOH was transferred
to a 1.5 mL microcentrifuge tube, dried under ultrapure N2(g), and redissolved in 5%
FBS-RPMI complete media by vortex (30 s, room temperature). Cells in assay wells were
carefully inspected by light microscopy prior to dosing and development. Positive controls
(CTX-positive reference material), negative controls (containing PBS and medium), and
assay controls with (sensitized) and without (non-sensitized) O/V (final well concentra-
tion: 0.22 mM ouabain/0.022 mM veratrine) were used to ensure quality assurance and
control throughout the several hundred assays performed during this study. Sample wells
were dosed with 10 μL of the fish extract solubilized in culture media or PBS (final well
volume 230 μL). After a 20 h incubation, well contents were removed and MTT (1 mg/mL)
diluted in 5% FBS-RPMI-1640 complete medium was added for 30 min. The resultant
insoluble formazan product produced by mitochondrial activity of remaining live cells
was solubilized in 100% DMSO (100 μL) with the colorimetric change measured within
5 min on a spectrophotometric microplate reader (μQuant; Biotek Instruments; Winooski,
VT, USA) at 570 nm. Cells sensitized with O/V were used to assess CTX-like activity,
while non-O/V-sensitized cells were used to monitor non-specific activity induced by
sample extracts. When O/V-dependent toxicity was detected by at least a 20% difference
between controls and wells dosed with fish extracts, a two-fold serial dilution of extract
was prepared and assayed parallel to a CTX3C standard dilution series on the same day.
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4.3.3. N2a-MTT Data Analysis

Raw data were analyzed using Microsoft Excel version 2013 (Microsoft Corporation,
Redmond, WA, USA). Normalized data were analyzed with GraphPad Prism version 9.0.0
(GraphPad Software, San Diego, CA, USA).

Raw absorbance values for wells dosed with standards and fish extracts were nor-
malized to the OV control wells (20 μL O/V + 10 μL PBS, or 30 μL PBS), to account
for minor OV N2a mortality established during cell line adaptation as described by oth-
ers [53]. Triplicate absorbance responses within a single assay plate were deemed ac-
ceptable when the relative standard deviation was below 20%. To produce standard
curves for quantification on the day of each assay, CTX3C standard doses (x-values) were
logarithm transformed and fit by non-linear regression against the normalized response
(y-values) in wells at each dose using a four-parameter logistic equation with variable
slope (Y = Bottom + (Top/Bottom)/(1 + 10ˆ((LogIC50 − X) ∗ HillSlope). Toxicity of tissue
extracts were estimated by interpolating the normalized responses (y-value) in wells onto
the standard curve to estimate the dose (unknown x-value) in pg CTX3C equivalence.
Values that fell between the effect concentration 20–80 (EC20 to EC80) which is the linear
portion of the standard curve are acceptable, but we chose to use more strict parameters for
quantification by accepting only values between EC30 and EC75 because full curves with
a top and bottom plateau were not always possible based on the CTX concentrations in
tissues. Interpolated results (pg CTX3C eq.) were divided by the tissue equivalence (mg
TE) of the dose to calculate the concentration in ng CTX3C eq. g−1 TE. The LOQ for CTX in
each tissue type was determined by dividing the mean value of the EC75 from the CTX3C
dose–response curve and the maximum TE dosed in wells without a matrix induced effect
defined as either growth enhancement >20% of the control wells or cell death associated
with non-Nav mechanisms (evaluated in sample wells without OV). All samples were
analyzed in triplicate across 2–4 independent assays performed on separate days with a
CTX3C standard curve prepared on the day of each assay.

4.4. Ciguatoxin Kinetics
4.4.1. Muscle, Liver, and Viscera Ciguatoxin Kinetics

Kinetics of CTX uptake and depuration in separate tissues were investigated through
non-linear regression analysis of the experimentally determined CTX concentration in
sample extracts against time for both phases using GraphPad Prism version 9.0.0 (model
comparison function). When CTX was below detection levels due to a non-specific matrix
effect, those replicates were excluded from analyses (see Results Section 2.5). Normality
of toxin data was evaluated using a Shapiro–Wilk test and models were fit using a least
squares regression with no weighting and compared by an iterative process. Best fit models
were compared based on the Akaike’s Information Criterion (AICc) which balances the
goodness of fit using sum-of-squares and the simplicity (number of degrees of freedom) of
the two models.

4.4.2. One-Compartment Model Kinetics

The combined CTX concentrations (Cfish) for the measured tissues were calculated for
each fish by multiplying the quantified concentration for each tissue (muscle, liver, and
viscera) by the whole tissue mass (conc. x mass = tissue burden), summing the tissue CTX
burdens, and dividing by the total sum of the whole muscle, liver, and viscera mass. The
Cfish was used to investigate a one-compartment model of CTX kinetics which assumes a
homogenous concentration in the fish. While our analyses do not account for CTX in some
compartments (kidney, stomach, and carcass), the included tissues (muscle, liver, viscera)
contained the majority portion of CTX in the major tissue compartments in the fish. No
CTX activity was detectable in brain or gonads, so these were excluded.
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The uptake rate was calculated by linear regression of the measured Cfish (ng g−1)
during the bioaccumulation phase against time (d = 0 to 20)

Cf ish = kuptake × t + a (1)

where the slope of regression is equal to the rate of increasing CTX concentration (kuptake;
ng g−1 day−1), t is time (d), and a is a constant which in this case is the y-intercept (ng g−1).

The first-order depuration rate constant (k2) was calculated using the methods outlined
by Brooke and Crookes [45]. A one-compartment model of exponential decay was fitted to
the measured Cfish during the depuration phase

Cf ish(t) = Cf ish(i) e−k2t (2)

where Cfish(t) is the concentration (ng g−1) measured at the time of sampling, Cfish(i) is the
initial concentration (ng g−1) at the start of the depuration phase (day 20), t is time (d),
and k2 is the overall depuration rate constant (day−1). For curve fitting, the measured
Cfish in the depuration phase were natural Log transformed, i.e., Ln [Cfish], to allow linear
regression of Log-concentrations versus time in which the slope of regression is the k2, and
the coefficient of determination is used to confirm first-order kinetics. The k2 calculated by
these methods is the overall elimination rate constant including the sum of four first-order
kinetic processes

k2 = kr + km + ke + kg (3)

where kr, km, and ke (all in units day−1) are the rate constant for elimination via respi-
ration, metabolic transformation, and feces, respectively, and kg is the rate constant for
the change in concentration due to fish growth, a pseudo-elimination process. For an in-
depth summary on each of the rate constants and application to overall k2, see Gobas [54]
(pp. 4–9).

To correct the overall k2 for growth of the fish, kg was calculated using the growth rate
data collected for each fish. Fish masses were applied to an exponential growth model

Wf ish(t) = Wf ish(i) ekgt (4)

where Wfish(t) is the wet weight (g) of the fish at any point, Wfish(i) is the initial wet weight
at the start of the experiment, and kg is the growth rate constant (day−1). To allow a linear
fit, the inverse of measured weights was natural Log transformed, i.e., Ln (1/Wfish), and
plotted against time where the slope is equal to kg (day−1). The effect of growth, which
results in diluted concentrations over time, was factored out of the depuration rate constant
by subtracting the kg from the overall k2 to give the growth-corrected depuration rate
constant (k2 growth-corrected; day−1)

k2 growth−corrected = k2 − kg (5)

and describes the rate constant for elimination processes that result in removal of CTX
from the fish (kr + km + ke) [45].

4.4.3. Kinetic Modeling and Correction of Growth Dilution

The exponential growth Equation (4) was used to estimate the mass of each fish on
day 20 (end of bioaccumulation phase) that entered the depuration phase using measured
growth rate constants (kg) and solving for Wf(t). For trials 1 and 2, respectively, values of t
were set to 20 and 22 days, because initial weights were collected on day 0 (trial 1) and two
days prior to start (trial 2), while depuration was initiated on day 20 for both trials. The sum
of muscle, liver, and viscera mass was estimated at day 20 using a linear correlation between
whole fish mass (g) and the sum of tissue masses, i.e., Σ (whole muscle + liver + viscera;
g), that were dissected from sampled fish for CTX analysis. The combined CTX burden in
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the whole muscle, liver, and viscera at day 20 was estimated from the linear relationship
between the cumulative dose administered (total ng CTX3C eq. consumed = number of
pellets fed daily × number of days in bioaccumulation phase × pellet CTX3C eq. conc.)
and the combined CTX burden measured in fish that were sampled between 0 and 20 d.
Estimates of total CTX burden and combined tissue mass at the end of the bioaccumulation
phase (day 20) were divided for an estimate of an overall CTX concentration in the fish at
the start of depuration (Cfish(i)).

A simulation model of our data was created using the estimated Cfish(i) to study the
effect of fish growth on elimination of CTX. Final concentrations were simulated for each
fish in the depuration phase at all time points using the one-phase exponential decay
model (Equation (2)) where Cfish(i) is an estimate on day 20, time is delta time in depuration
depending on when the fish was sampled, and overall k2 was measured from the linear plot
depuration data. The resulting simulated concentrations were natural Log transformed
(as previously described for the measured Cfish) and plotted against time (d) to compare
the regression slope (k2) with the slope from the measured data. A correlation was then
performed to check how well the simulated data fit the measured concentrations.

Simulated concentration data served as the baseline for growth-corrected models to
compare the change in half-life (Ln [2]/ k) under different conditions of k2 growth-corrected. The
growth-corrected models were produced by adjusting the depuration rate constant (k2) in
the simulation exponential decay model. Three growth-corrected models were produced
using different values of k2 growth-corrected that were calculated based on fish growth rates
in the depuration phase, i.e., average growth rates at each sampled time point (Model 1),
average growth rate based on ANOVA grouping (Model 2), and the individually measured
growth rate (Model 3). Results of each model compared to the simulation are presented
using the linear version of the exponential decay model where concentrations are natural
Log transformed and plotted against time. The growth-corrected half-lives of the models
were finally compared to the half-life calculated from growth correction by a simpler
approach reported by others [20,55] that uses a growth correction factor, where measured
concentrations in fish during the depuration phase are multiplied by (1 + kg × time).

4.5. Statistical Analyses

Fish size (mass in g) at the initial time point across studies was analyzed using a
non-parametric two-tailed Mann–Whitney U test since trial 1 weights were not normally
distributed. Growth rate constants (kg) of control and treatment groups collected at the same
time point were tested for normality using a Shapiro–Wilk test and compared for differences
using a two-tailed t-test, respectively. Growth rate and toxicity data between control and
exposure treatments were tested for normality and homoscedasticity using a Shapiro–Wilk
test and Brown-Forsythe test, respectively, and residual plots were visually inspected as a
parallel method prior to one-way ANOVA with Tukey’s multiple comparisons test. Growth
trends were investigated by a linear regression plot of kg against time. A simple correlation
was used to analyze the fit of the measured and model simulated Cfish(t) in the depuration
phase prior to investigating growth correction of the model.
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.3390/toxins13110774/s1; Supplementary Figure S1: Representative in vitro dose–response curves
from the neuroblastoma-MTT assay in this study. Supplementary Table S1: Results of a t-test on the
first order growth rate constants (kg) between Control and CTX-treated L. rhomboides at each sampled
time point. Supplementary Figure S2: Results of ANOVA with Tukey’s test on kg of Control and CTX
feeding treatments across time. Supplementary Figure S3: Results of ANOVA with Tukey’s test for
C-CTX-1 measured in CTX3C eq. concentrations (mean ± s.d.) in muscle, liver, and pooled viscera
of L. rhomboides in this study. Supplementary Figure S4: Sum of total C-CTX burdens (measured as
CTX3C eq.) in the tissues of L. rhomboides sampled in this study.
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Abstract: Ciguatera fish poisoning (CFP) is currently the most common marine biotoxin food poisoning
worldwide, associated with human consumption of circumtropical fish and marine invertebrates
that are contaminated with ciguatoxins. Ciguatoxins are very potent sodium-channel activator
neurotoxins, that pose risks to human health at very low concentrations (>0.01 ng per g of fish flesh
in the case of the most potent Pacific ciguatoxin). Symptoms of CFP are nonspecific and intoxication
in humans is often misdiagnosed. Presently, there is no medically approved treatment of ciguatera.
Therefore, to mitigate the risks of CFP, reliable detection of ciguatoxins prior to consumption of fish
tissue is acutely needed, which requires application of highly sensitive and quantitative analytical
tests. During the last century a number of methods have been developed to identify and quantify the
concentration of ciguatoxins, including in vivo animal assays, cell-based assays, receptor binding
assays, antibody-based immunoassays, electrochemical methods, and analytical techniques based
on coupling of liquid chromatography with mass spectrometry. Development of these methods,
their various advantages and limitations, as well as future challenges are discussed in this review.

Keywords: ciguatera; ciguatoxin; cytotoxicity assay; ELISA; HPLC; immunoassay; LC-MS/MS; mouse
bioassay; receptor-binding assay

Key Contribution: Methods to detect and quantify ciguatoxins in fish tissue are critically reviewed.

1. Introduction

Ciguatera fish poisoning (CFP), currently the most common marine biotoxin food poisoning
worldwide, is a non-bacterial foodborne disease associated with consumption of circumtropical fish
and marine invertebrates that are contaminated with polyether sodium channel activator neurotoxins
(ciguatoxins, CTXs) [1–12]. CTXs are a family of heat-stable and lipid-soluble compounds that cannot
be degraded by normal cooking. CTXs are colorless and odorless, therefore cannot be detected by smell
or visual inspection of fish flesh. Ciguatoxins are produced by certain benthic dinoflagellate species
from the Gambierdiscus and Fukuyoa genera and enter the marine food chain via herbivorous fish and
invertebrates [2,5,9,13]. These toxins are subsequently biotransformed in herbivorous, omnivorous,
and carnivorous fishes to more oxidized and more potent forms of CTXs and accumulate to toxic
levels in edible fish. During the biotransformation of P-CTX-4B to P-CTX-1 (see below) there is a
ten-fold increase in potency [8]. The structure of CTXs varies according to geographic distribution;
therefore, they are classified as Pacific Ocean (P-CTX), Caribbean Sea (C-CTX) and Indian Ocean (I-CTX)
ciguatoxins. P-CTX-1 is regarded as the most potent toxin, and the recommended safety limit for CTXs
in fish for human consumption has been set at 0.01 ng P-CTX-1 toxin equivalent/g fish tissue (0.01 ppb
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P-CTX-1 equivalent) by both the European Food Safety Authority (EFSA) and United States Food
and Drug Administration (US FDA) [1,14]. The recommended safety level for C-CTX-1 equivalent
toxicity is 0.10 ppb [1,9,14]. Although the safety limit for I-CTXs has not been published yet, based on
experiments indicating that the toxicity of I-CTX-1 is 60% of that of P-CTX-1 potency [15], a safety level
of 0.017 ppb for I-CTX-1 equivalent toxicity may be considered. CFP is known in tropical regions for
centuries, and it is an increasing risk of food poisoning worldwide; it occurs now in non-endemic
areas due to international trade of fish and fish products and the expansion of the geographic ranges
of dinoflagellates as a likely result of global warming [12,16,17]. Intoxication by CTXs may cause
neurological, gastrointestinal, and cardiovascular symptoms depending on the amount and type of the
toxin ingested [1–7,18], and occasionally in severe cases, CFP can be fatal [19,20]. P-CTX-1 possesses
risk to human health at concentrations higher than 0.022–0.1 ng g−1 in fish flesh [8,21]. About 10,000 to
50,000 people suffer from the illness annually [1]; however, this is likely a substantial underestimate
considering the incidence of non-reported cases from remote areas and non-diagnosis. Only 2–10%
of CFP cases are estimated to be reported to health authorities [4]. Currently, there is no routine,
rapid, reliable, and cost-effective point-of-care (POC) test that can detect ciguatoxins on-site or prior to
consumption. Identification and quantification of CTXs is challenging even for laboratories due to the
low CTX concentrations in fish flesh, the low recommended limit of 0.01 ng g−1, and the lack of reference
materials and standards for all CTXs. The concentration of toxins in fish liver is about 10–50 times
higher than in muscle tissue [22,23], thereby CFP becomes more problematic in communities consuming
fish viscera. In extreme cases, such as for the liver of a large moray eel caught in Kiribati, toxicity
can be as high as 539 ng g−1, 50,000 times higher than the accepted safety level of 0.01 ng g−1 [23].
The symptoms of CFP were first described by Captain James Cook and Don Antonio Parra in the 17th
century during their exploration of the Pacific Ocean and Caribbean Sea, respectively [3,24]. CFP was
finally linked to dinoflagellates in 1977 [25]. Several methods have been developed to test for CTX
presence in fish, ranging from indigenous observations and animal mortality tests to modern analytical
techniques. The present review aims to summarize such methods and identify future challenges in
CFP testing. Gambierdiscus strains, from which G. polynesiensis in the Pacific Ocean and G. excentricus
in the Atlantic Ocean represent the major threat to human health [26,27], are known to produce not
only CTXs but other toxins, such as the water-soluble and structurally related maitotoxins [28,29] and
gambierones [30,31]. However, the contributions of these latter toxins to CFP is insignificant compared
to that of CTXs, due to their high water solubility and low oral potency [8,9]; therefore, these toxins are
beyond the scope of this review.

2. Ciguatoxins

The metabolic modification of dinoflagellate toxins in fish produces a large number of structurally
related CTX congeners. Multiple CTX congeners exist in fishes, and each may contribute to CFP. To date,
47 CTXs have been identified but less than half are structurally characterized due to the insufficient
amounts of pure toxin available for analysis. Legrand et al. isolated 0.35 mg of pure P-CTX-1 from
125 kg of fish viscera, including 43 kg of liver, from 4150 kg of moray eels, Gymnothorax javanicus [32].
The specific chemical structures of major CTXs, however, were elucidated using NMR and mass
spectrometry [33–42]. CTXs are composed of contiguous cyclic ether rings aligned in a ladder-like
fashion, and the two termini of the rigid ladder are varied in congeners. Most of the CTX congeners
possess a primary hydroxyl group that may allow selective derivatization. The toxicity of various
CTX congeners are different. On the basis on their acute intraperitonial median lethal dose (LD50)
in mice, EFSA has adopted the following toxicity equivalency factors (TEFs) for CTXs: P-CTX-1 = 1,
P-CTX-2 = 0.3, P-CTX-3 = 0.3, P-CTX-3C = 0.2, 2,3-dihydroxy-P-CTX-3C = 0.1, 51-hydroxy-P-CTX-3C
= 1, P-CTX-4A = 0.1, P-CTX-4B = 0.05, C-CTX-1 = 0.1 and C-CTX-2 = 0.3 [1].

To date twenty-two CTXs have been identified from Pacific fish samples (Table 1). The skeletal
structures of the 22 structurally characterized toxins can be separated into two groups, the P-CTX-1
(or CTX-1B) type and the P-CTX-3C type. P-CTX-1 (mass 1110.6 Da, C60H86O19) exhibits the highest
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toxicity against mice [33]. Molecular masses of P-CTXs are summarized in Table 1, and structures of
CTXs are shown in Figure 1.

Table 1. Molecular formula and mass (in Da) of identified ciguatoxins 1.

Pacific CTXs Caribbean CTXs

P-CTX-1 C60H86O19 1110.6 [37] C-CTX-1 5 C62H92O19 1140.6 [35]
52-epi-P-CTX-1 C60H86O19 1110.6 [38] C-CTX-2 5 C62H92O19 1140.6 [35]
54-epi-P-CTX-1 C60H86O19 1110.6 [38] C-CTX-1141a n.a. 1140.6 [34]

54-epi-52-epi-P-CTX-1 C60H86O19 1110.6 [38] C-CTX-1141b n.a. 1140.6 [34]
P-CTX-2 2 C60H86O18 1094.6 [33] C-CTX-1141c n.a. 1140.6 [34]
P-CTX-3 2 C60H86O18 1094.6 [33] C-CTX-1127 n.a. 1126.6 [34]

7-oxo-P-CTX-1 C60H86O20 1126.6 [38] C-CTX-1143 n.a. 1142.6 [34]
6,7-diH-7-OH-P-CTX-1 C60H88O20 1128.6 [38] C-CTX-1143a n.a. 1142.6 [34]

3,4-diH-4-OH-7-oxo-P-CTX-1 C60H88O21 1144.6 [38] C-CTX-1157 n.a. 1156.6 [34]
54-deoxy-50-OH-P-CTX-1 C60H86O19 1110.6 [38] C-CTX-1157a n.a. 1156.6 [34]

P-CTX-3C 3 C57H82O16 1022.6 [39] C-CTX-1157b n.a. 1156.6 [34]
P-CTX-3B 3 C57H82O16 1022.6 [38] C-CTX-1159 n.a. 1158.6 [34]

51-OH-P-CTX-3C C57H82O17 1038.6 [40]

2,3-diH-2-OH-P-CTX-3C C57H84O17 1040.6 [38] Indian CTXs

2,3-diH-2,3-diOH-P-CTX-3C C57H84O18 1056.6 [40] I-CTX-1 C62H92O19 1140.6 [15]
M-seco-P-CTX-3C C57H84O17 1040.6 [41] I-CTX-2 C62H92O19 1140.6 [15]

P-CTX-4A 4 C60H84O16 1060.6 [42] I-CTX-3 C62H92O20 1156.6 [15]
P-CTX-4B 4 C60H84O16 1060.6 [37] I-CTX-4 C62H92O20 1156.6 [15]

M-seco-P-CTX-4A/B C60H86O17 1078.6 [41] I-CTX-5 C62H90O19 1138.6 [19]
51-OH-2-oxo-CTX-3C C57H82O18 1054.6 [38] I-CTX-6 C62H90O20 1154.6 [19]

2,3-diH-2,3,51-triOH-P-CTX3C C57H84O19 1072.6 [38]
A-seco-2,3-diH-51-OH-P-CTX-3C C57H86O18 1058.6 [38]

1 OH = hydroxy, H = hydro, n.a. = not available; 2 Epimers; 3 Epimers; 4 Epimers; 5 Epimers. Alternative or old
names: P-CTX-1 = CTX-1B and CTX; P-CTX-2 = 52-epi-54-deoxy-CTX-1B; P-CTX-3 = 54-deoxy-CTX-1B; P-CTX-3B =
49-epi-P-CTX-3C; P-CTX-4B = 52-epi-P-CTX-4A, GTX-4B, GT-4B or gambiertoxin-4B; 49-epi-P-CTX-3C = P-CTX-3B;
56-epi-C-CTX-1 = C-CTX-2; 2,3-dihydro-2,3-dihydroxy-P-CTX-3C = 2,3-dihydroxy-P-CTX-3C = CTX-2A1.

