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Abstract: The sea urchin Tripneustes gratilla (Toxopneustidae, Echinoids) is a source of protein for many
islanders in the Indo-West Pacific. It was previously reported to occasionally cause ciguatera-like
poisoning; however, the exact nature of the causative agent was not confirmed. In April and July 2015,
ciguatera poisonings were reported following the consumption of T. gratilla in Anaho Bay (Nuku Hiva
Island, Marquesas archipelago, French Polynesia). Patient symptomatology was recorded and sea
urchin samples were collected from Anaho Bay in July 2015 and November 2016. Toxicity analysis
using the neuroblastoma cell–based assay (CBA-N2a) detected the presence of ciguatoxins (CTXs)
in T. gratilla samples. Gambierdiscus species were predominant in the benthic assemblages of Anaho
Bay, and G. polynesiensis was highly prevalent in in vitro cultures according to qPCR results. Liquid
chromatography–tandem mass spectrometry (LC-MS/MS) analyses revealed that P-CTX-3B was the
major ciguatoxin congener in toxic sea urchin samples, followed by 51-OH-P-CTX-3C, P-CTX-3C,
P-CTX-4A, and P-CTX-4B. Between July 2015 and November 2016, the toxin content in T. gratilla
decreased, but was consistently above the safety limit allowed for human consumption. This study
provides evidence of CTX bioaccumulation in T. gratilla as a cause of ciguatera-like poisoning
associated with a documented symptomatology.

Keywords: ciguatera poisoning; ciguatoxins; Tripneustes gratilla; sea urchin; Echinoidea; Gambierdiscus polynesiensis;
window screens; artificial substrates; qPCR assays; CBA-N2a; LC-MS/MS

1. Introduction

Tripneustes gratilla Linnaeus, 1758 (Echinoidea, Temnopleuroida, Toxopneustidae) (Figure 1) is
a fast-growing echinoid found in isolated populations throughout the warm temperate Indo-Pacific
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region [1]. T. gratilla is commonly known as the “collector urchin,” as it tends to cover itself with debris
(sand, rocks) for protection from sunlight and predators [2]. Tripneustes species are mostly grazers of sea
grasses in tropical regions [3,4] and macroalgae in more temperate regions [1,5]. By nature, sea urchins
must ingest and process large quantities of macroalgae and/or sea grass to meet their nutritional
requirements for protein [6]. According to Byrne et al., 2008 [7], Tripneustes species are ecologically
important, especially in sea grass habitats, and are often keystone species as primary herbivores.
Related to this rapid consumption of algae and sea grasses, T. gratilla is sometimes considered a pest in
seaweed farms in the Philippines [8]; however, this marine generalist herbivore has also been used as
biocontrol for invasive algae [9].

Figure 1. Tripneustes gratilla (Linnaeus, 1767) (photo credit: © ILM).

This edible species produces high-quality gonads with excellent market value, and is one of
the most commercially important sea urchin species in several countries, including Australia, Japan,
the Philippines, and South Africa [5,10]. International demand for such high-quality urchin roe has,
however, led to overfishing of natural populations of this and other echinoid species [10]. Apart from its
importance in the international sea urchin industry, T. gratilla are also a highly prized delicacy and are
part of the subsistence diet in Pacific Island countries and territories (PICTs) [11–13]. These echinoderms
can be picked off the reef at low tide or collected by free diving in shallow waters, an activity mainly
carried out by women and children [11–13].

In French Polynesia, the local population is fond of sea urchins like T. gratilla, eating crude roe
despite the toxic risk incurred. At the end of the 1950s, T. gratilla was known by the locals to be toxic in
one part of the shore reef on the Island of Moorea (Society Island, French Polynesia; Figure 2) [14].

Figure 2. Maps of (A) French Polynesia and (B) Moorea Island (Society archipelago), Rurutu Island
(Australes archipelago), and Nuku Hiva Island (Marquesas archipelago).

Years later, in 2009, its consumption led to the poisoning of six persons on the Island of Rurutu
(Australes archipelago, French Polynesia; Figure 2B) [15]. The severe gastrointestinal and neurological
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symptoms exhibited by these patients were consistent with ciguatera fish poisoning (CFP) syndrome [15].
Following this toxic episode, Pawlowiez et al., 2013 [15] suggested the presence of ciguatoxin-like
compounds in sea urchin specimens of Rurutu Island. Evidence to support this hypothesis was obtained by
extracting T. gratilla tissues, fractionating the extracts by means of high-performance liquid chromatography
(HPLC), and then assaying the fractions for toxicity using both the neuroblastoma cell–based (CBA-N2a)
and radioactive receptor binding (RRBA) assays designed to detect ciguatoxins (CTXs). Certain fractions
were shown to have activity consistent with CTXs. Known to be potent marine neurotoxins, CTXs are
produced by the benthic dinoflagellate Gambierdiscus spp. and bioaccumulated in the food chain, classically
in herbivorous, omnivorous, and carnivorous fishes [16,17]. However, in PICTs, marine invertebrates such
as giant clams (e.g., Tridacna maxima, Hippopus hippopus) and trochus (Tectus niloticus) can also accumulate
CTXs and are responsible for sporadic and severe poisoning incidents [15,18–21].