Twelve Caribbean CTXs have been identified thus far [34], and the structures of the two major toxins
(epimers C-CTX-1 and C-CTX-2, mass 1040.6 Da, C62H92O19, see Figure 2) have been determined [35].
The molecular structure of C-CTX-1 has been recently revised [36] (Figure 2). Based on molecular
fragmentation in a mass spectrometer at high collision energies, the N-ring of C-CTX-1 is more likely to
be a seven-membered ring [36] than a six-membered [35]. Structure and toxicity of the other 10 CTXs
have not been established yet. C-CTX-1 is considered to be 10-times less toxic than P-CTX-1 [8].

Six CTXs have been identified to date from fishes and sharks of the Indian Ocean [15,19,43],
two isomer pairs with masses of 1140.6 Da (I-CTX-1 and -2, C62H92O19) and 1156.6 Da (I-CTX-3 and
-4, C62H92O20) [15], as well as two congeners with only 2H less, 1138.6 Da (I-CTX-5, C62H90O19) and
1154.6 Da (I-CTX-6, C62H90O20), which corresponds to the formation of a double bond [19]. The exact
structure of these toxins has not been determined as yet. Various experiments have indicated that the
toxicity of both I-CTX-1 and -2 is 60% and both I-CTX-3 and -4 is 20% of the P-CTX-1 potency [15].
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Figure 1. Structure of Pacific CTXs (alternative or old names are given in Table 1).

Figure 2. Structure of C-CTX-1 and C-CTX-2, according to Lewis et al. [35], and the suggested new
structure, C-CTX-1(new) [36].

3. Extraction of Ciguatoxins from Fish Tissue

Extracting CTXs from fish tissue is a critical step in CTX quantification and strongly influences
analyte recovery and thus analytical reliability. This purification step is also important to efficiently
remove matrix-derived interfering compounds that negatively affect sample analysis, such as lipids.
Extraction methods involve multiple steps, and are time consuming; they include, in general,
the following major steps: (1) extraction of raw, freeze-dried or cooked muscle tissue with a polar organic
solvent (typically acetone or methanol); (2) purification of the extract by liquid-liquid partitioning
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(using diethyl ether, chloroform, or dichloromethane); (3) defeating the extract by liquid-liquid
partitioning using hexane or cyclohexane; and (4) purification of the crude extract by solid-phase
extraction (SPE), in one step using normal-phase or reverse-phase SPE, or more typically in two
steps using consecutive orthogonal SPE phases. Several modified versions of the original extraction
method of Lewis et al. [44] have been published during the last three decades, e.g., [12,43,45–49];
two currently used methods are summarized in Figure 3 as examples [41,45,50,51]. Varying the solvent
used for extraction, the sample-to-solvent ratio, the number of extraction cycles used to extract fish
tissue, and the number of SPE steps can influence the extraction efficiency of CTXs and extract purity,
and determine time for extract preparation. A further complicating factor is that extraction efficiency
depends also on the CTX analogue; for example, methanol is a good extraction solvent for various CTXs,
but produces high levels of co-extractives. Using more polar solvent such as aqueous methanol limits
the amount of co-extractives in the extract, is effective for the more polar CTX analogues, but much
less effective for less polar CTX analogues [49]. Application of consecutive purification steps varies
considerably among sample preparation protocols that exist in the literature. Most of the existing
protocols are reviewed by Harwood et al. in 2017 [49]. Selection of the extraction protocol is not
unambiguous, and unsurprisingly no validated extraction method exists to date. Current extraction
protocols are complicated and not efficient enough.

 
Figure 3. Examples of extraction of CTXs from fish tissue for various CTX tests [41,45,50,51].
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The fish tissue extraction process due to several purification steps is slow compared to the
time frame of modern analytical techniques (e.g., liquid chromatography-tandem mass spectrometry,
LC-MS/MS, see below), therefore it is the rate-determining step for testing a fish sample. To decrease
extraction time, a ciguatoxin rapid-extraction method (CREM), which uses only 2 g of fish tissue
and combines the first three extraction steps mentioned above by applying a methanol-hexane
mixture, has also been developed by Lewis et al. [52]. The method was updated and modified
later by Stewart et al. [53] and Meyer at al. [54]. The rapid extraction method was estimated to
be two-to-three times faster than the standard method for extraction and clean-up of CTXs [53].
It is, however, less effective than ‘normal’ protocols in terms of efficiency and toxin yield [54],
and therefore not widely used by all specialized laboratories. Although, in principle, higher extract
purity is better for all CTX detection techniques, it is worth considering minimum extract purity
requirements for various analytical techniques, regarding time and cost. The crude extract is sufficient
for mouse bioassay (MBA), the SPE provides sufficiently pure extract for Cell-based Assay (CBA),
Receptor-binding Assays (RBA), Enzyme-Linked ImmunoSorbent Assay (ELISA) and LC-MS/MS.
Further high-performance liquid chromatography (HPLC) separation produces purer fractions which
can be useful for specific investigations, such as for example the determination of toxicity profile using
CBA-N2a (see Section 4.4 below).

4. Detection and Quantification of Ciguatoxins

Due to the serious threat to human health caused by CFP, to date a wide variety of methods
have been developed to detect CTXs in fish, including native tests, animal mortality tests, biological
methods (cytotoxicity assays, receptor-binding assays and immunoassays), and chemical methods
(HPLC with fluorescence detection, LC-MS/MS) (Figure 4). Many of these methods are not specific to
CTXs, inadequate for quantification, or allow quantification of CTXs only with results expressed in
“equivalent of a CTX standard”. Currently, the most advanced methods for monitoring CTXs are based
on combination of biological and chemical methods into two steps by screening fish extract toxicity
with sensitive functional assays first, followed by confirmation of the presence of CTXs via LC-MS/MS.

Figure 4. Timelines of CTX detection methods.
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4.1. Indigenous Tests

Island communities that are strongly dependent on fish for food resources have developed various
means over centuries to decrease the risk of CFP [10,11,55,56]; these include rubbing a small piece of
liver on the mouth or skin and then testing for itchiness, cooking fish with a silver coin or copper
wire and assessing discoloration, observing the color of fish gallbladder, examining food avoidance
by ants and flies, feeding dogs, cats or pigs with suspected fish and observing sickness or fatality of
animals, and bleeding and rigor mortis tests [10,11,55,56]. A fish is considered to be toxic in the bleeding
test if haemorrhagic signs are visible at an incision on the tail of the dead fish. In the rigor mortis
test, a fish is considered to be toxic if its flesh is flaccid an hour after death. All of these native and
traditional test methods are now discredited due to their lack of specificity and the regular occurrence
of both false negative and positive results. Darius et al. investigated the accuracy of the bleeding and
rigor mortis tests by comparing test results with laboratory toxicity data obtained via the RBA and
CBA on neuroblastoma cells [56], and concluded that intoxication in communities where CFP is highly
prevalent may be reduced on the basis of traditional knowledge and a good understanding of high-risk
versus relatively safe fishing areas.

4.2. Animal-Feeding Bioassay Tests

CTXs are toxic to a wide range of animal species [57]. Animal bioassay tests were developed
during the 20th century. These tests were based on feeding cats [58], mongooses [59], chickens [60],
or Dipteran larvae [61] with the flesh or viscera of suspected fish, or treating mosquitoes [62] or brine
shrimp larvae [63] with fish extracts, and observing signs of intoxication and death of animals over
time. Symptoms of cats and mongooses after being fed with toxic fish have been found to be similar in
some respects to those of humans [59]. These reactions after a single test feeding, within 48 h, have been
classified in five stages based on the maximal response of the test animal and numbered as: 0 = no
symptoms; 1 = slight weakness and flexion of the forelimbs; 2 = slight motor ataxia, more pronounced
flexion of the forelimbs, and weakness of the hind limbs; 3 =moderate motor ataxia with weakness
and partial paralysis of limbs and body musculature; 4 = acute motor ataxia and extreme weakness or
coma; and 5 = death. Stages 3–5 are indicative of high toxicity, 1–2 moderate toxicity, and 0 non-toxicity
in fish. However, neither cats nor mongooses are satisfactory test animals to establish an LD50 because
cats often regurgitate the test meal and mongooses commonly consume too much fish to permit the
necessary replicate testing [59]. The chicken-feeding test is based on force feeding 8–10 days old chicks
with cooked fish tissue (10% of body weight) and assessing the change in body weight of the study
animals over a 48-h period [60]. The response of chickens to being fed contaminated fish liver has
been found to be roughly quantitative. The mosquito bioassay test, where mosquitoes (Aedes aegypti)
are intrathoracically injected, requires much smaller amounts of fish samples (8 g) than the tests
discussed above, is much cheaper due to the low cost of mosquitoes, and is able to provide a LD50

value in 2 h [62]. This test requires, however, a fish extract, therefore use of laboratory, as it is not
practical to conduct the extraction procedure under field conditions. Based on the mosquito bioassay
and human symptomatology, the minimum lethal dose of P-CTX-1 in humans has been estimated to
be 0.02 ng g−1 [64]. Although brine shrimp are seemingly unaffected by consuming finely ground
ciguateric fish, their larvae have been found to be sensitive to fish extract. The brine shrimp larvae
bioassay was based on treating approximately 100 freshly hatched larvae in artificial sea water with
fish extract and observing the proportion of larvae that died over a 24-h period [63]. The Dipteran
larvae-feeding test is extremely simple, does not require cooking or any pretreatment of fish samples,
and can be evaluated visually; therefore, this test has been suggested to be appropriate for use in
communities inhabiting remote islands that have no laboratory facilities [61]. The larvae, however,
are sensitive to other toxic substances. In the Dipteran larvae test, ten larvae are placed on ca. 5 g of
fish sample and the inhibition of larval growth is followed for 3−24 h. Fish samples containing more
than 1 ng CTXs in 1 g of flesh kill the larvae in about 3 h. By weighing the larvae and comparing
them to healthy reference samples, a limit of detection (LOD) of 0.15 ng g−1 can be achieved [61].
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Although animal feeding tests, in general, are simple, easy to implement and do not require complex
analytical equipment, such tests are insufficiently sensitive, incapable of providing specific information
on individual toxins, time consuming, cannot be automated, and are expensive due to the required
animal facilities and expertise. Further, there are serious ethical concerns about the application of these
tests. Unsurprisingly, none of these tests currently are used in modern laboratories.

4.3. Mouse Bioassay (MBA)

The mouse bioassay [65,66] is the only animal test today that remains in use, e.g., [67], despite its
disadvantages and ethical concerns. The MBA is simple and does not require complex analytical
equipment, but it is expensive due to the need for animal facilities, is time consuming, and cannot be
automated. The MBA provides information only about the total toxicity of a sample, therefore lacks
specificity, and CFP caused by CTXs may be overestimated. The limit of quantitation (LOQ) of MBA is
approximately 0.56 ng g−1 for P-CTX-1 [1], therefore the bioassay is insufficiently sensitive to cover the
suggested tolerance limit of 0.01 ng g−1 in fish. CTXs are highly potent toxins in mice by either the
intraperitoneal (i.p.) or oral route [33]. Injecting fish extract intraperitoneally into mice is the generally
applied method in MBA [1,3]. Raw extracts are usually suspended in 1% Tween 60, 0.9% saline solution
prior to injection. The test is administered either by establishing dose/survival-time relationships or by
observing mice for motor ataxia or other bodily dysfunction for 24 h after injecting serial dilutions of
CTX extracts. The end point in the assay is the death of the test animal. The dose-vs-time-to-death
relationships for CTXs (Figure 5) are found to be as follows: log(dose) = c log(1 + t−1), where dose is in
mouse units (MU), time (t) to death is in hours, and constants c is 3.3, 2.4, 3.9, and 2.3 for pure P-CTX-1,
pure P-CTX-2, pure P-CTX-3, and partially purified P-CTX, respectively. One MU is defined as the i.p.
LD50 dose for a 20 g mouse, equal to 5.0, 46 and 18 ng P-CTX-1, PCTX-2, and P-CTX-3, respectively [33].

Figure 5. Relationship between intraperitoneal dose in mice and time to death for Pacific CTXs,
reproduced with permission from [33]. Copyright Elsevier Ltd., 1991. The equation of the fitted curves
is shown in the main text.

4.4. Cell-Based Assay (Cytotoxicity Assay)

Cell-based assays are dependent on the toxic activity of fish extracts on cultured cells and reflect
the combined potency of related toxins in the mixture. The overall toxicological effects of CTXs
are caused by the action of CTXs on neuronal potassium and voltage-gated sodium channels [2].
CTXs bind quasi-irreversibly to voltage-sensitive sodium channels, enhancing sodium influx into
cells, causing them to open at the normal cell-resting membrane potential, thereby impeding normal
function. In addition, CTXs also inhibit neuronal potassium channels, which is likely to act in concert
with effects on voltage-gated sodium channels to increase neuronal excitability [2,3]. Evaluation of cell
viability forms the basis of CTX determination in CBAs [1].

Several cell and tissue-based assays were developed previously, namely the guinea pig ileum [68],
guinea pig atrium [69,70], isolated frog nerve fiber [71], crayfish nerve cord [72], and blood cell
hemolytic [73] tests. These tests, however, are outperformed by the mouse neuroblastoma cell assay
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(CBA-N2a) and thus are no longer employed. The CBA-N2a is widely used today, and its development
by Manger et al. [74] is one of the most important milestones of replacing MBA in modern laboratories.
The assay is based on the colorimetric detection of metabolically active N2a cells treated with CTX
extract in the presence of ouabain/veratridine [74–76]; it expresses negatively the concentration of
various voltage-gated sodium channel toxins and assesses cell death [3]. CTXs have no cytotoxic effect
on N2a cells, therefore their detection requires addition of veratridine (a sodium-channel-activator
that have a different binding site than CTXs) and ouabain (a sodium/potassium ion ATPase inhibitor).
The combined effect of CTXs together with ouabain and veratridine causes an elevation of intracellular
sodium ions to toxic levels in cells and a resultant decrease in cell viability that can be measured
as a function of CTX concentration. Toxins are detected as a dose-dependent loss of cell viability,
based on an end-point determination of mitochondrial dehydrogenase activity, due to the synergistic
effect of ouabain/veratridine-induced cytotoxicity by CTXs (Figure 6a). Color development is based
on the ability of active cells to reduce 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT)
to a blue-colored formazan product. The advantage of this MTT-based bioassay is that it is more
sensitive for CTXs (at ng/g fish level) than the mouse bioassay, and suits to automation due to color
reading [1]. Results obtained from CBA-N2a bioassays of fish extracts have correlated well with those
obtained from MBA [1,74]. Although CBA-N2a have been widely used in the last three decades and
the protocol has undergone numerous changes [77], a consensus assay protocol is still lacking. To this
end, research to standardize this CBA [77,78] and to avoid matrix effects [79] also have been conducted.
Viallon et al. revisited recently the CBA-N2a assay by investigating six key parameters, namely cell
seeding densities, cell layer viability after 26 h growth, MTT incubation time, veratridine and ouabain
treatment, and solvent and matrix effects [77]. A step-by-step protocol was defined by identifying
five viability controls for the validation of CBA-N2a results, therefore, the improved method is an
important step towards implementation of a reference detection test.

An advantage of the CBA-N2a assay is that necessary materials and reagents, as well as basic
laboratory equipment are commercially available. A major disadvantage of CBA-N2a, however, is that
it is time consuming, including, in general, 24 h incubation of neuro-2a cells, 24 h exposure of the
neuro-2a cells to fish extracts, and a 4–6 h cell viability assessment. Achieved LOD and LOQ using
this assay depends also on assay protocol. Nonetheless, CBA-N2a is able to provide LOD below the
clinically relevant toxin levels in fish tissue. Selected examples for CBA application are summarized in
Table 2 (more data are provided in the cited articles).

Fairey et al. modified the cell-based directed cytotoxicity assay and developed a reporter-gene
modification by using CBA-N2a clones expressing c-fos–Luciferase; the assay was thereby
utilizing a luciferase-catalyzed light generation as an endpoint and a microplate luminometer for
quantification [81,82]. c-fos is an immediate response gene and a sensitive biomarker to localize
the effects of toxins. This assay, however, is not commonly used possibly due to the problematic
interpretation of the bell-shaped dose–response curve and the cost of fluorescent dye.

N2a cell lines are widely and routinely used in cell-based assays. However, other cell lines
have also been tested for potential application in CBA. Zimmermann et al. [83] and Lewis et al. [84]
developed fluorescent CTX assays using the human neuroblastoma cell line SH-SY5Y, expressing a
range of voltage-gated sodium channel subtypes. SH-SY5Y cells were loaded with Calcium-4 No-Wash
dye absorbed into the cells’ cytoplasm. Cells were incubated for 5 min with CTXs prior to addition of
veratridine. Fluorescence responses to CTXs, arising due to calcium ion influx into cells, were recorded
using a Fluorescent Imaging Plate Reader. The performance of the SH-SY5Y assay was comparable to a
N2a-based cytotoxicity assay [84]. The assay, however, is currently not widely used because it requires
specialized equipment, the fluorescent dyes are expensive, and a small carryover of maitotoxins into
the CTX fraction during purification steps could potentially obscure CTX responses due to saturation
of fluorescence by maitotoxin-induced increase of intracellular calcium ions [3].

CTXs accumulate in fish tissue due to their lipophilic character, however, they also circulate in
blood for some time. Bottein Dechraoui et al. were able to detect CTX in blood of mice after 12 h
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post-exposure of sublethal dose of Caribbean ciguatoxic extract (0.59 ng g−1 C-CTX-1 equivalents),
and pointed out that neuroblastoma assay (LOD 0.006 ng ml−1 C-CTX-1) is suitable to monitor CTX in
blood at sublethal doses in mice and argued that CTX monitoring in blood could be a useful procedure
for fish screening [91]. Blood is a much simpler matrix than fish tissue, and CTX recovery from fresh
blood is close to 100% due to lack of matrix effects [92]. Taking blood samples is a non-lethal sampling
method for detection of CTXs in wild fish. O’Toole et al. studied the toxin level in tissue, blood and
liver of the great barracuda (Sphyraena barracuda) [88] and observed a correlation between blood and
liver toxin concentrations.

Although cytotoxicity assays are simple and provide an alternative to the MBA, they are currently
not time- and cost-effective for mass screening, reflect only the combined potency of all-sodium-channel
blocking toxins in an extract, and thus fail to provide any information about the toxin profile.
Considering this latter point, however, limited information can be obtained by fractionating an extract
using HPLC and then testing the toxicity of these fractions. Estevez et al. fractionated an amberjack
sample, and CBA-N2a toxicity profile indicated the presence of at least four toxins (Figure 6b),
which was confirmed by LC-MS/MS [51].

Figure 6. (a) Dose-response curve for N2a cells under OV+ (cells treated with ouabain and veratridine
mixture) conditions and under OV− (untreated cells without ouabain and veratridine added) conditions,
exposed to increasing concentrations of four P-CTX standards, reproduced with permission from
ref. [45]. Copyright MDPI AG, 2018; (b) CBA-N2a cytotoxicity profile of an HPLC fractionated sample,
reproduced with permission from ref. [51]. Copyright MDPI AG, 2019; (c) Typical sigmoidal dose
response curve of R-RBA. Bmax is the maximum binding of the bound radioligand (in counts per
minute, CPM) in the absence of competing CTXs. Non-specific binding (NSB) represents the minimum
total radioligand binding in the presence of saturating concentrations of CTXs, the EC50 is the effective
concentration at 50%, reproduced with permission from [80]. Copyright Elsevier Ltd., 2018.
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Table 2. Examples for the application of cytotoxicity and receptor-binding assays 1.

Assay 1 Fish Species (Family) Equiv. 2 Mass 3

(g)
Conc. 2

(ng g−1)
LOQ 4,5

(ng g−1)
Ref.

CBA-N2a Carcharhinus leucas
(Carcharhinidae) P-CTX-1 10 6 92.78 0.13 [19]

CBA-N2a Lutjanus sp. (Lutjanidae) P-CTX-1 5 0.4708 0.032 [21]
CBA-N2a Gymnothorax spp. (Muraenidae) P-CTX-1 20 7 539 0.0016 [23]
CBA-N2a Seriola fasciata (Carangidae) C-CTX-1 15 1.4 n.a. [51]

CBA-N2a Chlorurus microrhinos
(Parrotfish) P-CTX-3C 10 6.66 0.064 [77]

CBA-N2a Epinephelus merra (Serranidae) P-CTX-3C 10 3.31 0.064 [77]
CBA-N2a Seriola fasciata (Carangidae) P-CTX-1 10 6.231 0.0096 [78]
CBA-N2a Balistes vetula (Balistidae) C-CTX-1 n.a. 0–0.11 0.006 [85]

CBA-N2a Sphyraena barracuda
(Sphyraenidae) C-CTX-1 10 7 2.1 0.039 [86]

CBA-N2a Balistapus undulatus (Balistidae) P-CTX-1 5 4.64 0.00195 [87]

CBA-N2a Epinephelus multinotatus
(Serranidae) P-CTX-1 5 6.49 0.00195 [87]

CBA-N2a Sphyraena barracuda
(Sphyraenidae) C-CTX-1 n.a. 0.099 0.001 [88]

R-RBA Scarus altipinnis (Scaridae) P-CTX-3C 5 0.36–4.52 0.155 [89]

R-RBA Kyphosus cinerascens
(Kyphosidae) P-CTX-3C 5 0.46–4.25 0.155 [89]

R-RBA Plectropomus leopardus
(Serranidae) P-CTX-3C 5 0.36–3.29 0.155 [89]

R-RBA Liza vaigiensis (Mugilidae) P-CTX-3C 5 16.23 0.155 [89]
F-RBA Pterois volitans (Scorpaenidae) C-CTX-1 5 0.1–0.2 0.23 [90]
1 CBA-N2a = mouse neuroblastoma cell assay; RBA = receptor binding assay (R-radioligand-based,
F-fluorescence-based); n.a. = not available; 2 Composite toxicity (ng C-CTX-1 (TEF = 0.1), P-CTX-3C (TEF = 0.2)
or P-CTX-1 toxin equivalent/g fish tissue); 3 Mass of fish tissue used for the analysis; 4 LOQ for CBA-N2a: (EC50
of P-CTX-3C/maximum concentration of dry extract)×(dry extract weight/fresh weight of flesh tissue extracted);
5 LOQ determination for RBA: LOQ = IC50 of P-CTX-3C/quantity maximum of a sample that does not cause matrix
interferences; 6 Shark stomach sample; 7 Liver.

4.5. Receptor-Binding Assays (RBA)

CTXs compete with brevetoxin for the same neurotoxin receptor sites at sodium channels,
having at least 20–50-times higher affinity [81], therefore CTXs are competitive inhibitors of brevetoxin
binding [7,33,93,94]. Measuring the inhibition of radioactively labeled [3H]-brevetoxin-3 binding
to rat brain membrane can be used to detect CTXs in fish extracts using either test tube [89,95] or
microplate format [96]. Radioligand RBA (R-RBA) is based on competitive binding between CTXs
and a radioactively labeled brevetoxin for a given number of available receptor sites in a membrane
preparation. When the concentrations of the radioactively labeled brevetoxin and the receptor are kept
constant and the concentration of CTXs increases, the binding of the radioactively labeled brevetoxin
to the receptor sites is proportionally reduced. A competition dose-response curve can be constructed
by measuring the concentration of the radioligand-receptor complex across a range of concentrations
of CTX standard (Figure 6c), and the amount of CTXs in an unknown sample can be quantified [80].
RBA and CBA-N2a are more specific to CTXs than the MBA due to receptor binding, but RBA and
CBA-N2a, like the MBA, do not provide any information on the toxin profile. The sensitivity of RBA is
highly dependent on the receptor source. Bottein Dechraoui et al. compared the performance of the
R-RBA and the CBA-N2a cytotoxicity assay, and the RBA was found to be 12-fold less sensitive than
CBA-N2a for Caribbean ciguatoxin analysis [86]. It was also noted that R-RBA provided systematically
higher estimates of CTX concentration than CBA-N2a [86,97]. Although R-RBA have been widely
used, screening methods have not been standardized. Díaz-Asencio et al. recently published a
methodological development and also determined criteria for quality control [80]. The developed
microplate format was able to detect 0.75 ng g−1 P-CTX-3C equivalent in fish tissue in only 3 h (process
for full plate, not considering up to 2 d extraction time for 10 samples). An analyst could run an
estimated 32 samples per day (with up to eight samples per plate run in triplicate at two dilutions) [80].
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Large-scale field screening using R-RBA was performed by Darius et al. while evaluating toxic
versus safe areas at two sites in French Polynesia, using the R-RBA test-tube format and rat brain
synaptosomes as receptors [89]. Results indicated significant disagreement with the knowledge of
local people regarding toxicity in several cases and findings were congruent only for fish species with
high risk of CTX accumulation, indicating the need of close monitoring to prevent epidemiological
outbreaks of CFP (see examples in Table 2, and more data in the original reference).

A disadvantage in the original radioligand format, and a constraint to application, is that R-RBA
requires application of radioactive [3H]-brevetoxin compounds. To overcome this problem, McCall et al.
recently developed a fluorescence-based RBA method (F-RBA) [98], which assesses competitive
binding between CTXs and fluorescently labeled brevetoxin-2. Several fluorescent compounds,
including BODIPY, 6-TAMRA, Texas Red, Alexa Fluor 350, Fluorescein, Coumarin, and Dansyl
hydrazine, were conjugated to polyether brevetoxin-2, from which the BODIPY-brevetoxin-2 exhibited
the best performance in terms of lowest nonspecific binding. The constructed F-RBA was faster
(with an assay and analysis time of less than 3 h versus overnight), less expensive and safer than
R-RBA, and generated binding constants comparable to the radioligand assay. As a continuation of
this work, Hardison et al. developed a F-RBA using fluorescently labeled BODIPY®-brevetoxin-2 [97].
The method was relatively fast and took approximately 2 h to perform and exhibited a LOD
and LOQ of 0.075 and 0.1 ng g−1 P-CTX-3C equivalent, respectively. Based on this principle,
a commercial test kit for detecting CTXs was developed by SeaTox Research Inc. (Wilmington,
NC, USA; https://www.seatoxresearch.com/testing-kits/) and currently distributed by MARBIONC®

Development Group LLC (Wilmington, NC, USA; http://www.marbionc.org/gallery/detail.aspx?id=
2274946). The SeaTox kit can be used as a screening or quantitative tool, and CTX analyses can be
completed in less than two hours after fish tissue extraction.

4.6. Immunoassays

Immunoassays are dependent on the application of a high-affinity antibody that is selective and
specific for CTXs, therefore, CTX detection and quantification with immunoassays are based on the
structure of CTXs, not on their toxicity. In principle, a 100%-specific antibody could capture only
one target, therefore detection of all toxins and toxin profile determination of a mixture of different
toxins would require application of the same number of specific antibodies than the number of
targets. If the antibody is less specific and selective only for a common structural motive of target
molecules, it can capture several targets, but cross-reactivity with non-target compounds having the
same structural element cannot be avoided. Production of antibodies is one of the key issues and
constraints of immunoassays. In all cases, a label is attached to the antibody to detect target-antibody
interaction; this label can be a radioisotope, enzyme, or fluorescent probe. Immunoassay methods,
in general, are fast and easy to use, the sole exception being the radioimmunoassay (RIA). Unless several
antibodies are used, they do not provide information on the toxin profile. Selecting antibodies only
against the major toxin might also be problematic; P-CTX-1 in carrier fish, for example, represents in
many cases greater than 90% of the toxins, but C-CTX-1 in fish represents only about 50% of total
toxins [8]. Another problem that may rise with immunoassays is the possible cross-reaction of
low-potency CTXs with antibodies, which increases the possibility of obtaining false-positive results.
Antibodies developed for Pacific CTXs may not be suitable for testing Caribic CTXs, and vice versa.

The first immunoassay test, RIA, was developed by Hokama et al. in 1977 to assess fish tissues
directly [99]. Labeled CTX antibodies were prepared by: (1) coupling purified CTX, isolated from
toxic eel tissues, to human serum albumin; (2) injecting the CTX-human serum albumin conjugate
into sheep for generating the anti-CTX-human serum albumin; (3) bleeding animals and collecting
serum after 8 weeks; and (4) iodinating sheep anti-CTX-human serum albumin with 125I. This method
was successfully used in the following years to test and reject toxic fish on the Hawaiian market [100],
but it was time-consuming, expensive, and required special radioisotopic facilities, therefore it was
impractical for routine screening of fish samples. The same sheep anti-CTX serum synthesized for
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RIA was used by Hokama et al. to develop an enzyme-immunoassay (EIA) by coupling horseradish
peroxidase (HRP) to sheep anti-CTX-human serum albumin instead of 125I [101]. 4-chloro-l-naphthol
was used as substrate for the enzymatic reaction with spectrophotometric reading. EIA exhibited
similar sensitivity and specificity to that of the RIA, yet, it was easier to run and economically feasible
for screening fishes. However, this test remained labor intensive, and cross-reactions occurred with
other polyether compounds. As a further development, Hokama constructed the first POC test
utilizing the same sheep-anti-CTX antiserum [102,103]. The simplified enzyme immunoassay stick test
(S-EIA) was rapid and did not require any instrumentation. The reagents for S-EIA were similar to
those of EIA, and the salient feature of S-EIA was use of a coating (Liquid Paper, Liquid Paper Corp.,
Rockville, MD, USA) applied to a bamboo stick to adsorb the lipid CTX and its related polyether toxins
onto the stick. Fish samples were poked with the stick and after fixation, the stick was immersed
consecutively into sheep-anti-CTX-HRP solution and substrate solution. The substrate color change
was read after 10 min, which provided a fast estimation of toxin content as being negative, borderline,
or positive. All of these methods – RIA, EIA, and S-EIA—used fish flesh directly without extraction,
but the antibody was not sufficiently selective, as the polyclonal sheep-anti-CTX detected not only
CTXs but also structurally-related polyether toxins, including okadaic acid and brevetoxin [104,105].
This attribute resulted in false-positive tests [8,10]. Lack of sufficient sensitivity for S-EIA was also
noted [106]. Due to these drawbacks, Hokama et al. prepared and used monoclonal antibodies, MAb,
to CTXs in immunoassays [105]. Monoclonal antibodies are more selective to CTXs than are polyclonal
variants, having some cross-reactivity with okadaic acid (16%), but little or none with polyethers (e.g.,
ionomycin). Using MAbs, Y. Hokama developed a simplified solid-phase colored latex immunobead
assay (SPIA) for the field detection of CTXs and related polyethers (Figure 7) [107,108]. MAb-CTX was
labeled with colored latex. In the simplified procedure, a paddle end of the stick coated with correction
fluid (organic base solvent) is inserted into an incision in the fish so that the fish tissue is touched,
then removed; the paddle end of the stick is then dried, fixed with methanol, and immersed into
MAb-CTX-latex suspension. Visually detectable coloration of the stick is considered to be a positive
test result. Hawaii Chemtect International (Pasadena, CA, USA) purchased the patents covering
the S-EIA and SPIA tests and commercialized a rapid solid-phase immunobead assay (Ciguatect™)
for the detection of ciguatera toxins [109]. The Ciguatect™ test kit could determine the ciguatera
potential directly in the fish flesh or after toxin extraction. Toxin extraction increased the sensitivity
and decreased the limit of detection [109]. The Ciguatect™ test was more sensitive than S-EIA and
better suited to field applications [110]. (Note that the test is no longer used.) The S-EIA test required
application of six assay sticks per fish [102,111].

Based on the same immunological principles as the SPIA, Hokama et al. developed a Membrane
Immunobead Assay (MIA) using a polyvinylidene fluoride hydrophobic membrane laminated onto a
solid plastic support to collect CTXs and a MAb to purified moray eel (Muraenidae) ciguatoxin attached
to colored polystyrene beads [112]. Application of the hydrophobic membrane was an advantage in
reducing non-specific binding of the immunobeads. The test procedure involved placing about 5 mg of
fish tissue sample, 0.5 mL methanol, and the membrane stick into a test tube for 20 min, then removing,
drying, and immersing this into 0.5 mL immunobead suspension (Figure 7). The intensity of the color
on the membrane related to the concentration of the CTX. MIA exhibited much higher specificity than
RIA, S-EIA, and SPIA [112]. Oceanit Test Systems, Inc. (Honolulu, HI, USA) marketed a POC test kit,
Cigua-Check® test kit, what was based on MIA for P-CTX-1, and developed to test rice-grain-size
amounts of fish flesh and to detect CTX higher than 0.05 ng g−1 flesh [8]. In principle, this method
was able to detect ciguatoxin at concentrations that induce clinical symptoms in humans (above
0.08 ng P-CTX-1/g fish flesh [8]). Concerns were, however, raised against the method’s sensitivity and
specificity, as well as the interpretation of the test-strip results [113], and possibly due to these and
marketing issues, this method is currently not commercially available.
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Figure 7. (a) Working principle of the simplified solid-phase colored latex immunobead assay (SPIA)
test, adapted from ref. [107]; (b) Working principle of Membrane Immunobead Assay (MIA) test,
adapted from [112].

Antibodies for antibody-based immunoassays are typically produced using scarce natural toxins.
This limitation, in principle, could be overcome by replacing natural toxins with synthesized toxins,
or with fragments of CTXs. The synthesis of fragments is more simple and cost-effective than that of
the whole CTX molecule. These fragments, typically haptens, can be used to generate monoclonal
antibodies against CTXs. Sandwich-type ELISA is very promising for increasing selectivity of assays by
using two antibodies for the recognition of CTX, where one recognizes the left and the other the right
wing of CTX. One of the MAb is conjugated with the enzyme label, typically HRP (Figure 8). To improve
performance of immunoassays, Campora et al. constructed a sandwich-type ELISA, utilizing two
antibodies, a chicken immunoglobulin Y specific to the ABCD domain of P-CTX-1 and a mouse
monoclonal immunoglobulin G-HRP conjugate label specific to the JKLM domain of P-CTX-1 produced
by injecting chicken and mouse with synthesized CTX fragments [114]. Significant cross reactivity
was not observed for brevetoxin-3, okadaic acid, or domoic acid. Good correlation was observed
between this ELISA and CBA-N2a assays by screening three fish species commonly implicated in
ciguatera fish poisoning in Hawaii [115]. Tsumuraya et al. developed sandwich-type ELISA detection
protocols for the four principal congeners of Pacific ciguatoxins, P-CTX-1, P-CTX-3, P-CTX-3C,
and 51-hydroxy-P-CTX-3C, using MAbs produced by immunizing mice with the corresponding left
and right wing haptens [116–119]. P-CTX-1 could be detected specifically as low as 0.28 ng mL−1

without cross-reactivity with other related marine toxins; this concentration was still higher than the
regulatory limit of 0.01 ppb [117]. As a further development, Tsumuraya et al. combined these MAbs
into a single sandwich ELISA assay to detect any of these four CTX congeners [50,120]. Detection of
the immunoreaction was changed to a fluorescent method using alkaline phosphatase(ALP)-linked
MAb and a fluorescent substrate system, 2′-(2-benzothiazoyl)-6′-hyrodxybenzothiazole phosphate
(BBTP). The fluorescent ELISA was highly sensitive, having a detection limit of less than 1 pg mL−1.
P-CTX-1 spiked into fish at the recommended safety level of 0.01 ppb P-CTX-1 equivalent was reliably
detected by this ELISA. The ELISA assay was shown to be very sensitive to CTXs, but required fish extract
and laboratory conditions. Based on this ELISA, a fluorescent sandwich ELISA kit “CTX-ELISATM 1B”
developed for detection of the P-CTX-1 series (P-CTX-1 and P-CTX-3) was commercialized and could
be purchased from Fujifilm Wako Corporation (Osaka, Japan; cat. 382-14341) [120].
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Figure 8. (a) Schematic of the sandwich ELISA detection of CTXs (OPD = o-phenylenediamine);
(b) Illustration of the preparation of noncompetitive immunoassay with CE separation, adapted
from [121].

Zhang et al. developed a capillary electrophoresis (CE)-based immunoassay for detection of
P-CTX-1, applying electrochemical detection and gold nanoparticles (AuNPs) as carriers of HRP and
CTX antibodies (Ab-AuNP-HRP) as target-capture elements [121]. Crude fish extract was sufficient for
detection, which involved mixing the extract with Ab-AuNP-HRP probe solution, dilution, incubation,
and analysis by CE separation and electrochemical detection. The unbound HRP, Ab-AuNP-HRP
probe and the formed CTX-Ab-AuNP-HRP immunocomplex were separated according to the velocity
difference in the separation capillary, and catalyzed the o-aminophenol (OAP) and hydrogen peroxide
reaction to 2-aminophenoxazine-3-one (AP) (Figure 8). This latter was electrochemically detected.
Due to the high separation power of CE and the high target specificity of the immunoassay, a LOD
of 0.045 ng mL−1 was achieved. As a further development, Zhang et al. fabricated an ultrasensitive
immunoassay for P-CTX-3C detection exhibiting a LOD of 0.09 pg mL−1, based on CE separation and
on-line sandwich immunoassay with rotating magnetic field [122]. The sandwich system utilized
rabbit anti-P-CTX-3C-functionalized magnetite NP beads as immunosensing probes, and HRP and
monoclonal sheep anti-P-CTX-3C-functionalized AuNPs as recognition elements. The rotating magnetic
field enhanced the mixing efficiency and molecular binding rates, and the immunoreaction time of the
assay was decreased to 15 min. The latter was much faster than normal ELISA.

The first electrochemical immunosensor for CTX detection was constructed by Leonardo et al.
this year, 2020 [67]. Capture antibodies were prepared by immobilizing two different mouse
MAbs on magnetic beads; these MAbs were able to bind to the left wing of P-CTX-1/P-CTX-3
and P-CTX-3C/51-hydroxy-P-CTX-3C, respectively. A mouse MAb, which was able to bind to the
right wing of P-CTX-1, P-CTX-3, P-CTX-3C, or 51-hydroxy-P-CTX-3C, was biotinylated, linked to
polyHRP-streptavidin signal reporter, and used as a detector antibody.

To develop the biosensor, the magnetic immunocomplexes were deposited on eight-electrode
arrays, and the assay was performed by successively incubating the magnetic immunocomplexes with
the CTX analyte and detector antibody. Although LOD and LOQ values of this CTX biosensor were
higher than those of fluorescence ELISA, the electrochemical biosensor had an advantage of lower cost,
the possibility to be integrated into compact analytical devices, and portability. The immunosensor
was successfully applied to the analysis of fish samples and was able to detect P-CTX-1 at 0.01 ng g−1

toxin level, as well as exhibited a good correlation with CTX levels determined by the CBA-N2a.
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4.7. HPLC, LC-MS/MS and LC-HRMS

CFP is a complex disease in which several different compounds contribute to the toxicity of a
fish sample. Current CBA-N2a, F-RBA, and immunoassays are very sensitive, but do not provide
information about the toxin profile. Unfortunately, CTXs do not have characteristic functional groups
for spectroscopic detection, therefore separating and separately identifying toxins is the only viable
route for toxin profiles, and HPLC is the key method for separating CTX congeners. Classical HPLC
methods using UV detectors, however, are not sensitive enough to detect very small concentrations of
CTXs at clinically relevant levels, and CTXs cannot be distinguished using UV detection due to the
lack of useful UV chromophores [12,33,123,124]. At a terminus of the molecule, however, most of the
CTX congeners have a primary hydroxyl group (see Figures 1 and 2) that is available for fluorescence
labelling. HPLC with fluorescence detection using 1-anthrylcarbocyanide and carbonyl azides or
carbonyl nitriles of coumarin derivatives as labels was found to be more sensitive for CTX detection
than HPLC-UV, however, still could not reach the recommended tolerance level of 0.01 ng g−1 for
P-CTX-1 [12,125,126]. The main limitation of this technique was that it could not detect CTXs without
a primary hydroxyl group (e.g., P-CTX-3C; see Figure 1), what is especially problematic for herbivores
where CTXs without primary hydroxyl group are more abundant [127].

To utilize the separating power of HPLC, a sensitive detector is required. HPLC coupled with
tandem mass spectrometry (HPLC-MS/MS) were applied for CTX detection the first time by Lewis
and Jones in 1994 [128], and the first successful application of the combined HPLC-MS/MS technique
for CTX detection at clinically relevant levels, with detection limits of at least 0.04 ppb for P-CTX-1
and 0.1 ppb for C-CTX-1, was reported by Lewis et al. in 1999 using gradient reversed-phase HPLC
and an electrospray triple quadrupole mass spectrometer [129]. The method was significantly more
sensitive than fluorometric HPLC. In the following decades LC-MS/MS became one of the leading
and indispensable techniques of modern CFP laboratories due to the method’s ability to separate and
identify toxins, and its uniqueness in providing toxin profiles. Both the identification and quantitation
of CTXs, however, require reference toxin molecules. Although the molecular peak and fragmentation
pattern in MS can provide valuable information for CTX identification, a diagnostic fragmentation
pattern is not always achieved (water losses are often the most abundant fragment ions and depending
on the MS instrument used, results may be different). LC-MS/MS must be used in combination
to biological assay as a confirmation. In general, raw fish extract could be used for LC-MS/MS,
but to decrease possible interference of lipids and fatty acids in fish tissue, the raw extract is usually
purified using SPE in one or two steps (Figure 3). The presence of matrix co-extractives significantly
interferes with ionization and causes severe signal suppression [49]. To reach very low detection limits,
both HPLC and MS conditions must be optimized for sensitivity and selectivity, namely: LC conditions,
ionization sources, ion choices and acquisition modes [41,46,130,131]; a comparison of analytical
protocols to find the best conditions for sensitivity and/or selectivity for LC-MS/MS has been published
recently [130].

LC separation is most frequently performed with acetonitrile-water or methanol-water
linear gradients; the methanol-based mobile phases have been found to be more advantageous.
Electrospray ionization and positive ion detection mode, using either Single Ion Monitoring (SIM),
Multiple Reaction Monitoring (MRM) or Enhanced Product Ion (EPI) scanning, are typically used
in MS. Applying MRM is advantageous for increasing specificity. The mobile phase composition,
solvents and additives, and flow rate of the mobile phase affect ionization efficiency and ion abundance,
therefore they have to be optimized. Monitoring ammonium or sodium adduct as the parent ion often
exhibited higher signal-to-noise ratios than protonated parent ion; however, this depends not only
on LC and MS conditions, but also on the analyzed CTX (Figure 9a). With formic acid, as a mobile
phase additive, the sodium adduct was favored using either acetonitrile/water or methanol/water
linear gradients in LC. The sodium adduct, however, has been found to be relatively stable, therefore to
obtain MS/MS fragmentation its generation should be avoided by proper selection of eluent and
additives, e.g., ammonium formate [130]. The ammoniated adduct ion, as a precursor ion, showed an
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advantage for selectivity through confirmatory transitions [130]. Figure 9b shows an example for the
LC separation and detection of a mixture of CTX standards. The technique using triple quadrupole
detectors (low resolution, LC-MS/MS) is significantly more sensitive than high-resolution MS coupled to
HPLC (LC-HRMS, time-of-flight and orbitrap based spectrometers). An important advantage of HRMS,
however, is that HRMS provides molecular formula and isotopic patterns of molecules (Figure 9c),
therefore providing improved identification of CTX analogues [130,132]. LC-HRMS together with
reference material may be the best choice for accurate identification of CTXs. The two techniques
may be considered complementary, as LC-MS/MS is more adequate for quantitation and LC-HRMS
performs better for identification of toxins. Selected examples for the application of LC-MS for CTX
quantification in fish tissue, including fish species, toxin content and LOQ, are shown in Table 3
(more data are provided in the cited articles). Fish blood for determining the CTX content was studied
recently by Mak et al. [133], and the matrix effect was found to be smaller than that of using fish
muscle tissue. The main advantage of LC-MS is that it is very specific and adequately sensitive to
detect CTXs at the clinically relevant toxin levels, and superior to any other techniques as the toxin
confirmatory method.

Figure 9. (a) LC-MS/MS chromatogram of standard CTX solutions showing that the [M + Na]+ and
[M + NH4]+ ions were favored for P-CTX1B (P-CTX-1), while the [M + NH4]+ and [M + H]+ ions were
dominant with similar intensities for P-CTX3C (P-CTX-3C) at identical conditions. A linear gradient
of water-methanol solvent mixture, containing ammonium formate and formic acid, was used for
chromatographic separation. SIM was performed in positive mode for ions at m/z [M +Na]+, [M + H]+

and [M + NH4]+. Reproduced with permission from ref. [130]; (b) LC-MS/MS chromatogram and
retention time of P-CTXs standards using a Zorbax C18 column, water and methanol as eluents, and a
linear gradient. The separation of various CTX congeners is shown. Reproduced with permission
from [130]. Copyright Elsevier Ltd., 2018; (c) LC-HRMS high resolution mass spectra of CTX1B
(P-CTX-1) obtained from CTX standard, showing adduct peaks and isotopic patterns, reproduced with
permission from [132]. Copyright Elsevier Ltd., 2017.
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Table 3. Examples of the application of LC-MS for CTX detection.

Method Fish Species (Family)
Toxin

Detected
Mass 1 (g)

Conc. 2

(ng g−1)
LOQ 3

(ng g−1)
Ref.

LC-MS/MS Lutjanus bohar (Lutjanidae)
P-CTX-1
P-CTX-2
P-CTX-3

5
3.7

0.74
0.36

0.32 [134]

LC-MS/MS Sphyraena putnamae
(Sphyraenidae) P-CTX-1 2 11.4 0.07 [53]

LC-MS/MS Sphyraena putnamae
(Sphyraenidae)

P-CTX-1
P-CTX-2
P-CTX-3

2
5.6
7.9
1.4

n.a. [20]

LC-MS/MS Epinephelus spilotoceps
(Serranidae) P-CTX-1 5 2.73 0.01 [48]

LC-MS/MS Variola louti (Serranidae)
P-CTX-1
P-CTX-2
P-CTX-3

5 2.0 4 <0.01 [41]

LC-MS/MS Cephalopholis argus
(Serranidae)

P-CTX-1
P-CTX-2
P-CTX-3

5
1.710
0.555
0.711

0.0005
0.0050
0.0050

[87]

LC-MS/MS Gymnothorax flavimarginatus
(Muraenidae)

P-CTX-1
P-CTX-2
P-CTX-3

5
39.20
24.40
5.940

0.0005
0.0050
0.0050

[87]

LC-MS/MS Scomberomorus commerson
(Scombridae) P-CTX-1 5 0.13 n.a. [135]

LC-HRMS Variola louti (Serranidae) P-CTX-1 10 1.609 ~0.4 [67]
LC-MS/MS Pagrus Pagrus (Sparidae) C-CTX-1 15 0.76 0.0045 [36]

LC-MS/MS Lutjanus cyanopterus
(Lutjanidae) C-CTX-1 15 0.49 0.0045 [36]

LC-MS/MS Seriola fasciata (Carangidae) C-CTX-1 15 0.84 n.a. [51]

LC-MS/MS Mycteroperca fusca
(Serranidae) C-CTX-1 15 0.25 0.0150 [136]

LC-MS/MS Caranx lugubris
(Carangidae) C-CTX-1 100 13.79 n.a. [137]

LC-HRMS Bodianus scrofa (Wrasse) C-CTX-1 15 n.a. n.a. [138]

LC-HRMS Carcharhinus leucas
(Carcharhinidae)

I-CTX-1,2
I-CTX-3,4 10 5 6.54

9.74 1.67 6 [19]

1 Mass of fish tissue used for the analysis; 2 Concentration of toxin (ng toxin/g fish tissue); n.a. = not available;
3 Due to the relationship between the limit of detection, LOD (S/N > 3), and limit of quantitation, LOQ (S/N > 10),
only LOQ is shown in table (ng toxin/g fish tissue); 4 total toxicity; 5 Shark stomach; 6 in P-CTX-1 equivalent.

5. Outlook and Conclusions

CFP is an old problem for communities in tropical regions that rely on seafood for survival,
and CFP has now become a global issue due to the worldwide seafood trade, international travel,
and ongoing expansion of the geographic ranges of fish contaminated with ciguatoxins. There is,
therefore, high demand to test fish for CTXs prior to human consumption, both for mitigation of the
health risks of CFP and for clinical identification of toxins in cases of intoxication. Currently, however,
reliable biomarkers that can confirm exposure to CTXs and accepted diagnostic tests for direct detection
of CTXs in humans are not available; therefore, diagnosis of ciguatera relies on clinical observations
of its overt symptoms and/or testing remnants of consumed fish, if available. Several methods have
been developed to screen for the presence of CTXs in fish tissue prior to consumption. In vivo
whole-animal detection methods are now superseded by in vitro assays that have greater sensitivity,
including receptor-binding assays (RBAs), cell-based assays (CBAs), Enzyme-Linked Immunosorbent
Assays (ELISA), capillary electrophoresis (CE)-based immunoassays, electrochemical immunosensors
(ECS), and liquid chromatography tandem mass spectrometry (LC-MS/MS). Currently employed
methods are compared in Table 4. Present methods for CTX analysis, in general, are labor-intensive,
time-consuming, and require laboratory facilities with well-trained technicians. To date, these methods
have not been properly validated. At present it is difficult to obtain sufficient standard CTXs as
reference calibrants, impeding corroboration and widespread application of these analytical techniques.
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Table 4. Comparison of methods for CTX detection.

Method
Extract

Preparation 1
Assay

Duration
Parallel

Samples 2
Sensitivity 3

(ng g−1)
Specificity

Toxin
Profile

MBA 5–6 h 24 h 1–10 0.56 No No
R-RBA 5–6 h 3–4 h 96 0.03–0.15 No No
F-RBA 5–6 h 2–3 h 96 0.02–0.023 No No
CBA 5–6 h 4 53 h 4 96 0.001–0.13 No No

ELISA 7–8 h 2–4 h 96 <0.01 5 Yes No
CE 5–6 h 1 h 1 <0.01 5 Yes No

ECS 5–6 h 2 h 1 0.01 Yes No
LC-MS/MS 5–8 h 5–15 min 6 1 0.0005–0.32 Yes Yes

1 Depends on purity requirements. Parallel samples can be prepared simultaneously depending on lab conditions
and operator. Extraction time is different depending on the protocol used. See also Figure 3. As an example,
the estimated time for preparing the raw extract is 5–6 h, and for the two SPE purification step is 2 h; 2 96-well
microtiter plate is typically used for RBA, CBA and ELISA; however, sample throughput can be 96–1436; 3 LOQ for
P-CTX-1 equivalent toxin in fish tissue (protocol dependent), note that the suggested tolerance limit for P-CTX-1 in
fish tissue is 0.01 ng g−1, respectively; 4 Includes 24-h incubation and 24-h exposure of the neuro-2a cells to fish
extracts, and 4–6 h assay time; extract preparation can be undertaken during incubation time; 5 LOD, no specific
measurement for LOQ was done; 6 This estimation considers only the time of a single injection of a sample into the
LC-MS system, and does not includes calibration and quality controls.

Detection of CTXs in fish tissue is not simple, due to their generally low concentrations, the presence
of multiple CTX congeners, the limited amount or lack of CTX reference materials for many derivatives,
the difficult synthesis or lack of CTX antibodies, the co-occurrence of interfering molecules in fish
tissue, and the typically unpredictable incidence of CTXs. Not all of the currently used methods for
quantification of CTXs offer sufficient sensitivity, specificity and selectivity. The mouse bioassay (MBA)
and radioligand receptor-binding assays (R-RBA) are expected in the near future to be replaced in
laboratories due to their low sensitivity, lack of specificity, and high cost, as well as ethical and safety
concerns. The fluorescence-based receptor-binding assay (F-RBA) eliminates safety issues associated
with radioactive compounds, and its wider application is expected in the future, especially due to the
commercial availability of SeaTox® F-RBA test kit. One of the most successful screening methods
seems to be the cell-based assay (CBA) using mouse neuroblastoma cells (N2a). This method is
simple and sufficiently sensitive, but is time consuming and reflects only the combined effect of the
various CTXs present in fish extract. Further, other toxins can also block sodium channels, therefore,
the method fails to provide information on toxin profiles. Immunosensors and immunoassays in the
form of ELISA or CE-based tests are sensitive and selective tools for ciguatoxin detection, however,
they are limited to the availability of CTX-antibodies. Although, in principle, several toxins can
be targeted simultaneously, assays typically contain one or a very limited number of antibodies,
therefore these methods do not provide information about toxin profiles. Detecting specific toxins can
be misleading because toxin profiles can vary considerably among fish. Interestingly, electrochemical
biosensors, except for CE and the recently constructed electrode array ECS, have not been developed
for CTX detection in fish tissue, possibly due to the lack of sufficient amounts and types of CTX
antibodies. Solving the antibody problem in the future may stimulate large-scale development in this
field, especially since antibody-based methods offer the potential for miniaturization and development
of portable devices and POC tests [139–141]. The application of LC-MS/MS for CTXs detection was
an important break-through in CTX screening, because this method is sufficiently sensitive, selective,
and unique in providing toxin profiles. The major obstacle of its wide-scale application is the lack of
widely available reference toxins for quantification. Currently, state-of-the-art CTX detection involves
a combination of CBA-N2a assay and LC-MS/MS, where CBA-N2a assay is used for screening the total
toxicity of the sample, and LC-MS/MS to confirm the toxins and for providing toxin profiles [19,45,51,87].
LC-MS/MS together with reference materials can fulfill the role of the sensitive and specific CTX
detection method, however, it requires highly trained operator and laboratory facilities. Further the
method cannot be miniaturized and field application is not possible.
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Testing fish tissue for CTXs is of crucial importance because typically muscle tissue is consumed
by humans. Such testing, however, requires a highly invasive sampling method, therefore it is not
suitable for testing protected fish species, environmental risk assessment, or clinical diagnosis of
human ciguatera fish poisoning. Collecting blood samples is not particularly invasive, and has
an added advantage that blood is a much less complicated matrix for analysis than muscle tissue.
Unfortunately, few studies have been conducted for testing CTXs in fish blood samples, and the
possible relationship between the concentrations of CTXs in muscle tissue and blood, if one indeed
exists, is not yet known—elucidation of the functional association between these two parameters
though statistical modelling would be highly beneficial towards effective screening of the toxin. It is,
however, expected that circulating CTX content in blood is higher after a meal of ciguateric fish.
Future research will likely focus in this area because it is especially important for identifying CTXs in
humans following its intoxication.

Presently, there is great demand for a portable, fast, reliable, easy-to-use, and cheap CTX screening
assay for private customers, fishermen, and fish vendors to test their food or catch before consuming or
selling it. These point-of-care tests, however, currently do not exist, notwithstanding that performance
requirements may be lower than for those methods used in laboratories. CTX testing is still in the hand
of specialists, and specialized laboratories are now able to provide sufficiently accurate information
about toxin profile and toxin concentration in fish. Although significant advances have been made to
develop and improve the performance of ciguatera assays, the ideal assay, one that is simple, rapid,
reliable, robust, highly sensitive, quantitative, provides specific toxin profiles, cheap and does not
require trained operators and specialized equipment, does not exist to date; developing one is the key
challenge for future research on this field.
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Abstract: The dinoflagellates of the genus Gambierdiscus are found in almost all oceans and seas
between the coordinates 35◦ N and 35◦ S. Gambierdiscus and Fukuyoa are producers of ciguatox-
ins (CTXs), which are known to cause foodborne disease associated with contaminated seafood.
The occurrence and effects of CTXs are well described in the Pacific and the Caribbean. However, his-
torically, their properties and presence have been poorly documented in the Indian Ocean (including
the Bay of Bengal, Andaman Sea, and the Gulf). A higher occurrence of these microorganisms will
proportionately increase the likelihood of CTXs entering the food chain, posing a severe threat to
human seafood consumers. Therefore, comprehensive research strategies are critically important for
developing effective monitoring and risk assessments of this emerging threat in the Indian Ocean.
This review presents the available literature on ciguatera occurrence in the region and its adjacent
marginal waters: aiming to identify the data gaps and vectors.

Keywords: the Indian Ocean; Arabian sea; Kuwait bay; Aden Gulf; Red Sea; Gulf of Aqaba; Andaman
Sea; Bay of Bengal; seafood safety; foodborne disease

Key Contribution: This review highlights the paucity of data on ciguatoxins from the vast Indian
Ocean region, which is home to an enormous mass of seafood-consuming populations. Furthermore,
it exports fisheries to Europe and North America, which resulted in toxic fish being found during
2012, 2015, and 2016. The monitoring of Gambierdiscus and Fukuyoa is not taken up regularly despite
their recorded presence all over the Indian Ocean.

1. Introduction

Ciguatera poisoning (CP) is a syndrome caused by ingestion of coral reef fish and
shellfish of tropical and subtropical regions, which has caused global concern. Some
dinoflagellate species of the genera Gambierdiscus and Fukuyoa are known to produce
ciguatoxins (CTXs); the organisms that consume these toxic algae accumulate CTXs that
are transferred and biotransformed along the marine and human food chain. These lipid-
soluble and heat-resistant toxins cause gastrointestinal, cardiovascular, and neurological
disorders among humans consuming the CTX-contaminated seafood [1–5]. According to a
study published in 2008, CP disease estimations are uncertain and often misdiagnosed [6].
However, few reports predict 2–10 million people are annually affected by CP [7,8].

Ciguatera poisoning is regarded globally as the most significant non-bacterial poi-
soning associated with fish consumption. It is usually limited to the consumption of toxic
fish from regions between the latitudes 35◦ N and 35◦ S [9–17]. Studies have shown a
strong positive correlation between Gambierdiscus abundance and algal macrophytes [18].
Some earlier studies proposed a standardized methodology for estimating Gambierdiscus
abundance based on sampling macroalgae [19–21]. More recent studies brought to light
the significant biases in Gambierdiscus cell distribution within the macrophytes. A 33–150%
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variation was reported among replicates [22–24]. Despite these limitations, some first-order
estimates on Gambierdiscus distributions for large geographic regions have been attempted
using the average abundances [11,25]. These have shown a global distribution spreading
across oceans with 85% of Gambierdiscus density estimates <1000 cells g−1 wet weight
algae, with <10% occurrence with 10–10,000 cells g−1 wet weight algae and <5% incidences
where the concentration was >100,000 cells g−1 wet weight algae. With the growing global
demands for seafood and international trade ease, CP concerns the population beyond the
endemic regions and is increasingly becoming a global issue. Moreover, a greater threat is
posed as there are no current antidotes for CP [26].

Historically, poisoning associated with seafood consumption was reported in different
parts of the globe. It was first recounted in the West Indies as early as 1511 [27] and in
the Gulf of Guinea in 1521, killing the Captains of the Spanish army [28]. It was also
reported in the islands of the Indian Ocean in 1601 and various archipelagos of the Pacific
Ocean in 1606 [27]. Additionally, in 1786, the surgeon of HMS Endeavour, en route to
Australia, New Zealand, and the Pacific Islands, reported that the ship’s Captain was
poisoned by ciguatoxins [29]. A year later, the ingestion of a local gastropod (Livonia
sp.) was discovered to induce neurological symptoms in the Antilles of the Caribbean
Sea [30]. In 1948, the organism Gambierdiscus (originally referred to as Goniodoma sp.)
was described for the first time in Cabo Verde [31]. The term “ciguatera poisoning” was
coined in Cuba (Caribbean Sea) after the ingestion of a marine snail (Turbo pica) locally
known as cigua [32]. The historical facts suggested the tropical and subtropical Pacific and
Indian Ocean insular regions, the tropical Caribbean region, and the continental reefs to be
endemic to ciguatera [27].

In recent years, there has been an increase in the frequency of reports of toxic and
harmful benthic algal blooms, predominantly Gambierdiscus with the presence of Fukuyoa
and Ostreopsis blooms, throughout the world [33,34]. The interest in Gambierdiscus blooms
has been heightened because of increased awareness of the effects of CP on human health.
A growth in species abundance has already been observed in subtropical and temperate
regions with the threat of global warming expected to further exacerbate the situation [35–38].
However, a recent article by Hallegraeff et al. [39] suggested that intensified monitoring efforts
and heightened aquaculture activities are responsible for these perceived increases in HABs
events that are not underpinned to be expanded as an empirical assumption. Ciguatoxins are
reported globally, being described from new sites in the Canary Islands, Indian Ocean, Japan,
and Western Gulf of Mexico [8,40–45]. Until recently, the records of Gambierdiscus in the Indian
Ocean were scarce and restricted to the western tropical region, whereas now its presence has
been found in the Northern part of the ocean [42]. There is paucity of information on ciguatera
phenomena, including the occurrence of human poisonings, of toxins in seafood, and of
the causative organisms, in the Indian Ocean in general, and the northern part in particular.
In the present review, we gathered the published information on reported occurrences of
Gambierdiscus and identified the research gaps related to its monitoring as a tool to manage
this emerging hazard.

2. Results

2.1. Environmental and Global Pressures in the Northern Part of the Indian Ocean

The Indian Ocean is the third largest ocean enclosing densely populated landmasses:
In the North, India, Bangladesh, Burma, Thailand, Pakistan, Iran, and Oman among
others. It also includes regional seas in the North such as the Arabian Sea and the adjacent
Lakshadweep Sea, Aden Gulf in the Red Sea, the Gulf of Aqaba and Suez, the Bay of
Bengal and the Andaman Sea, as well as the Gulf of Oman and the Persian Gulf further
north. Countries from the Indian Ocean region have experienced unusual climatological
conditions such as cyclones, El Niño-Southern Oscillation events, and coral reef bleaching
during the past two decades [46–48]. Benthic microalgae are particularly influenced
by these disturbances especially the coral mortality, which provides a good substrate
for the formation of algal turfs and associated epiphytes [49]. The study conducted by
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Quod et al. [46] reported a significant increase in the CP causative organisms in comparison
to those reported in 1980 [47], following the coral bleaching event in 1998, thus posing
an incremental risk of HABs in the region and drawing detrimental consequences to the
marine biodiversity and human health [50].

The unfavorable effects of increasing atmospheric levels of carbon dioxide (CO2) and
other greenhouse gases in the Indian Ocean and its marginal seas are leading towards
acidification of the marine environment [48,51–53]. Supporting evidence for increased
CO2 sequestration was drawn from increased marine primary productivity over the past
decade [51,54]. The eutrophication of Kuwait bay and the nearby water bodies due to
upwelling events is considered to be a predominant factor influencing the onset of algal
blooms due to enriched nutrient conditions [54]. Other potential factors that have influ-
enced the onset of blooms consist of coral bleaching, unusual variances in temperature,
and calm conditions. Additional factors such as dust storms that carry micronutrients,
domestic and industrial inputs, natural meteorological and oceanographic forcings, and
the introduction of invasive species from ballast water discharge may all play a major role
in the onset and expansion of HABs [41,45,55–58].

2.2. Ciguatera Causative Organisms Occurrence

The dinoflagellates Gambierdiscus and Fukuyoa are the causative organisms of CP
worldwide [5]. The genus Gambierdiscus has a pantropic distribution with about 18 known
species while Fukuyoa has 3 known species. Within the Indian Ocean, Gambierdiscus are
more dominant in the western part. Of the several known Gambierdiscus sp., initially only
Gambierdiscus toxicus was reported in Mayotte since G. toxicus was the first species that
was described [50,59–61]. Later it was reported in La Reunion and Mauritius [62–65] as
well (Figure 1). Gambierdiscus toxicus was also found in Mbudya Island, Oysterbay, Bawe
Island, and Makoba Islands in Tanzania at depths of 5–10 m and temperatures ranging
from 25 to 32 ◦C [66] (Figure 2). Thereafter, Gambierdiscus yasumotoi (now Fukuyoa yasumotoi
(M.J. Holmes) [67]) and Gambierdiscus belizeanus were confirmed to occur in Mayotte in the
Comoros archipelago [50] (Figure 3).

Figure 1. Spatial distribution of Gambierdiscus and Fukuyoa sp. from Reunion Island.
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Figure 2. The occurrence of Gambierdiscus sp. from Tanzanian coastal area.

Figure 3. Gambierdiscus sp. reported from Mayotte Island, Indian Ocean.

In the northern part of the Indian Ocean, Gambierdiscus species have been noticed in the
marginal seas of the Indian Ocean, such as the Arabian Sea [41,42,45,68]; Red Sea [41–45];
Gulf of Aqaba [42]; and Manora Channel, Pakistan [69]. An assessment carried out in Kuwait
(Persian Gulf) from November 2012 to March 2013 showed the presence of G. yasumotoi
in the shallow lagoons of Qit’at Julai’ah and southern coastal waters of Kuwait at 1–3 m
depth [68,70] (Figure 4). The average seawater temperatures and salinity during this time
were between 23.5–25 ◦C and 41.2–42.4 ppt, respectively. In another study, G. toxicus was also
identified in Kuwait’s territorial water [41,45] (Figure 4).
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Figure 4. Gambierdiscus toxicus and Fukuyoa yasumotoi occurances in Kuwait Coastal waters.

In an investigation from the Gulf of Aqaba, Jordan during October 2010, with a
seawater temperature range of 24–25 ◦C and salinity of 40 ppt, G. belizeanus was reported
from a depth of 1.5–2.0 m (Figure 5). The toxigenic G. belizeanus was reported from the
Red Sea, Saudi Arabian coast during February 2012 and May 2013 [43,44] at a sampling
depth between 0.4–0.8 m, with seawater temperatures and salinity range of 28.9–38.4 ◦C
and 36.1–38.4 ppt respectively. The oxygen saturation during this period was very variable
between 1.73–32.1%.

Figure 5. The Spatial distribution of Gambierdiscus belizeanus and Fukuyoa yasumotoi occurances in Red Sea and adjacent areas.

In 2011, four Gambierdiscus species including G. toxicus, G. belizeanus, G. polynesien-
sis, G. australes, and Fukuyoa yasumotoi were also reported from the coastal waters of
Pakistan in the northern Indian Ocean [69] (Figure 6). An unidentified Gambierdiscus sp.
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was also discovered in middle of the Bay of Bengal [71] (Figure 7). In Mangalore at the
southwest coast of India, CP was first described during June 2015 outbreak involving red
snapper(Lutjanus bohar) [72,73], and a second outbreak during September 2016 involving
red snapper again [74]. In another incidence, CP was also reported from Trivandrum,
India [75].

Figure 6. Occurrences of Gambierdiscus in Gulf of Oman and Pakistan’s coastal regions.

Figure 7. Gambierdiscus sp. reported from the Bay of Bengal, Indian Ocean.

3. Discussion

3.1. Toxin Production by Ciguatera in Indian Ocean Region and Adjoining Marginal Seas

Ciguatoxins form a large group of toxins of 40 confirmed or suspected chemical
analogs. They are classified into four types, according to both their geographical origin
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and chemical structure: The Pacific CTXs (P-CTX) of the type CTX3C and CTX4A, the
Caribbean CTXs (C-CTX type), and the Indian CTXs (I-CTX type) [8,27]. The existence of
the I-CTX type is still speculative and may be similar to that of the C-CTX. Their structural
characteristic has not yet been elucidated. Six derivatives I-CTX 1–6 were identified with a
molecular weight in Dalton of 1140.6, 1156.6, 1138.6, and 1154.6, however, their chemical
structure is still unknown. Four of them were retrieved from a highly toxic Lutjanus sebae
(Red Emperor) from the coast of the Republic of Mauritius through optimized gradient
reversed-phase high-performance liquid chromatography-electrospray ionization mass
spectrometry (LC/MS) methods, in combination with a radioligand receptor binding
assay (r-RBA) [76,77], and two from in a bull shark (Carcharhinus leucas) implied in a fatal
intoxication in Madagascar [76–78]. The lipid-soluble extracts retrieved from the edible
fishes were reported to possess CTX activity and induced lethal symptoms in mice [77] and
responded to the cell bioassay [78].

The toxicity of these Gambierdiscus species collected in the Pacific and/or the Caribbean
was found to vary by over 2 orders of magnitude [11,79,80]. It remains to be confirmed
that the same ranges are observed in the Indian ocean where only a few species have been
analyzed for their toxin contents. Using in vitro cytotoxicity cell-based assays (CBA with
neuroblastoma with N2a cells), the toxicity of two isolates of G. belizeanus from the Red Sea
was estimated at 6.50 × 10−5 pg P-CTX-1 eq. cell−1 for RS2-B6 and 1.02 × 10−5 pg P-CTX-1
eq. cell−1 for RS3-B8. Toxin production was slightly higher in G. belizeanus strains from
Tahiti (0.0246 fg P-CTX-3C eq. cell−1) [4,43,44]. As compared to G. belizeanus, the species
of G. polynesiensis—0.017–4.4 pg P-CTX-3C eq. cell−1; G. toxicus—0.028 pg P-CTX-3C eq.
cell−1 [4]; and G. australes—0.04 pg CTX-1 eq cell−1 [40] are more toxigenic.

More recently, Gambieric acid D was identified for the first time in the flesh of a bull
shark (Carcharhinus leucas) employing the technique of liquid chromatography coupled with
high-resolution mass spectrometry (HRMS). The toxicity was confirmed through mouse
bioassays (Lowest dose = 72 mg equiv. stomach per mouse of 20–22 g) and neuro-2a cell-
based assays (flesh—0.06 μg P-CTX-1 equiv./kg; stomach—92.78 μg P-CTX-1 equiv./kg;
fins 1—0.12 μg P-CTX-1 equiv./kg; and fin 3—μg P-CTX-1 equiv./kg) [78]. Ciguatoxins
were identified as CTX1B and 2,3-dihydroxy CTX3C; 51-hydroxy CTX3C; or positive by
cell assay in Snapper fish (Lutjanidae) caught in the Indian Ocean and involved in 5 CP out-
break [81]. Fish samples from Sri Lanka were analyzed by the European Union Reference
Laboratory for Marine Biotoxins (EURLMB) in Vigo, Spain, and the putatively contami-
nated fish samples were analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) according to a method published by [82] with slight modifications. The only
available analytical standard was P-CTX-1B. Seven out of 11 samples tested positive for
P-CTX-1B. In addition, other putative CTX variants were detected across most samples,
however, they could not be confirmed as CTXs due to the lack of reference compounds.
There are incidences of ciguatera poisoning due to the import of contaminated fish from
the Indian ocean region, mainly India and Sri Lanka.

It is important to note that the investigations conducted so far have been limited
in spatial coverage. Additional research is, therefore, required at a broader spatial scale
to make meaningful conclusions regarding the occurrence, abundance, and temporal
variability of ciguatoxins in the region.

3.2. Ciguatera Causative Organism’s Abundance

Globally, ciguatera causative organisms’ densities have been found to vary from few cells
to thousands of cells per gr of substrate. Gambierdiscus is known as a slow-growing species
compared to many other dinoflagellates; it takes about 5 months to increase its abundance.
Chinain et al., [4] found a mean growth rate in G. polynesiensis as 0.13 ± 0.03 div d−1 at
exponential phase in batch culture condition [4]. In the field, a 17 months lag time is estimated
between a major environmental event (such as hurricane) and before it blooms and releases
toxins into the environment and gets into the food chain [83]. During October 1998, a
remarkably higher concentration of G. toxicus equivalent to 60,463 cells per gram of algae was
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recorded in Mayotte Islands (Comoros, southwest Indian Ocean) following a bloom event.
This density is the highest ever recorded in the region and also the highest globally [50]. In a
non-bloom event, the cell densities of Gambierdiscus were far less and often non-detectable.

In the western Indian Ocean region, the cell densities of G. toxicus were variable and
affected by spatial and temporal variations. In Tanzania, it ranged from 0.0 to 879.5 (Bawe
station) cells g−1 wet weight (ww) algae and 0 to 92.6 cells g−1 ww seagrass (Mbudya) [66].
The abundances on macroalgae in the Mayotte coral reef complex were reported to range
from 0.0 to 2800 cells g−1 [60]. Monitoring of G. toxicus in the locality of Saint Leu (Reunion)
since 1993 revealed high variability in population density with an average value of 122 ± 24
cells g−1 of algal turf [64]. In the coral reef complex of Mayotte Island (SW Indian ocean), the
concentrations of G. toxicus ranged from 800–5400 dinoflagellates g−1 of biodeposits in the
northeast lagoon. Up to 6000 dinoflagellates g−1 were recorded at Bambo islet in the southeast
lagoon. Lower abundances up to 400 g−1 were recorded near the main island shore; seawards
on the outer side of the barrier reef; and in luxurious coral areas more exposed to humans.
At stations near the main island coast, abundance of G. toxicus was less than 100 cells g−1 [60].
The density of G. toxicus was as low as 0–4 cells g−1 of macrolagae in the lagoons of Trou Aux
Biches, Mauritius [84].

In the northern part of the Indian ocean, the cell numbers of Gambierdiscus from the central
Red Sea, Saudi Arabian coast were <40 cells g−1 ww of algae [43,44]. Similarly, F. yasumotoi in
Kuwaiti shores had an average cell density of 116.7 ± 47.5 cells g−1 of ww algae. The high
biomass algae (HABs) were estimated through the Ocean Color Modis Algorithm (OC3M),
Garver-Siegel-Maritorena Algorithm (GSM), Generalized Inherent Optical Property (GIOP)
model [41,45]; these areas when sampled showed the presence of G. toxicus in a concentration
of ~1000 cells per liter of seawater [41].

3.3. Ciguatera Causative Organisms’ Substrates and Co-Occurring Species

Gambierdiscus is an epiphytic benthic dinoflagellate, commonly found on algal turfs,
coral rubble, and macroalgae. A study from the Coastal region of Tanzania reported the G.
toxicus strains along with unknown brown algae mixed with filamentous cyanobacteria
species and the red alga Gracillaris sps. [66]. The dinoflagellate was also separated from
two species of seagrass namely Thalassia hemprichii and Thalasodendron ciliatum in the same
study [66]. The dinoflagellate assemblage observed in coral reefs revealed toxic species
including G. toxicus, Prorocentrum spp., and Ostreopsis spp [85]. The co-occurrence of
Prorocentrum sps. and Ostreospis sps. with G. toxicus were reported by Grzebyk and his
group. In the same study, it was also demonstrated that some microalga stimulated whereas
the others subsided the growth of G. toxicus [60]. Benthic thecate dinoflagellates in the
sandy ecosystem of La Possession bay (Reunion Islands) were isolated as a complex of five
toxic species namely G. yasumotoi, G. toxicus, P. arenarium, P. concavum, and P. lima. At St.
Leu and Saline reef, 25 benthic thecate dinoflagellate species coexisted out of which 15
were harmful and are presented in Table 1 [65]. The benthic dinoflagellate of G. toxicus was
reported to coexist with Ostreopsis spp., Prorocentrum spp., Coolia monotis, and Amphidinium
sp. in the lagoon of Trou Aux Biches, Mauritius [84]. In Mayotte islands, South west of
Indian Ocean, G. toxicus were reported along with Prorocentrum spp., Ostreopsis sp., and
Amphidinium spp. [50,59].
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Table 1. Occurrence of Gambierdiscus species in the Indian Ocean region.

Species Location
Marginal

Seas
GPS

Coordinates
Sampling

Depth
Temperature Associated Species Salinities Reference

G. toxicus Kuwait Persian
Gulf

29.3860◦ N,
47.7830◦ E 17.59 ◦C

Karenia selliformis, Karenia
brevis, Prorocentrum lima,
Phalacroma rotundatum,

Tripos muelleri and
Mesodinium rubrum

[41,45]

F. yasumotoi
Qit’at

Julai’ah,
Kuwait

Persian
Gulf

28.8370◦ N,
48.8160◦ E 1–3 m 21–22.3 ◦C Padina tetrastomatica,

Sargassum oligocystum,
Chaetomorpha sp.,

Amphidinium carterae,
Coolia monotis, Ostreopsis

sps., Prorocentrum
formosum, P.

tsawwassenense, Blixaea
quinquecornis, Adenoides
eludens and Cabra matta

41.2–42.4 [42]

F. yasumotoi

Semi
protected
shallow
lagoons,
Kuwait

Persian
Gulf

28.8530◦ N,
48.8230◦ E 1–3 m 23.5–25 ◦C 41.2–42.4 [42]

F. yasumotoi
Southern

coast,
Kuwait

Persian
Gulf

28.8530◦ N,
48.8230◦ E 1–3 m 23.5–25 ◦C 42.1–42.8 [42]

F. yasumotoi Jordan Gulf of
Aqaba

29.8250◦
N,34.8580◦ E 1.5–2 m 24–25 ◦C NA 40.0 [42]

G. belizeanus Jordan Gulf of
Aqaba

29.8250◦ N,
34.8580◦ E 1.5–2 m 24–25 ◦C NA 40.0 [42]

G. belizeanus

Qita Al
Kirsh,
Saudi

Arabia

Red Sea 22.6058◦ N,
39.1980◦ E 0.5–0.6 m 29.3 ◦C Turbinaria decurrens and

Halimeda sp. 38.4 [43,44]

G. belizeanus

Sh’ib
Nazar,
Saudi

Arabia

Red Sea 22.4916◦ N,
38.9722◦ E 0.4 m 30.1 ◦C Turbinaria decurrens 28.9 [43,44]

G. belizeanus
Malathu

Reef, Saudi
Arabia

Red Sea 19.8194◦ N,
39.9194◦ E 0.5–0.7 m NA Turbinaria decurrens NA [43,44]

G. belizeanus
Marmar

Reef, Saudi
Arabia

Red Sea 19.9038◦ N,
39.9947◦ E 0.8 m NA Turbinaria decurrens NA [43,44]

G. belizeanus
Al Fahal,

Saudi
Arabia

Red Sea 22.5386◦ N,
38.9813◦ E 0.6–0.8 m 30.4 ◦C Turbinaria decurrens and

Halimeda sp. 36.0 [43,44]

G. belizeanus

Abu
Shosha,
Saudi

Arabia

Red Sea 22.3505◦ N,
39.2811◦ E 0.5 m 29.6 ◦C Turbinaria decurrens and

Halimeda sp. 38.3 [43,44]

G. belizeanus

Um Al
Balam,
Saudi

Arabia

Red Sea 22.4277◦ N,
38.9652◦ E 0.4–0.6 m 29.3 ◦C Turbinaria decurrens and

Halimeda sp. 36.1 [43,44]

G. belizeanus

Um Al
Kiethl,
Saudi

Arabia

Red Sea, 22.3197◦ N,
39.0541◦ E 0.5 m 29.5 ◦C Turbinaria decurrens and

Halimeda sp. 28.9 [43,44]

G. belizeanus

Coast
Guard

Reef, Saudi
Arabia

Red Sea 20.3950◦ N,
40.3580◦ E 0.5 m NA Turbinaria decurrens and

Halimeda sp. NA [43,44]

G. belizeanus
Mangrove
Reef, Saudi

Arabia
Red Sea 20.4400◦ N,

40.2911◦ E 0.4 m NA Turbinaria decurrens NA [43,44]

G. toxicus
Sindh
Coast,

Pakistan

Manora
Channel;
Chuma
Island

24.8091◦ N,
66.9908◦ E 1.0 m 32 ◦C [69]

G. toxicus
Balochistan

Coast,
Pakistan

Manora
Channel;
Chuma
Island

24.7861◦ N,
66.4516◦ E 1.0 m 28 ◦C [69]
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Table 1. Cont.

Species Location
Marginal

Seas
GPS

Coordinates
Sampling

Depth
Temperature Associated Species Salinities Reference

G. belizeanus
Sindh
Coast,

Pakistan

Manora
Channel;
Chuma
Island

24.8091◦ N,
66.9908◦ E 1.0 m 32 ◦C [69]

G. belizeanus Balochistan
Coast

Manora
Channel;
Chuma
Island,

Pakistan

24.7861◦ N,
66.4516◦ E 1.0 m 28 ◦C [69]

G. australes Sindh
Coast

Manora
Channel;
Chuma
Island,

Pakistan

24.8091◦ N,
66.9908◦ E 1.0 m 32 ◦C [69]

G. australes Balochistan
Coast

Manora
Channel;
Chuma
Island,

Pakistan

24.7861◦ N,
66.4516◦ E 1.0 m 28 ◦C [69]

G.
polynesiensis

Sindh
Coast

Manora
Channel;
Chuma
Island,

Pakistan

24.8091◦ N,
66.9908◦ E 1.0 m 32 ◦C [69]

G.
polynesiensis

Balochistan
Coast

Manora
Channel;
Chuma
Island,

Pakistan

24.7861◦ N,
66.4516◦ E 1.0 m 28 ◦C [69]

F. yasumotoi Sindh
Coast

Manora
Channel;
Chuma
Island,

Pakistan

24.8091◦ N,
66.9908◦ E 1.0 m 32 ◦C [69]

F. yasumotoi Balochistan
Coast

Manora
Channel;
Chuma
Island,

Pakistan

24.7861◦ N,
66.4516◦ E 1.0 m 28 ◦C [69]

Gambierdiscus
sp.

Bay of
Bengal India [71]

G. toxicus

Mbudya
Island,
Dar es
Salaam

Tanzania 5.0 m 25.5–31.0 ◦C
Seagrass—

Thalassodendron
ciliatum

35–37 [66]

G. toxicus
Bawe
Island,

Zanzibar
Tanzania 10.0 m 26.0–29.0 ◦C

Unknown brown algae
mixed with Filamentous

cyanobacteria
34–36 [66]

G. toxicus Makoba,
Zanzibar Tanzania 10.0 m 26.0 ◦C Gracilaria sp. 35–43 [66]

G. toxicus

Longoni
Bay

(Stations
1 and 2)

Mayotte,
Mozam-

bique

12.8333◦ N,
45.1666◦ E

Between the
depth of the

lower
intertidal level

and 30 m

26–31 ◦C

Ostreopsis lenticularis; O.
lenticularis; Prorocentrum
lima and 4 new species of

Prorocentrum

35–37

[60]

G. toxicus

Surprise
Reef

(Station
3)

Mayotte,
Mozam-

bique

12.8333◦ N,
45.1666◦ E [60]

316



Toxins 2021, 13, 525

Table 1. Cont.

Species Location
Marginal

Seas
GPS

Coordinates
Sampling

Depth
Temperature Associated Species Salinities Reference

G. toxicus
Prevoyante

Reef
(Station 5)

Mayotte,
Mozam-

bique

12.8333◦ N,
45.1666◦ E [60]

G. toxicus

Great
Barrier

Reef
(Station
4A–C)

Mayotte,
Mozam-

bique

12.8333◦ N,
45.1666◦ E [60]

G. toxicus
Cape

Andrema
Station 6)

Mayotte,
Mozam-

bique

12.8333◦ N,
45.1666◦ E [60]

G. toxicus M’Songoma
(Station 7)

Mayotte,
Mozam-

bique

12.8333◦ N,
45.1666◦ E [60]

G. toxicus

M’Sanga
Tsohole

Reef
(Station
8A,B)

Mayotte,
Mozam-

bique

12.8333◦ N,
45.1666◦ E [60]

G. toxicus

Bambo
Reef

(Station
9A,B)

Mayotte,
Mozam-

bique

12.8333◦ N,
45.1666◦ E [60]

G. toxicus Mayotte
South West

Indian
Ocean

Prorocentrum spp.,
Ostreopsis sp.,

Amphidinium spp
[59]

G. toxicus Mayotte
South West

Indian
Ocean

[86]

G. belizeanus St-Leu and
Saline reef

Reunion
Island

21.1533◦ N,
55.2944◦ E 1–5 m

P. arenarium; P. belizeanum;
P. concavum; P. elegans; P.

emarginatum; P.
hoffmannianum; P. lima; P.
mexicanum; P sculptile; P.
borbonicum; O. heptagona;
O. labens; O. lenticularis;

O. mascarensis; O. ovata; O.
siamensis; C. monotis; C.

tropicalis; Sinophysis
microcephalis; S.

canaliculate;
Amphidiniopsis sp.;

Bysmatrum sps.

[65]

G. belizeanus Possession
Bay

La
Reunion

20.9347◦ N,
55.3491◦ E 10–12 m

P. arenarium; P.
emarginatum; P. concavum;

P. lima; P panamensis;
Coolia sps.

[65]

G. toxicus St-Leu and
Saline reef

La
Reunion

21.1533◦ N,
55.2944◦ E 1–5 m

P. arenarium; P. belizeanum;
P. concavum; P. elegans; P.

emarginatum; P.
hoffmannianum; P. lima; P.
mexicanum; P sculptile; P.
borbonicum; O. heptagona;
O. labens; O. lenticularis;

O. mascarensis; O. ovata; O.
siamensis; C. monotis; C.

tropicalis; Sinophysis
microcephalis; S.

canaliculate;
Amphidiniopsis sp.;

Bysmatrum sps.

[65]

G. toxicus Possession
Bay

La
Reunion

20.9347◦ N,
55.3491◦ E 10–12 m

P. arenarium; P.
emarginatum; P. concavum;

P. lima; P panamensis;
Coolia sp.

[65]
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Table 1. Cont.

Species Location
Marginal

Seas
GPS

Coordinates
Sampling

Depth
Temperature Associated Species Salinities Reference

F. ya-
sumotoi

St-Leu and
Saline reef La Reunion 21.1533◦ N,

55.2944◦ E 1–5 m

P. arenarium; P. belizeanum;
P. concavum; P. elegans; P.

emarginatum; P.
hoffmannianum; P. lima; P.
mexicanum; P sculptile; P.
borbonicum; O. heptagona;
O. labens; O. lenticularis;

O. mascarensis; O. ovata; O.
siamensis; C. monotis; C.

tropicalis; Sinophysis
microcephalis; S.

canaliculate;
Amphidiniopsis sp.;

Bysmatrum sp.

[65]

F. ya-
sumotoi

Possession
Bay La Reunioin 20.9347◦ N,

55.3491◦ E 10–12 m

P. arenarium; P.
emarginatum; P. concavum;

P. lima; P panamensis;
Coolia sp.

[65]

G.
toxicus

Reunioin
Islands Mauritius Prorocentrum sp.;

Ostreopsis sp. [64]

Gambierdiscus Mangalore India 12.91777◦ N,
74.79162◦ E [72–74]

NA-Not available.

In the reports of Catania and her team [43,44], the Red Sea strains of G. belizeanus were
associated with the macroalgae species of Turbinaria decurrens and Halimeda sps. Informa-
tion on macroalgal species associated with G. belizeanus isolated from the Gulf of Aqaba is
unavailable [42]. In the case of G. yasumotoi, the macroalgal substrates were identified as
Padina tetrastomatica and Sargassum oligocystum in winter (November 2012) collections whereas
in summers (March 2013) they occurred along with Chaetomorpha sp. The group also reported
the co-occurrence of macroalgal species of Amphidinium carterae, Coolia monotis, Ostreopsis
sps., Prorocentrum formosum, P. tsawwassenense, Peridinium quinquecorne, Adenoides eludens, and
Cabra matta [42]. Moderate Resolution Imaging Spectroradiometer (MODIS) and Medium
Resolution Imaging Spectrometer (MERIS) data and its various operational algorithms such
as OC3M-547, GSM, GIOP, and other bio-optical methods developed by Uddin and co-
workers [41,45,54], revealed algal blooms; during field verification, it was observed that
G. toxicus was also part of the algal bloom on 21 December 2009. Samples collected from loca-
tion 29.38694◦ N, 47.78389◦ E had over 1000 cells/L. Other algae identified in the field samples
were G. toxicus, Karenia selliformii, K. brevis, P. lima, Dinophysis rotundata, Ceratium tripos, and
Myrionecta rubrum.

Recent deliberations by the experts in an international meeting in Rome on ciguatera
poisoning recommended the next generation sequencing (NGS) to mass-amplify specific
gene sequences from sediment samples to characterize all species or specific taxa present
in the sample [8]. This approach allows better identification and resolution of microbial
community composition than the conventional morphological and molecular methodolo-
gies. The information on ciguatera from the Indian Ocean region is still in its initial phase.
This approach would provide comprehensive information on ciguatera diversity and its
interaction with associated communities as reported elsewhere [87–91].

3.4. Ciguatera Causative Organism’s Morphology and Phylogeny

A variety of techniques are known to be used for ciguatera identification at a particular
site. These include light microscopy (LM), scanning electron microscopy (SEM), DNA
sequencing, restriction fragment length polymorphism (RFLP), quantitative polymerase
chain reaction (qPCR), and metabarcoding [8,87]. While performing the morphological
identification, the taxonomic key reported earlier [25] was followed by the research groups
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to confirm the species of Gambierdiscus found in the region. Earlier in the 1990s, SEM was
used for the identification of G. toxicus from Reunion Islands [64]. SEM was also used
recently to identify the species of G. toxicus; G. belizeanus; G. polynesiensis; G. australes;
and F. yasumotoi [69]. The morphological identification of Gulf strains of G. yasumotoi and
G. belizeanus was based on both LM and SEM [42–44]. A description of morphological
parameters of strains present in the Indian Ocean region is given in Table 2.

Table 2. Morphological features of Gambierdiscus species found in the Indian Ocean region.

F. yasumotoi [12] G. belizeanus [92] G. toxicus [93]
G. polynesiensis

[94]
G. australes [94]

Cell depth 54 to 73 μm 59 to 73 μm 71 to 96 μm 65 to 87 μm 60 to 82 μm
Cell width 46 to 61 μm 60 to 73 μm 45 to 140 μm 64 to 75 μm 65 to 85 μm
Cell length 49 to 70 μm 47 to 51 μm 50 to 150 μm 57 to 75 μm 76 to 93 μm
Cell shape Globular Round Rounded/ellipsoid Rounded/ellipsoid Rounded/ellipsoid

Apical pore Fish hook-shaped Fish hook-shaped Fish hook shaped Fish hook shaped Fish hook shaped

Thecal surface Moderately
aerated Smooth Smooth

Apical plate elongated and
teardrop-shaped Ellipsoid Ellipsoid large triangular

apical pore plate
broad ellipsoid

apical pore plate

Hypotheca Truncate-conical Eight hypothecal
plates

Epitheca dome-shaped Ellipsoid Eleven plates
Sulcus Short

Chloroplast

elongated
golden-brown

chloroplasts were
peripherally

arranged

golden-brown
drop-shaped
chloroplasts

radiating from the
cell centre

Nucleus
large, oblong and

located in the right
posterior

large, oblong and
crescent-shaped,

and located in the
right posterior cell

part

Posteriorly
situated nucleus

Cingulum deeply excavated,
descending,

Ascending narrow
cingulum Narrow and deep

Plate Formulae Po, 3′, 7′′, 6C, 8S,
5′′′, 1p, 2′′′

Po, 3′, 7′′, 6C, 8S,
5′′′, 1p et 2′′′

Po, 3′, 7′′, 6C, 8S,
5′′′, 1p et 2′′′

Studied by [42,69] [42–44,69] [66,69] [69] [69]

Owing to the plasticity of morphological characteristics of some species of Gambierdiscus,
the identification can be ambiguous if only morphology is used. Currently, molecular tech-
niques are gaining popularity for the confirmation of species identified through microscopic
methods. The only report on molecular identification of Gambierdiscus in the Arabian Gulf
was by Catania [43] and her team [44]. The group amplified an 850 bp hypervariable (D8-D10)
region of the larger subunit (LSU) of rRNA using primers FD8 and RB [11,25] through Sanger
sequencing. A query of assembled nucleotides on the National Centre for Biotechnology and
Informatics (NCBI) through the basic local alignment search tool (BLAST) resulted in a 100%
match with G. belizeanus. Their (KY782637–KY782645) strains depicted a close resemblance
with the Caribbean strain of G. belizeanus. The group also reported a 116 bp deletion at 493–609
position in one of the isolates, probably imparting the distinctiveness from other species of
Gambierdiscus [95,96].

Phylogenetic analysis (methodology described in the Supplementary file) based on multi-
ple alignments (Clustal2.1) of all the available DNA sequences (n = 345) of the D8–D10 region
of the large sub unit (LSU) of ribosomal RNA (rRNA) [9,11,14,15,25,26,40,43,44,89,96–114] dis-
tributes the Gambierdiscus genus into five major clades (clade I–V) as seen in Figure 8. Clade II
and III exclusively contain the species G. australes (Atlantic and Pacific strains) and G. excentricus
(Atlantic strains), respectively. Clade I encompass all of the G. carribaeus (Atlantic and Pacific
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strains) and newly discovered G. carpenteri (Atlantic and Pacific strains) as well as G. jejuensis
(Pacific strains). Clade IV and V are more diverse. Of this, G. belizeanus (Red Sea, Saudi Arabia;
Charco Azul, El Hierro, Spain; St. Barthelemy Island, Caribbean Sea) appears as a distinct
branch in Clade V with the closest genetic relationship with G. honu (Kermadec Islands, Aus-
tralia). The yet unclassified Gambierdiscus ribotype 1 follows the same lineage as of G. belizeanus.
Other species in close proximity were G. balechii (Celebes Sea, Pacific Ocean; Phuket Islands,
Indonesia, North Pacific), G. lapillus (Great Barrier Reef, Australia, Pacific Ocean; Cook Islands,
Rarotonga, North Atlantic), G. cheloniae (Rarotonga, Cook Islands, North Atlantic), G. scabrous
(Japan, South China Sea, North Pacific), and G. pacificus (Balearic Islands, Spain, North Atlantic;
Cook Islands, Rarotonga, North Atlantic; Marshall Islands, Micronesia, South Pacific). The
G. toxicus (Indian Ocean) strains are also in the same clade.

Figure 8. Phylogenetic associations of globally distributed Gambierdiscus and Fukuyoa species. A split decomposition
algorithm was applied on multiple aligned D8-D10 sequences of LSU of available Gambierdiscus species (downloaded from
NCBI) and aligned through ClustalW2.

Molecular identification of F. yasumotoi on the Kuwaiti shore waters and Gulf of Aqaba
have not yet been performed. Similarly, G. australes, G. toxicus, and G. polynesiensis from
Manora Channel, Indian Ocean region are pending molecular identification. F. yasumotoi
isolated from the Pacific [11] and Atlantic region fall in the same branch as that of F. reutzleri
(North Atlantic and North Pacific Ocean) and F. paulensis (North Atlantic and South Pacific
Oceans). All the F. yasumotoi strains discovered so far showed a similarity of ~80% with the
unique ribotype A213 [11,97]. Other species in the same clade are that of G. carolinianus
(Bermuda, North Atlantic; Bahamas, North Atlantic; Cancun, Mexico, North Atlantic;
Caribbean Sea, North Atlantic), G. silvae (Canary Island, North Atlantic), G. polynesiensis
(Cook Islands, Rarotonga, North Atlantic; Pacific Ocean), and unclassified Gambierdiscus
ribotypes (Curlew Cay, Belize, North Atlantic).
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More diversity in clade IV and V including the species discovered from Indian Ocean
may be due to a smaller number of samples owing to the recent discovery of these species.
The presence of unclassified Fukuyoa sps. and Gambierdiscus ribotypes in these clades
is suggestive of unexplored novel species. In 2016, at the 32nd session of the Codex
Committee on Fisheries and Fishery Products, the Pacific Nations raised CP as an issue that
is increasingly affecting the tropical and subtropical regions of the Pacific Ocean, Indian
Ocean and the Caribbean Sea between the latitudes of 35◦ N and 35◦ S [8]. The strains
found in the Indian Ocean and their adjoining seas lie near the strains commonly found in
these high-risk regions. Probably, the interconnection between the water bodies and the
ballast water is the major source of ciguatera infiltration in the Indian Ocean waters. Given
this, extensive monitoring and risk management program should be developed for the
unexplored regions and specifically in the Middle East region.

3.5. Vectors of Ciguatera in Indian Ocean Region

The CP is recognized as a tropical disease but the existence of ciguatoxic fishes is
reported globally due to international seafood trade and shipment [115]. According to
a recent FAO/WHO report, globally 425 species of fish, especially those inhabiting the
coral reefs, have been associated with CP [8]. The most significant toxic fish have been
made by barracuda (Sphyraenidae), amberjack (Seriola), grouper (Serranidae), snapper (Lut-
janidae), po’ou (Labridae spp.), jack (Carangidae spp.), trevally (Caranx spp.), wrasse (Labridae
spp.), surgeonfish (Acanthuridae spp.), moray eel (Muraenidae spp.), roi (Cephalopholis spp.),
parrotfish (Scaridae spp.), etc.

The CP cases have mainly been reported in the southwestern region encompassing
Comoros, Mayotte, La Reunion, Mauritius, Rodrigues, and Seychelles. The reports from
the Northern part of the Indian ocean have been scarce and involve cases in Mangalore and
Trivandrum on the southern Indian coast and an outbreak resulting in one fatality from
Pakistan, but the fish species involved and their origin could not be confirmed [74,75,116,117].
Few cases of CFP were also reported in Thailand after eating ocean fish particularly sea
bass and red snapper [118,119]. One CP record from Egypt exists [120]. There has been
no event recorded in the Northern part of the Arabian sea, in countries bordering the Gulf
region or the Red Sea. The very first incidence of ciguatera poisoning in the Indian Ocean
region was reported in 1993 from Manakara and Madagascar where about 500 persons were
infected after consuming ciguatoxic shark. The fatality rate of this outbreak was 20% [121]. In
Trivandrum, India, an autochthonous outbreak was reported in 2015 and 2016, due to which
nearly 200 workers of a fish factory contracted CFP after eating heads of Red Snappers [75].
In 2013, also severe food poisoning events were witnessed after consuming a bull shark
(Carcharhinus leucas), resulting in the deaths of 11 people in Madagascar in 2013 [78]. Fish
originating from the Indian ocean region were implicated in ciguatera poisoning in other
part of the world. The rapid alert system for food and feed (RASFF) created in 1979 by
the European Union (EU) successively warned in 2012, 2015, and 2016 about ciguatoxic
fishes originating from India and Sri Lanka (RASFF No. 2012-1602, 2015-0088, 2016-0932,
2016-1152, 2016-1155, 2017-1112). In 2016, scientists and regional public health authorities
warned the population in Southwest India about the CFP risk caused by the consumption
of Red Snappers [122], yet snappers from India were imported by France and distributed
to Germany (RASFF No. 2016-0932). The French Poison Control center network reported
from 2012 to 2019, 17 events with fish caught from the Indian Ocean. In a recent report
from Germany, the rarely occurring CP outbreaks were reported between 2012–2017, the
main reason identified as imports of snappers (Lutjanidae) from the Indian Ocean region
mainly from countries like India, Indonesia, and Vietnam. The author emphasized that
fishes from the Indian Ocean can cause ciguatera, which has been poorly documented [81].

Although incidences of CP have not been reported from the Arabian Gulf yet, however,
the fishes such as grouper, snapper, emperors, barracuda, jacks, trevallies, kingfish, and
tuna form the part of common catch by local fishermen in Arabian Gulf [123]. The database
search in Fish base returned a minimum of 13 (Iraq) to a maximum of 60 (Oman) fishes
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associated with CP elsewhere in the world [124] (Figure 9). An increase in ciguatera
causative organism could have a major impact on food safety and food security given
that those species are highly consumed in the region. The suspicion of a high number of
unreported cases is warranted given that ciguatera is difficult to diagnose and not subject
to mandatory reporting [125].

Figure 9. Number of Fishes associated with CP in Persian Gulf Countries as per the records of Fish Base (accessed on
1 June 2021).

The Persian Gulf water is the only source of freshwater through seawater desalination
to most Gulf countries and an important source of seafood for the region. Previous reports
on incidences of harmful algal blooms on drinking water and food safety and of massive
fish kills in the region further creates awareness and interest to investigate the occurrence
of ciguatera causative organisms and associated toxins, as well as their health implications
in the Gulf countries [58].

3.6. Ciguatera Monitoring in Indian Ocean Region

Risk assessment and monitoring of Ciguatera in the Indian Ocean region is largely
lacking with only a couple of previous attempts from la Reunion [47] and Mayotte Is-
land [61]. In 2014, an algal bloom monitoring system was developed for Kuwait’s coastal
waters. The OC3M (Aqua-MODIS) and OC4E (ENVISAT-MERIS) algorithms most accu-
rately measured chlorophyll-a concentrations in Kuwait bay. Due to the poor temporal
resolution and the decommissioning of ENVISAT-MERIS, Aqua-MODIS data was used for
continuous observation. Additionally, algorithms such as Generalized Inherent Optical
Properties (GIOP), Garver, Siegel, Maritorena Model, OC2, MODIS fluorescence line height,
and the MERIS-based NIR-Red algorithms were attempted, which have a lower accuracy
when compared to the OC3M algorithm. The OC3M detected the most reported in-situ
algal bloom events (19/50) and most accurately measured chlorophyll-a concentration
(RMS: 2.42, RMSE: 4.11, Mean Bias: 54.2%). The Aqua-MODIS OC3M was selected as the
preferred algorithm to monitor chlorophyll-a concentration and to detect algal blooms
in Kuwait bay and surrounding waters [41,45]. Data variables such as sea surface tem-
perature, OC3M, distance to aquaculture, Garver-Siegel-Maritorena (GSM), generalized
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inherent optical properties (GIOP), euphotic depth, Secchi disk depth, distance to shore,
precipitation, photosynthetically active radiation (PAR), distance to the river, bathymetry,
colored dissolved organic matter, wind direction, speed, and precipitation, etc. were also
estimated through a multivariate regression model, a hybrid multivariate regression model,
an artificial neural network model, and a hybrid artificial neural network model by Uddin
and his group [41,45].

A synergistic model was created that combines the GIS-imaging, the different estimates
of environmental parameters, and in situ monitoring with traditional toxin analytical
methods [41,54]. Sampling epiphytic substrates and analyzing samples using traditional
optical microscopy will provide very useful and immediate information and developing
ciguatera early warning systems in the region. The molecular methods of qPCR and
metabarcoding can be useful but only as a complement not as the basic methodology to
estimate Gambierdiscus abundance.

4. Conclusions

Ciguatera research in the Indian Ocean region is limited and fragmented. Although,
there are reported cases of CP in the region. The most significant toxic fish in the region
were barracuda (Sphyraenidae), amberjack (Seriola), grouper (Serranidae), snapper (Lut-
janidae), po’ou (Labridae spp.), jack (Carangidae spp.), trevally (Caranx spp.), wrasse (Labridae
spp.), surgeonfish (Acanthuridae spp.), moray eel (Muraenidae spp.), roi (Cephalopholis spp.),
parrotfish (Scaridae spp.), seabass, shark, and red snapper to name a few. Since the region
exports fisheries, some of the fish originating from India and Sri Lanka in 2012, 2015, and
2016 were implicated in ciguatera poisoning in Europe.

A comprehensive survey of algal substrates in the region complemented with high
throughput metabarcoding would provide insights into novel and undiscovered contribu-
tors of ciguatera. Although less in numbers, the presence of ciguatera causative organisms
in the region cannot be ignored and their interaction with substrate and other microbial
species is worthy of further investigation. The development of an early warning system for
HABs is very much the need of the hour.
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Abstract: Currently, digital technologies influence information dissemination in all business sectors,
with great emphasis put on exploitation strategies. Public administrations often use information
systems and establish open data repositories, primarily supporting their operation but also serving
as data providers, facilitating decision-making. As such, risk analysis in the public health sector,
including food safety authorities, often relies on digital technologies and open data sources. Global
food safety challenges include marine biotoxins (MBs), being contaminants whose mitigation largely
depends on risk analysis. Ciguatera Fish Poisoning (CFP), in particular, is a MB-related seafood
intoxication attributed to the consumption of fish species that are prone to accumulate ciguatoxins.
Historically, CFP occurred endemically in tropical/subtropical areas, but has gradually emerged
in temperate regions, including European waters, necessitating official policy adoption to manage
the potential risks. Researchers and policy-makers highlight scientific data inadequacy, under-
reporting of outbreaks and information source fragmentation as major obstacles in developing CFP
mitigation strategies. Although digital technologies and open data sources provide exploitable
scientific information for MB risk analysis, their utilization in counteracting CFP-related hazards has
not been addressed to date. This work thus attempts to answer the question, “What is the current
extent of digital technologies’ and open data sources’ utilization within risk analysis tasks in the MBs
field, particularly on CFP?”, by conducting a systematic literature review of the available scientific
and grey literature. Results indicate that the use of digital technologies and open data sources in CFP
is not negligible. However, certain gaps are identified regarding discrepancies in terminology, source
fragmentation and a redundancy and downplay of social media utilization, in turn constituting a
future research agenda for this under-researched topic.

Keywords: Ciguatera Fish Poisoning; digital technologies; open data; risk analysis; marine biotoxins

Key Contribution: The manuscript summarizes the utilization extent of digital technologies and
open data sources with regard to risk analysis tasks related to Ciguatera Fish Poisoning and discusses
future research required to approach this topic more in depth.

1. Introduction

The rapid acceleration of digital technologies, evidenced more intensely during the
past decade, globally permeates every private and public organization, transforming
their daily working practices, at the same time reshaping social interactions and citizens’
expectations [1,2]. Digital tools, among which the Internet, social media, mobile computing,
big data, data analytics, and numerous others, open up a fascinating world of innovation
opportunities with a significant impact on multiple aspects of contemporary societies [1–3].
This overwhelming penetration of information and communication technologies (ICTs) in
everyday life is altering the information sharing preconditions and can technically support
more collaborative cultures of information production and dissemination, thus shifting the
focus from technology itself to strategies for its exploitation [4].

Substantial implementation of digital technologies in government/public sector oper-
ations, commonly intersecting with the e-Government concept, entails the use of public
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information systems and the creation of open data repositories, to serve as tools supporting
the fundamental principles of transparency, participation and collaboration [4,5]. Efficient
incorporation and interoperability of these tools can improve decision-making, by pro-
viding policy-formulators with ample data to address complex problems and to design
effective public policies in various governmental disciplines [5,6]. The public health sector,
and particularly food safety authorities, should be no exception. Digital technologies and
open/big data can be of utmost importance in risk analysis processes, the latter consid-
ered necessary to proactively refine and optimize food safety and legislation, rather than
maintaining a reactive management approach [7,8].

Emergence of new pathogenic microorganisms and the unintentional presence of
chemical contaminants constitute major biological and chemical hazards, respectively,
significantly challenging global food safety. Natural toxins, and marine biotoxins (MBs)
in particular, comprise a distinct type of food hazard, in the sense that they are chemical
toxic substances but are of biological origin [8]. MBs are synthesized by specific marine
microorganisms, mainly microalgae (usually termed as phytoplankton) and a few bacterial
species. Under certain favorable environmental conditions, toxic or harmful algae may
proliferate and aggregate to form dense cell assemblages, commonly known as ‘harmful
algal blooms’ (HABs), accompanied by MBs production able to contaminate seafood, result-
ing in a serious health threat to consumers. MBs could cause severe human intoxications,
such as amnesic, diarrheic, azaspiracid, neurotoxic and paralytic shellfish poisonings and
Ciguatera Fish Poisoning (CFP) [9]. MBs are in general heat-stable compounds, resistant to
common food processing technologies, whereas no antidote exists to reverse their effects in
humans [10]. Illness prevention is thus essential to manage MB-related public health risks,
with risk analysis being an irreplaceable tool in the arsenal of public authorities pursuing
mitigation of HABs’ negative impacts [9,10].

Worldwide, CFP is the most prevalent biotoxin-related seafood poisoning, resulting
from the consumption of seafood contaminated by its associated toxins, known as ciguatox-
ins (CTXs) [11]. Despite the significant under-reporting of cases due to a lack of diagnostic
methods, CFP is estimated to annually affect approximately 50,000–500,000 people [12].
Historically, this syndrome is mainly encountered in tropical and subtropical areas. In
the recent past, however, a geographical expansion of CFP in more temperate areas has
been evidenced. Factors such as climate change, but also some anthropogenic activities,
are incriminated for altering the geographical distribution of the causative organisms,
which are dinoflagellates of the genera Gambierdiscus and Fukuyoa, as well as the migration
patterns of ciguateric fish [13,14]. Additional factors influencing the occurrence of CFP
in non-endemic areas are related to international trade and consumption of imported
ciguateric fish species in non-tropical areas and/or travelers returning from CFP endemic
areas [11,12]. Current reports of CFP in temperate waters of the Canary Islands (Spain)
and the Madeira archipelago (Portugal), accompanied by the documented presence of
Gambierdiscus and Fukuyoa spp. in the Mediterranean Sea, constitute CFP being emerging
hazard in European waters, thus necessitating the adoption of official policies to man-
age the potential risks [12,15]. Nonetheless, the European Food Safety Authority (EFSA)
highlighted scientific data inadequacy among the reasons hindering the development of
appropriate human health protection strategies against CFP [16], whereas the problems of
CFP cases’ under-reporting and information sources’ fragmentation are emphasized by
both researchers and policy-makers [12,16]. Taking into account these shortcomings, in
combination with the significant health, socioeconomic and socio-cultural impacts of CFP,
as well as its increasing emergence in non-endemic areas, improvements in data collection
and availability are evidently required at a global level, to allow for more efficient risk
monitoring and mitigation [11,12]. In this context, recognizing some of the technological
developments able to generate CFP data and assist their dissemination, as well as compil-
ing a roster of openly accessible information sources for CFP, could facilitate the efforts to
tackle the weaknesses identified.
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Doubtlessly, developments in digital technologies and open data sources amplified
the volume of potentially exploitable scientific information for MBs risk analysis purposes.
However, bibliographical references on the advancements achieved with the participation
of such means in counteracting CFP-related hazards are scattered, whereas, to date, no
substantial summary or research study has cumulatively investigated their utilization. The
problem addressed in the present work thus relates to examining digital technologies’ and
open data sources’ utilization in CFP research associated with risk analysis tasks. The
research question answered in this review, therefore, is “What is the current extent of digital
technologies’ and open data sources’ utilization within risk analysis tasks in the MBs field,
particularly on CFP?”

The absence of targeted review articles and scarcity of structured information on
the topic necessitated an in-depth literature investigation, within both peer-reviewed
publications and grey literature documents to accomplish this study. For the purposes
of this review, grey literature is defined according to the Prague definition, “manifold
document types produced on all levels of government, academics, business and industry in
print and electronic formats that are protected by intellectual property rights, of sufficient
quality to be collected and preserved by libraries and institutional repositories, but not
controlled by commercial publishers; i.e., where publishing is not the primary activity of
the producing body” [17] (p.11), typically including “conference abstracts, presentations,
proceedings; regulatory data; unpublished trial data; government publications; reports
(such as white papers, working papers, internal documentation); dissertations/theses;
patents; and policies & procedures” [18] (para.2).

The structure of the review is as follows: the next section provides brief background
knowledge on the concepts of digital technologies, open data sources and risk analysis,
viewed from a public health and food safety perspective, to assist in determining the appro-
priate keywords for the literature investigation. The subsequent two sections describe the
research methodology employed and present the bibliographical analysis results. Finally,
the findings are discussed, and relevant future research is suggested.

2. Background

2.1. Digital Technologies

Digital technologies are broadly defined as “combinations of information, computing,
communication, and connectivity technologies” [19]. An initial review of recent research
mainly focusing on the public health and food safety contexts, but also at wider level,
reveals that concepts such as ‘technology’, ‘digital technologies’, ‘ICT’, ‘information tech-
nologies’, ‘digital media’ and ‘digital tools’ are used interchangeably to refer to a broad set
of digital devices and applications, such as websites, databases, blogs, online platforms,
mobile/wearable devices, mobile phones, social media and the Internet [20–24]. Digi-
tal technologies/ICTs are also strongly intertwined with the ‘digital transformation’ and
‘digitalization’ concepts. Indeed, ‘digital transformation’ is defined as the use of digital
technologies/ICTs to enable changes and improvements for achieving business and/or
organizational goals [25] and ‘digitalization’ as the sociotechnical process of using digital
infrastructures [1]. In this context, the terms ‘digital transformation’ and ‘digitalization’
may also constitute relevant keywords for investigating digital technologies utilization,
as they are linkable to improvements and changes in work processes of organizations
responsible for risk analyses. Digital technologies’ proliferation enhances the quality and
quantity of daily generated data, creating conditions of information abundance, able to
significantly facilitate public authorities’ decision- and policy-making processes [19,26].

2.2. Open Data Sources

Open data refer to “non-privacy-restricted and non-confidential data produced with
public money by public and/or private organizations and made available without any
usage or distribution restrictions” [6] (p. 258). Open data, frequently termed also as ‘public
data’, can be enriched with data from other sources, resulting in the emergence of large
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datasets, known as ‘big data’ [7]. The latter present specific needs for processing, curation,
linking, visualization and maintenance, as their sizes overpass common software tools’
abilities, whereas value is generated by the combination of different datasets [19,26].

Public policy development frequently relies on ‘open data’ and ‘big data’ availability,
being indispensable tools for public organizations. Ample open data in diverse formats
are stored in repositories on national or international organizations’ websites and also can
be exploited by other public institutions, thus counteracting unnecessary duplication and
associated costs [6]. However, food safety data and information are generally scattered
across the food, health and agriculture sectors, with limited interoperability. Consequently,
public authorities in charge of food safety-related risk analysis tasks ordinarily resort
to multiple open access scientific resources, such as research project websites, online
databases, open-access journals, dissertations or other published material, to obtain up-
to-date technical information. Efficient access to such sources is granted by the growth of
digital technologies [27,28]. For the purposes of the present review, the ‘open data sources’
concept will also extend to ‘big data’, including those forms of ‘open-source’ and ‘open-
access’ scientific data and software freely available in the public domain [7]. Consequently,
the search for appropriate information based on the keywords selected, will also encompass
results of common Internet search engines, besides the literature databases [29].

2.3. Risk Analysis in Food Safety

Risk analysis is a powerful science-based tool for reaching sound, consistent solutions
to food safety problems. The Codex Alimentarius Commission defines risk analysis
in a food safety context as “a process consisting of three components: risk assessment,
risk management, and risk communication” [30] (p. 120). More precisely, risk analysis
in food safety is a systematic, disciplined decision-making approach, used to estimate
human health and safety risks, to identify and implement appropriate measures for risk
control, and to communicate with stakeholders about the risks and measures applied [31].
‘Risk assessment’ is the science-based component of risk analysis, comprising hazard
identification and characterization, exposure assessment and risk characterization. ‘Risk
management’, on the other hand, involves weighing policy alternatives in consultation with
relevant stakeholders, according to the risk assessment outcomes and other factors relevant
for consumers’ health protection, towards selecting appropriate prevention and control
options. Lastly, ‘risk communication’ entails an “interactive exchange of information and
opinions throughout the risk analysis process concerning risk, risk-related factors and
risk perceptions, among risk assessors, risk managers, consumers, industry, the academic
community and other interested parties, including the explanation of risk assessment
findings and the basis of risk management decisions” [30,31].

Food safety risk analyses are carried out by national, regional and international au-
thorities, depending on the nature and localization of the specific risk examined [31].
Scientific knowledge on the food issue identified is considered a prerequisite for suc-
cessful risk analysis; therefore, aggregation of the largest possible appropriate datasets
is essential [28]. Strategies to obtain data on food contaminant issues, particularly MBs,
require multidisciplinary approaches combining scientific information from fields such as
environmental sciences, biology, chemistry, veterinary science, public administration, epi-
demiology, public health and toxicology. Data collection can present significant difficulties
due to frequent gaps identified in information availability; in this context, the exploitation
of digital technologies and open/big data sources may catalyze these efforts [10,28,31].

3. Literature Research Method

The current state of digital technologies and open data utilization in the field of CFP
risk analysis was envisaged by a systematic literature review conducted according to
previously established principles [29,32]. Three main steps were followed: (i) selecting
appropriate keywords and combinations thereof; (ii) choosing source database(s) and
running the searches; and (iii) analyzing the results.
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The literature review protocol employed is detailed in Table 1. The focus period was
set from 2010 to date (mid 2021). The main keywords identified within the background
section were divided into five groups, namely, “Digital technologies”, “Open data”, “Risk
analysis”, “Biotoxins” and “Ciguatera”, according to the concepts comprising the research
topic. Each of the keywords from Groups 1–3 was combined with one or more keywords
from the remaining two groups to retrieve the articles of interest, utilizing the Boolean
operators “AND” and “OR” (on a case basis) to produce more focused results. Searches
were performed separately for each combination of keywords and applied to the journals’
abstracts, title and keywords, using the Scopus abstract and citation database of peer-
reviewed literature. All subject areas were selected, due to the multidisciplinary character
of this research.

Table 1. Literature review protocol (Scopus search).

Item Description

Time Period 2010 to Date

Boolean Operators AND/OR

Keywords 1: Digital Technology 2: Open Data 3: Risk Analysis 4: Biotoxins 5: CFP

Digital technolog* 1 Open data Risk analysis Biotoxin* Ciguatera
Digital tool* Big data Risk management Marine toxin* Ciguatoxin*

Digital media Public data Risk communication Phycotoxin*
Digital transformation Open source* Risk*

Digitalization Data*
Information
technolog*

ICT(s)
Social media

Language English

Availability Documents available online as full text

Research Discipline

All subject areas (indicatively: Pharmacology, Toxicology and Pharmaceutics; Agricultural and
Biological Sciences; Environmental Science; Medicine; Chemistry; Immunology and Microbiology;

Biochemistry, Genetics and Molecular Biology; Engineering; Veterinary; Earth and Planetary Sciences;
Chemical Engineering; Health Professions; Multidisciplinary; Computer Science; Arts and Humanities;

Social Sciences)

Exclusion Criteria Articles unrelated to intended subject (keywords with other semantic way)

Publication type All available types (Article, Review, Book, Book chapter, Conference paper, Conference review, Letter,
Editorial, Note, Short survey, Business article or Press, Erratum, Data paper)

1 An asterisk was used as a wildcard symbol to retrieve all possible variations of the relevant search term.

This strategy yielded only one result when the keywords of the “Digital technologies”
or “Open data” groups were combined with keywords of the “Biotoxins” or “Ciguatera”
groups. A much higher total number of articles was obtained, as expected, when the “Risk
analysis” group keywords were looked-up in combination to those of the “Biotoxins” and
“Ciguatera” groups. Searches were merged, and after removing the duplicates, 88 articles of
multiple types and subject areas remained (Figure 1). The articles’ abstracts were carefully
read to assess their relevance and to exclude articles containing the selected keywords in
another semantic way, shortening down the list to 28 articles. After full-text examination
for the presence of appropriate information, more were excluded as “out of topic”, with
only 11 studies remaining, a rather expectable outcome considering the narrowness of the
field and the specialized nature of the research topic. An additional search in the “Pubmed”
database, using the same keyword combinations, yielded five further articles. Thereafter, a
thorough Google search was conducted, combining in pairs all the above keywords and
some additional terms (e.g., database, smartphone, website, satellite imaging, machine
learning), to obtain further material from both the scientific and grey literature, such as
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press releases, health and fishery authorities’ websites, local media, project documents,
codes of practice, etc. Finally, reference lists of all selected documents were reviewed to find
other articles of interest, whereas their citations in later publications were also evaluated
for inclusion in this review [32].

Figure 1. Combined search for the “Risk analysis”. “Biotoxins” and “Ciguatera” group keywords by (A) subject areas
and (B) types of retrieved documents. “Other” indicates research disciplines not individually mentioned (refer to Table 1
for details).

Articles considered relevant contained at least one reference to data input for CFP risk
analysis or its individual components (assessment, management, communication) obtained
by means of digital technologies and/or open data sources, such as websites, databases,
software, social media, specific pieces of digital equipment, etc. It is noted that this
research only considers digital equipment utilization in terms of mass-market tools, such
as computers and portable digital devices (e.g., notebooks, smartphones, tablets); the use of
sophisticated analytical equipment, such as liquid chromatographs and mass spectrometers,
although largely incorporating digital components (computerized appliances, support PCs
and processing software), is beyond the scope of this work. Similarly, statistical analysis
software packages, as well as common office-computer software for word processing,
spreadsheets creation, etc., are not included in this literature review, as their use is a
prerequisite in CFP data generation. In this context, the above strategy resulted in a final
list of 38 articles, of which only 19 were openly accessible to the regular public. In the next
step, information of relevance was abstracted from the selected documents and contents
were analyzed within the identified research concepts’ framework, as presented in the
following section.

4. Result

Keywords found in the 38 articles meeting the eligibility criteria are summarized
in Table 2. Notably, references connected to digital technologies were fewer than those
categorized within the open data sources concept, with 16 and 33 articles, respectively,
whereas 11 articles contained keywords of both groups. ‘Database’ was the keyword
most encountered, with 28 articles, while the highest incidence keyword combination was
‘website’–‘database’, with five articles. Further details are provided in Supplementary
Materials Table S1.
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Table 2. Keywords identified in articles meeting the eligibility criteria.

Keyword Group/Keywords Found Number of Studies *

Digital Technologies 16

Software 3
Smartphone 3

Website 7
Digital technologies 1

Social media 2

Open Data 33

Database 28
Big data 1

Dataset/data 4

Total Selected 38

* Number of studies containing keywords from individual groups cumulatively exceed the total number of
selected articles, as some studies contain keywords of both groups.

4.1. Digital Technologies

Only three results [33–35] were finally obtained using the exact keywords indicated
within the digital technologies concept, combined with those related to ciguatera and risk
analysis (Table 1); on the other hand, the extended search for specific digital tools retrieved
13 studies containing the terms ‘software’, ‘smartphone’ and ‘website’, as semantic content
relevant to the production, processing and/or communication of the data necessary for
CFP risk analysis (Table 2). Interestingly, only two articles combining ‘social media’ and
‘ciguatera’ within the context of risk analysis were retrieved, despite the existence of several
CFP-relevant Facebook and Twitter accounts (Supplementary Materials Table S2) and the
popularity of social media [34,35]. The first one referred to social media mechanisms for
food/waterborne complaints surveillance and indicated specific social media accounts
serving this purpose [34]. The second one only mentioned the appearance of anecdotal
reports of CFP cases on social media, such as online fishing for a, where fishers comment
on their own experiences providing the opportunity for broader data collection and risk
communication, but without pointing to any specific social media accounts [35].

The term ‘software’ in risk analysis-related CFP studies primarily concerned programs
used for molecular/phylogenetic identification of ciguateric fish and CTX-producing mi-
croalgae and secondly web applications assisting record-keeping and communication
regarding the presence of ciguateric fishes in trade operations [36–38]. Accurate identi-
fication of high-risk fish species implicated in CFP and the ability to prevent these from
reaching the market, according to regional legislative requirements, are critical in CFP risk
assessment, management and communication; therefore, software-based tools can facilitate
risk analysis processes [39,40].

Generally, instances of ‘website’ in the selected articles referred to governmental
and organizations’ internet pages containing diverse scientific information, including
CFP case reports, epidemiological and environmental data, outbreaks occurrence and
advice to consumers, as well as other public health data, all being major inputs to CFP
risk analysis components [11,39,41–45]. Nevertheless, ‘website’ was also used by some
authors to denote any type of online-available content, such as public databases or even
open data portals (Table 3) [41,44,45]. Furthermore, although fishing bans related to
geographical origin (known toxic locations), high-risk fish species and fish size restrictions
constitute fundamental measures in terms of CFP risk management in endemic areas [11],
often communicated to relevant stakeholders through designated websites, social media
or applications belonging to public agencies, no relevant articles were retrieved in the
literature (scientific or grey) referring to these specific risk communication actions.

Widely marketed digital tools, such as smartphones, have recently emerged as at-
tractive analytical platforms, which in the future may revolutionize food safety control
by enabling citizens without any expertise to perform screening tests [46]. A number of
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smartphone-based devices or assays have already been developed for various contami-
nants, including marine toxins [28,46,47] and CTXs, in particular [48]. It should be noted
that, currently, smartphones cannot be used on their own to detect food contaminants,
without the contribution of some auxiliary part or hand-held device, such as portable
electrochemical or optical sensors [28,47–49]. However, they possess independent power
sources, computing power, flash-light cameras (i.e., optical systems with constant light
sources), web access and wireless data communication, being powerful alternative ana-
lytical tools, able to radically change food testing. Although smartphone apps for CTXs
testing are not yet commercially available, the future ability of consumers to screen fish for
CFP is expected to improve food security and increase public awareness, facilitating also
risk assessment and management [47,49].

4.2. Open Data Sources

Occurrence of keywords belonging to the ‘open data sources’ group combined to
‘ciguatera’ was extensively searched, but no studies were found containing ‘open data’,
‘public data’ and ‘open source’, whereas only one publication (a Master’s thesis) included
the term ‘big data’ [50]. On the other hand, searching specifically for ‘database’, after exclu-
sion of instances related to literature/journal databases, resulted in 28 publications contain-
ing at least one reference to a data source compliant to the ‘open data sources’ concept of
the present work [11,14,36,37,40,41,43–45,51–66]. Another relevant term encountered in a
semantic fitting the concept was ‘dataset’ [67,68], a term frequently used interchangeably
to ‘database’ [69], while the more general term ‘data’ was the only one present in other
works containing records of CFP incidents derived from public databases [39,70]. A cumu-
lative presentation of the open data sources found in the selected studies is included in
Table 3, along with the geographic coverage and an attempt to categorize source types in
compliance with the concept description of the present work, using terms as ‘open data
portal’, ‘open documents repository’, ‘public/open source software’, etc. This summary
is provided in order to explicitly demonstrate the extent, diversity and fragmentation of
the available sources, as well as the type of data available for risk analysis purposes, but
also to facilitate future CFP research with regard to data retrieval. To our knowledge, all
sources included in Table 3 are openly accessible to the regular public, although in some
cases a user registration may be required.

The variety of open data source types found in the studied literature (Table 4) indicates
that the data derived thereof are sufficiently exploited in the field of CFP research and risk
analysis. Evidently though, the terms ‘open data’ ‘public data’, ‘open source’ and ‘big data’,
commonly used in relevant social sciences’ research, are practically unknown to authors
involved in this field. On the other hand, ‘database’ was the most frequently used term to
describe such information sources, with some articles specifically referring to databases as
‘public’ [33,55,56], ‘web-based’ [34], ‘online’ [59], ‘internet’ [60], ‘electronic’ [61] or ‘open
access’ [65], whereas ‘online data’ was also used in one case [43].
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Table 4. Types and total instances of open data sources identified in the 33 selected articles (refer to
Table 3 for details).

Open Data Source Type Total Instances

Open documents repository 22
Public database 22

Open data portal 15
Public maps 12

Public/open source software 5
Open access journal 1

Geographical coverage of the open data sources found in the selected articles ranged
from worldwide to regional, with the majority of non-global coverage sources focusing
their data on areas located in the American and Oceania continents, where CFP is long
encountered and considered endemic. In contrast, sources targeting for instance European
countries, where CFP issue has recently emerged, are scarcer.

The nature of the CFP-related data contained within the identified open data sources
varied widely, including data on taxonomy and identification of marine species (fish and
microalgae) [11,14,33,36,37,39,43,52,55–57,59–61,66], epidemiology and outbreaks occur-
rence [11,14,33–35,39–41,43,44,51–55,58,60,61,63–65,70], HAB events [11,14,43,53,60,62–66],
climate and environment (temperature, salinity, water quality monitoring, benthic habi-
tats) [33,41,45,50,51,58,62,67,68], public policies and risk mitigation strategies [11,33,43,61]
as well as general information on CFP’s public health perspective to aid risk communication
to the public [11,34,39,41,43,44,51,61,70].

Plurality in open data sources of a similar nature containing data on different regions
is also noteworthy, indicating that efforts to collect data, especially those related to CFP
surveillance, epidemiology, case reports and outbreaks incidence, are localized and frag-
mented, even within the same country, such as the data sources of different states within
the USA. Conversely, the evident absence of instances of open data sources in certain
CFP-susceptible areas of the world, such as some African and Asian countries of the West
Indian Ocean, is also notable. Significant redundancies are also encountered, primarily
with regard to climate data, and sea surface temperatures in particular, where at least five
different sources are available at a worldwide level. Similarly, at least four different open
sources exist for fish or algal species taxonomy and identification. As such, policy-makers
and researchers undertaking international risk analysis tasks are commonly obliged to
resort to multiple information sources and spend considerable time to obtain the required
amount of data. On the other hand, discrepancies may also occur between data from
different sources, the resolution of which may create an additional burden in order to
obtain acceptable data quality for risk analysis purposes.

5. Discussion

5.1. Research Question Revisited

This review addressed the research question, “What is the current extent of digital
technologies’ and open data sources’ utilization within risk analysis tasks in the MBs field,
particularly on CFP?” Although the commonly expected terminology was almost absent in
the relevant bibliography, modifying the search keywords revealed the existence of several
CFP risk analysis-related publications, 38 in total, where the data input originated from
the use of diverse digital tools and sources. As such, it appears that the current utilization
of digital technologies and open data sources in the investigated field is generally not
negligible, which reasonably answers the research question.

5.2. Further Remarks on the Findings

The aforementioned findings demonstrate that exploitation of digital technologies
and open data sources in CFP risk analysis and policy-making studies is not negligible,
with their utilization being more widespread in scientific works targeting CFP-endemic
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areas [40,42,44,45,50–52,60,61,64,66–68,70]. Nevertheless, the pronounced shortage of pub-
lished works on CFP referring to common social sciences terminology, such as ‘digital
technologies’, ‘digital transformation’, ‘open data’ and ‘big data’, in conjunction with
the use of the general terms, e.g., ‘website’, ‘database’ and ‘dataset’, is indicative of an
unfamiliarity with these terms regarding the scientific community creating/uploading
information and datasets of interest on the Internet, as well as researchers utilizing the
data obtained by these sources. Lack of uniformity between the social and natural sciences’
terminology is not a new issue; in fact, it forms part of a long-observed general gap between
social and natural sciences, thus highlighting the necessity to adopt more transdisciplinary
and collaborative approaches across research fields belonging to environmental/marine
sciences, toxicology, public health and social sciences [62,71,72].

The fragmented dispersion of data related to CFP surveillance, epidemiology and out-
breaks occurrence encountered in the open data sources identified in this literature review,
has also been suggested in previous studies. In fact, under-reporting or inconsistent and
fragmented recording of CFP cases has been attributed to the absence of formal epidemio-
logical and surveillance methods and a lack of clinical protocols and experience, whereas
the need to establish an international register for CFP intoxication cases and also consolidate
monitoring of HAB events at a global level is largely emphasized [11,43,53,55,62,73].

Surprisingly only two instances of ‘social media’ related to CFP [34,35] were found
within both peer-reviewed and grey literature publications, suggesting that these digital
tools could be underexploited in CFP risk analysis. In fact, food safety agencies already
use social media, such as Facebook and Twitter, for risk communication with the general
public on food safety issues [26,74], and CFP is no exception. Several CFP-relevant accounts
already exist in social media (Table S2), and CFP risk communications, such as notifications
of fishing bans or advice to fishers on species and areas at risk, are not uncommon, especially
in CFP-endemic regions. On the other hand, online reporting of CFP cases in social media
accounts [34], as well as exchange of CFP-related experiences through posts on fishing
forums, are also frequent. Evidently, this does not seem to be adequately reflected in the
literature, indicating that the impact of social media in the CFP field may constitute a
scientific knowledge gap, requiring further research to elucidate their dynamics as data-
providing sources and communication tools in CFP policy-making.

6. Limitations, Conclusions and Future Research

To our knowledge, to date, no previous works have summarized the utilization of
both digital technologies and open data sources in tasks relevant to risk analysis, regarding
either MBs or specifically CFP. As such, this review constitutes an initial attempt towards
documenting the utilization extent of these tools in CFP risk analysis, according to the
currently available literature, but certainly cannot be considered an exhaustive summary
of their contribution or an assessment of their effectiveness in this HAB management
field. We anticipate this first theoretical approach to trigger further investigation, entailing
empirical data, in order to provide concrete evidence on the extent of the interactions
between developments in the digital world and their practical applications in the diverse
natural sciences fields, including MBs and CFP in particular. In this context, a structured
research strategy is required to thoroughly evaluate the impact level of such ICT tools in
a qualitative and quantitative way. To achieve this objective, the following approaches
are suggested:

(1) Interviewing relevant stakeholders, such as experts, public administrators and
researchers, involved in the field of CFP risk management, in order to assess (a) their
degree of familiarization with the terminology related to digital technologies and open
data sources; and (b) their understanding, own use and perception of specific digital
technologies and open data sources. This assessment can be accomplished by means of
structured questionnaires, containing both multiple-choice/close-ended (with a rating
scale) and open-ended questions, as well as free statements, subsequently followed by
content and statistical analysis of the responses obtained. Participation could also be
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expanded using online forms and/or email-invited questionnaires to more effectively
target expert audiences.

(2) Introducing qualitative and quantitative criteria to create a framework for eval-
uating the impact of the given digital technologies and open data sources and subse-
quent application of this model to analyze the answers obtained within the context of
the available literature. Unequivocally, capitalization of technological progress is the way
forward to scientific progress in the modern world. On this basis, accessibility to and
exploitation of digital tools and open/big data are synergistically expected to derive in-
novative applications and services, aiming to facilitate risk analysis and policy-making
procedures in the field of food safety, similarly to the progress envisaged in the fisheries sec-
tor by the implementation of emerging data technologies, such as blockchain, data mining
and artificial intelligence [75]. In the framework of the gaps identified within the present
study, research towards consolidation of the currently fragmentary open data sources, such
as epidemiological and HAB presence databases, at a worldwide level, can support more
robust practices towards mitigation of the CFP problem. On the other hand, embracing the
social media potential to strengthen data collection and enhance risk communication chan-
nels in the CFP sector is also considered crucial, and definitely requires further scientific
research in order to both capture the benefits and tackle the challenges involved. Finally,
and most importantly, transdisciplinary collaboration is essential to bridge the evident
chasm between humanities and natural sciences, with establishing mutually accepted
terminology and definitions for concepts of common interest as a starting point.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13100692/s1, Table S1: Main keywords present in the selected articles related to the
present review concepts, Table S2: Indicative social media accounts potentially relevant to CFP
risk analysis.
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Theoretical Framework. In Digital Technology, Eating Behaviors, and Eating Disorders; Springer International Publishing AG: Cham,
Switzerland, 2018; pp. 21–43. [CrossRef]

23. Demartini, M.; Pinna, C.; Tonelli, F.; Terzi, S.; Sansone, C.; Testa, C. Food industry digitalization: From challenges and trends to
opportunities and solutions. IFAC-PapersOnLine 2018, 51, 1371–1378. [CrossRef]

24. Dong, C.; Mertala, P. It is a tool, but not a “must”: Early childhood preservice teachers’ perceptions of ICT and its affordances.
Early Years 2019, 1–16. [CrossRef]

25. Reis, J.; Amorim, M.; Melão, N.; Matos, P. Digital Transformation: A Literature Review and Guidelines for Future Research. In
Trends and Advances in Information Systems and Technologies; Rocha, Á., Adeli, H., Reis, L.P., Costanzo, S., Eds.; WorldCIST’18 2018
Advances in Intelligent Systems and Computing; Springer: Cham, Switzerland, 2018; Volume 745, pp. 411–421. [CrossRef]

26. Janssen, M.; Wimmer, M.A. Introduction to policy-making in the digital age. In Policy Practice and Digital Science; Janssen, M.,
Wimmer, M.A., Deljoo, A., Eds.; Springer: Cham, Switzerland, 2015; pp. 1–14. [CrossRef]

27. Gilsenan, M.B.; Abbinante, F.; O’Dea, E.; Canals, A.; Tritscher, A. Special issue: Open risk assessment: Data. EFSA J. 2016,
14, s0509. [CrossRef]

28. Marvin, H.J.P.; Janssen, E.M.; Bouzembrak, Y.; Hendriksen, P.J.M.; Staats, M. Big data in food safety: An overview. Crit. Rev. Food
Sci. Nutr. 2016, 57, 2286–2295. [CrossRef]

29. Creswell, J.W. Chapter 3: Reviewing the Literature. In Educational Research: Planning, Conducting, and Evaluating Quantitative and
Qualitative Research, 4th ed.; Creswell, J.W., Ed.; Pearson: Boston, MA, USA, 2012; pp. 79–103.

30. FAO/WHO. Working principles for risk analysis for application in the framework of the Codex Alimentarius. In Codex
Alimentarius Commission. Procedural Manual, 24th ed.; Food and Agriculture Organization of the United Nations (FAO)/World
Health Organization (WHO): Rome, Italy, 2015; pp. 113–121. Available online: http://www.fao.org/3/a-i5079e.pdf (accessed on
25 September 2021).

31. FAO/WHO. Food Safety Risk Analysis. A Guide for National Food Safety Authorities. FAO Food and Nutrition Papers 87; FAO/WHO:
Rome, Italy, 2006; p. 119. Available online: https://apps.who.int/iris/bitstream/handle/10665/43718/9789251056042_eng.pdf
(accessed on 25 September 2021).

32. Webster, J.; Watson, R.T. Analyzing the past to prepare for the future: Writing a literature review. MIS Quart. 2002, 26, 13–23.
Available online: https://www.jstor.org/stable/4132319 (accessed on 25 September 2021).

33. Loeffler, C.R.; Tartaglione, L.; Friedemann, M.; Spielmeyer, A.; Kappenstein, O.; Bodi, D. Ciguatera Mini Review: 21st Century
Environmental Challenges and the Interdisciplinary Research Efforts Rising to Meet Them. Int. J. Environ. Res. Public Health 2021,
18, 3027. [CrossRef]

34. Li, X.; Sapp, A.C.; Singh, N.; Matthias, L.; Bailey, C.; DeMent, J.; Havelaar, A.H. Detecting Foodborne Disease Outbreaks in
Florida through Consumer Complaints. J. Food Prot. 2020, 83, 1877–1888. [CrossRef]

35. Beatty, P.; Boulter, M.; Carter, S.; Chinain, M.; Doblin, M.; Farrell, H.; Gatti, C.; Hallegraeff, G.; Harwood, T.; Sandberg, S.; et al.
National Ciguatera Research Strategy: Reducing the Incidence of Ciguatera in Australia through Improved Risk Management; Seger, A.,
Dowsett, N., Turnbull, A., Eds.; South Australian Research and Development Institute: Adelaide, Australia, 2019; pp. 1–32.
Available online: https://www.safefish.com.au/-/media/fish-safefish/documents/technical-reports/national-ciguatera-fish-
poisoning-research-strategy-final.ashx (accessed on 25 September 2021).

347



Toxins 2021, 13, 692

36. Schoelinck, C.; Hinsinger, D.D.; Dettaï, A.; Cruaud, C.; Justine, J.-L. A Phylogenetic Re-Analysis of Groupers with Applications
for Ciguatera Fish Poisoning. PLoS ONE 2014, 9, e98198. [CrossRef]

37. Mustapa, N.I.; Teng, S.T.; Tan, T.H.; Lim, H.C.; Lim, P.T.; Leaw, C.P. Character evolution of the benthic thecate dinoflagellate,
Gambierdiscus (Dinophyceae), with an introduction of the interactive key to species. Malays. J. Sci. 2015, 34, 33–42. [CrossRef]

38. Cabrera-Suárez, F.; Bilbao-Sieyro, A.; Perez-González, Y.; Castro-Rodríguez, R.; Torres-López, C.; Sánchez-Herrera, R.;
Pavón-Salas, N. A web application as a contribution to the risk analysis of the Ciguatera in the Canary Islands. In Proceedings of
the Conference Abstract: XX Iberian Symposium on Marine Biology Studies (SIEBM XX), Braga, Portugal, 9–12 September 2019;
Available online: https://www.frontiersin.org/Community/AbstractDetails.aspx?ABS_DOI=10.3389/conf.fmars.2019.08.0015
7&eid=6597&sname=XX_Iberian_Symposium_on_Marine_Biology_Studies_(SIEBM_XX)_ (accessed on 25 September 2021).

39. Clausing, R.J.; Chinain, M.; Dechraoui-Bottein, M.Y. Practical sampling guidance for determination of ciguatoxin. In Guide
for Designing and Implementing a Plan to Monitor Toxin-Producing Microalgae; Reguera, B., Alonso, R., Moreira, A., Méndez, S.,
Dechraoui-Bottein, M.Y., Eds.; Manuals and Guides 59; IOC-UNESCO: Paris, France, 2016; pp. 51–63.

40. Clua, E.; Brena, P.F.; Lecasble, C.; Ghnassia, R.; Chauvet, C. Prevalence and proposal for cost-effective management of the
ciguatera risk in the Noumea fish market, New Caledonia (South Pacific). Toxicon 2011, 58, 591–601. [CrossRef]

41. Anderson, C.R.; Berdalet, E.; Kudela, R.M.; Cusack, C.K.; Silke, J.; O’Rourke, E.; Dugan, D.; McCammon, M.; Newton, J.A.; Moore,
S.K.; et al. Scaling Up from Regional Case Studies to a Global Harmful Algal Bloom Observing System. Front. Mar. Sci. 2019,
6, 250. [CrossRef]

42. Chan, T.Y.K. Ciguatera Fish Poisoning in East Asia and Southeast Asia. Mar. Drugs 2015, 13, 3466–3478. [CrossRef] [PubMed]
43. Friedman, M.A.; Fernandez, M.; Backer, L.C.; Dickey, R.W.; Bernstein, J.; Schrank, K.; Kibler, S.; Stephan, W.; Gribble, M.O.;

Bienfang, P.; et al. An Updated Review of Ciguatera Fish Poisoning: Clinical, Epidemiological, Environmental, and Public Health
Management. Mar. Drugs 2017, 15, 72. [CrossRef]

44. Tester, P.A.; Feldman, R.L.; Nau, A.W.; Kibler, S.R.; Litaker, R.W. Ciguatera fish poisoning and sea surface temperatures in the
Caribbean Sea and the West Indies. Toxicon 2010, 56, 698–710. [CrossRef] [PubMed]

45. Kibler, S.R.; Davenport, E.D.; Tester, P.A.; Hardison, D.R.; Holland, W.C.; Litaker, R.W. Gambierdiscus and Fukuyoa species in
the greater Caribbean: Regional growth projections for ciguatera-associated dinoflagellates. Ecol. Model. 2017, 360, 204–218.
[CrossRef]

46. Nelis, J.L.D.; Tsagkaris, A.S.; Dillon, M.J.; Hajslova, J.; Elliott, C.T. Smartphone-based optical assays in the food safety field. TrAC
Trends Anal. Chem. 2020, 129, 115934. [CrossRef]

47. Tsagkaris, A.S.; Nelis, J.L.D.; Ross, G.M.S.; Jafari, S.; Guercetti, J.; Kopper, K.; Zhao, Y.; Rafferty, K.; Salvador, J.P.;
Migliorelli, D.; et al. Critical assessment of recent trends related to screening and confirmatory analytical methods for
selected food contaminants and allergens. TrAC Trends Anal. Chem. 2019, 121, 115688. [CrossRef]

48. Leonardo, S.; Tsumuraya, T.; Oshiro, N.; Hirama, M.; Diogène, J.; Campàs, M. Smartphone-based electrochemical immunosensor
for ciguatoxins detection. In Proceedings of the 1st International Electronic Conference on Toxins, online, 16–31 January 2021.
[CrossRef]

49. Bano, K.; Khan, W.S.; Cao, C.; Khan, R.F.; Webster, T.J. Biosensors for Detection of Marine Toxins. In Nanobiosensors: From Design
to Applications; Chapter 14; Wu, A., Khan, W.S., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2020; pp.
329–356. [CrossRef]

50. Hian, M.E. Ciguatera in Florida Keys patch reefs: Biogeographic indicators of Gambierdiscus Density and temporal abundance
(CFP: Big data). Master’s Thesis, Faculty of the College of Arts and Sciences, Florida Gulf Coast University, Fort Myers, FL, USA,
2018. Available online: https://fgcu.digital.flvc.org/islandora/object/fgcu%3A31535 (accessed on 25 September 2021).

51. Chinain, M.; Gatti, C.M.I.; Ung, A.; Cruchet, P.; Revel, T.; Viallon, J.; Sibat, M.; Varney, P.; Laurent, V.; Hess, P.; et al. Evidence for
the Range Expansion of Ciguatera in French Polynesia: A Revisit of the 2009 Mass-Poisoning Outbreak in Rapa Island (Australes
Archipelago). Toxins 2020, 12, 759. [CrossRef]

52. Cressey, P.; Bolton, A.; Pantos, O.; Nicolas, J. Risk Profile: Ciguatoxins in seafood. New Zealand Food Safety Technical Paper No:
2019/06, prepared for New Zealand Food Safety. Ministry for Primary Industries, New Zealand Government. 2019. Available
online: https://www.mpi.govt.nz/dmsdocument/37859/direct (accessed on 25 September 2021).

53. FAO/WHO. Report of the Expert Meeting on Ciguatera Poisoning. Rome, 19–23 November 2018. In Food Safety and Quality No. 9;
FAO/WHO: Rome, Italy, 2020. [CrossRef]

54. Friedemann, M. Ciguatera fish poisoning outbreaks from 2012 to 2017 in Germany caused by snappers from India, Indonesia,
and Vietnam. J. Consum. Prot. Food Saf. 2019, 14, 71–80. [CrossRef]

55. Goater, S.; Derne, B.; Weinstein, P. Critical Issues in the Development of Health Information Systems in Supporting Environmental
Health: A Case Study of Ciguatera. Environ. Health Persp. 2011, 119, 585–590. [CrossRef]

56. Kappel, K.; Schröder, U. Difficulties in DNA barcoding-based authentication of snapper products due to ambiguous nucleotide
sequences in public databases. Food Control 2020, 118, 107348. [CrossRef]

57. Kusche, H.; Hanel, R. Consumers of mislabeled tropical fish exhibit increased risks of ciguatera intoxication: A report on
substitution patterns in fish imported at Frankfurt Airport, Germany. Food Control 2021, 12, 107647. [CrossRef]

58. Llewellyn, L.E. Revisiting the association between sea surface temperature and the epidemiology of fish poisoning in the South
Pacific: Reassessing the link between ciguatera and climate change. Toxicon 2010, 56, 691–697. [CrossRef]

348



Toxins 2021, 13, 692

59. Parsons, M.L.; Aligizaki, K.; Dechraoui Bottein, M.-Y.; Fraga, S.; Morton, S.L.; Penna, A.; Rhodes, L. Gambierdiscus and Ostreopsis:
Reassessment of the state of knowledge of their taxonomy, geography, ecophysiology, and toxicology. Harmful Algae 2012, 14,
107–129. [CrossRef]

60. Sunesen, I.; Méndez, S.M.; Mancera-Pineda, J.E.; Dechraoui-Bottein, M.-Y.; Enevoldsen, H. The Latin America and Caribbean
HAB status report based on OBIS and HAEDAT maps and databases. Harmful Algae 2021, 102, 101920. [CrossRef] [PubMed]

61. Yang, Z.; Luo, Q.; Liang, Y.; Mazumder, A. Processes and pathways of ciguatoxin in aquatic food webs and fish poisoning of
seafood consumers. Environ. Rev. 2016, 24, 144–150. [CrossRef]

62. Young, N.; Sharpe, R.A.; Barciela, R.; Nichols, G.; Davidson, K.; Berdalet, E.; Fleming, L.E. Marine harmful algal blooms and
human health: A systematic scoping review. Harmful Algae 2020, 98, 101901. [CrossRef] [PubMed]

63. Anderson, D.M.; Fensin, E.; Gobler, C.J.; Hoeglund, A.E.; Hubbard, K.A.; Kulis, D.M.; Landsberg, J.H.; Lefebvre, K.A.; Provoost,
P.; Richlen, M.L.; et al. Marine harmful algal blooms (HABs) in the United States: History, current status and future trends.
Harmful Algae 2021, 102, 101975. [CrossRef]

64. Boucaud-Maitre, D.; Vernoux, J.P.; Pelczar, S.; Daudens-Vaysse, E.; Aubert, L.; Boa, S.; Ferracci, S.; Garnier, R. Incidence and
clinical characteristics of ciguatera fish poisoning in Guadeloupe (French West Indies) between 2013 and 2016: A retrospective
cases-series. Sci. Rep. 2018, 8, 3095. [CrossRef]

65. Bresnan, E.; Arévalo, F.; Belin, C.; Branco, M.A.C.; Cembella, A.D.; Clarke, D.; Correa, J.; Davidson, K.; Dhanji-Rapkova, M.;
Lozano, R.F.; et al. Diversity and regional distribution of harmful algal events along the Atlantic margin of Europe. Harmful Algae
2021, 102, 101976. [CrossRef]

66. Hallegraeff, G.M.; Schweibold, L.; Jaffrezic, E.; Rhodes, L.; MacKenzie, L.; Hay, B.; Farrell, H. Overview of Australian and New
Zealand harmful algal species occurrences and their societal impacts in the period 1985 to 2018, including a compilation of
historic records. Harmful Algae 2021, 102, 101848. [CrossRef]

67. Zheng, L.; Gatti, C.M.i.; Garrido Gamarro, E.; Suzuki, A.; Teah, H.Y. Modeling the time-lag effect of sea surface temperatures on
ciguatera poisoning in the South Pacific: Implications for surveillance and response. Toxicon 2020, 182, 21–29. [CrossRef]

68. Liefer, J.D.; Richlen, M.L.; Smith, T.B.; DeBose, J.L.; Xu, Y.; Anderson, D.M.; Robertson, A. Asynchrony of Gambierdiscus spp.
Abundance and Toxicity in the U.S. Virgin Islands: Implications for Monitoring and Management of Ciguatera. Toxins 2021,
13, 413. [CrossRef]

69. Economic Commission for Europe of the United Nations (UNECE). Glossary of Terms on Statistical Data Editing. In Proceedings
of the Conference of European Statisticians Methodological Material, Geneva, Switzerland. 2000. Available online: https:
//stats.oecd.org/glossary (accessed on 25 September 2021).

70. Soliño, L.; Costa, P.R. Global impact of ciguatoxins and ciguatera fish poisoning on fish, fisheries and consumers. Environ. Res.
2020, 182, 109111. [CrossRef]

71. Barthel, R.; Seidl, R. Interdisciplinary Collaboration between Natural and Social Sciences-Status and Trends Exemplified in
Groundwater Research. PLoS ONE 2017, 12, e0170754. [CrossRef]

72. Pohl, C. How to bridge between natural and social sciences? An analysis of three approaches to transdisciplinary from the Swiss
and German field of environmental research. Nat. Sci. Soc. 2001, 9, 37–46. [CrossRef]

73. Daneshian, M.; Botana, L.M.; Dechraoui Bottein, M.-Y.; Buckland, G.; Campàs, M.; Dennison, N.; Dickey, R.W.; Diogène, J.;
Fessard, V.; Hartung, T.; et al. A roadmap for hazard monitoring and risk assessment of marine biotoxins on the basis of chemical
and biological test systems. ALTEX–Altern. Anim. Ex. 2013, 30, 487–545. [CrossRef]

74. Bean, H.; Sutton, J.; Liu, B.F.; Madden, S.; Wood, M.M.; Mileti, D.S. The study of mobile public warning messages: A research
review and agenda. Rev. Commun. 2015, 15, 60–80. [CrossRef]

75. Probst, W.N. How emerging data technologies can increase trust and transparency in fisheries. ICES J. Mar. Sci. 2020, 77,
1286–1294. [CrossRef]

349





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Toxins Editorial Office
E-mail: toxins@mdpi.com

www.mdpi.com/journal/toxins





MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34

www.mdpi.com ISBN 978-3-0365-6429-6 


	A9R21uocv_1d4vot4_l8
	[Toxins] Ciguatoxins.pdf
	A9R21uocv_1d4vot4_l8.pdf