More recently, another ciguatera poisoning event involving three people was reported from
Nuku Hiva Island (Marquesas archipelago, French Polynesia; Figure 2) following the consumption of
T. gratilla collected from Anaho Bay in April and July 2015. These events prompted the collection of
additional T. gratilla specimens from the toxic area in July 2015 and November 2016 for toxicological
investigation. This paper describes both the symptomatology associated with this poisoning event
and the toxicological analyses conducted on T. gratilla samples using CBA-N2a to search for the
potential presence of CTX in samples. In addition, liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) was used for both identification of ciguatoxin analogs and multitoxin
screening for a variety of other marine toxins: neurologic shellfish toxins (NSPs), i.e., brevetoxins
(PbTX1 to PbTX10); paralytic shellfish poisoning (PSP) toxins, i.e., carbamates (STX, NEO-STX,
GTX1-GTX4), N-sulfocarbamoyls (GTX5, GTX6, and C1 to C4), and decarbamoyls (dcSTX, dcNEO,
dcGTX1-dcGTX4); diarrhetic shellfish poisoning (DSP) toxins, i.e., okadaic acid (OA), dinophysistoxins
(DTXs), pectenotoxins (PTXs), azaspiracids (AZAs), and yessotoxins (YTXs); and cyclic imines
(fast-action toxins (FATs)), i.e., gymnodimines (GYMs), spirolides (SPXs), and pinnatoxins (PnTXs).

Finally, the abundance of Gambierdiscus species in Anaho Bay and the toxic potential of several
Gambierdiscus clonal cultures established from the field-collected material were assessed using
quantitative polymerase chain reaction (qPCR) assays and CBA-N2a to confirm whether they were the
source of the ciguatoxins.

2. Results

2.1. Patient Descriptions and Acute Clinical Manifestations

In 2015, two poisoning events occurred in a three-month interval between April and July, affecting
a 57-year-old woman, a 62-year-old man, and a 65-year-old woman. All of them presented at
the hospital on Nuku Hiva Island with a poisoning syndrome evocative of ciguatera poisoning
(i.e., a combination of gastrointestinal, neurological, and general disorders) after consuming T. gratilla
specimens. These three patients had eaten raw gonads of T. gratilla sprinkled with lemon juice. Clinical
manifestations reported by physicians at the Nuku Hiva hospital (9 days postpoisoning for patients 1
and 2; 5 days postpoisoning for patient 3) are shown in Table 1.
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Table 1. Clinical manifestations for the three patients observed 9 days (patients 1 and 2) and 5 days
(patient 3) after consuming Tripneustes gratilla on Nuku Hiva Island (Marquesas archipelago, French
Polynesia) in April and July 2015.

SYMPTOMS 1 Occurrence

April July

Patient no. 1 2 3
Symptoms onset (h) <1 <1 <1

GASTROINTESTINAL
Nausea/vomiting x x x

Diarrhea x x x
NEUROLOGICAL

Cold allodynia x x x
Tingling x x x

Touch disturbances x x x
Itching x x x

Burning sensation (throat, mouth) x x x
Headache, dizziness x x x

Vision disorder x
OTHER
Asthenia x x x
Myalgia x x x

Urogenital discomfort/urogenital burning/urogenital pain x x x
Hypothermia, chills x x

Arthralgia x
1 Cardiovascular symptoms were not recorded.

As they lived in a secluded bay in the northern part of the island, and due to extreme tiredness
and lack of strength, patients 1 and 2 waited 9 days and patient 3 waited 5 days postpoisoning before
they were able to consult at the only hospital on the island, located in the south.

Based on medical reports, all patients first experienced nausea, vomiting, and diarrhea in the hour
following T. gratilla consumption. These symptoms were associated with neurological manifestations
such as cold allodynia (abnormal pain/discomfort in contact with cold stimuli), tingling of the
extremities (hands, feet) and face, touch disturbances, itching, burning of the mouth and throat,
headache, and dizziness. Among general symptoms, all patients presented with asthenia, myalgia,
and urogenital discomfort, burning, or pain. Patients 1 and 2 experienced transient hypothermia with
chills, while patients 1 and 3 developed vision disorder and arthralgia, respectively. No cardiovascular
disorders were observed or might have been missed due to late presentation. One month postpoisoning,
patients 1 and 2 still experienced extreme tiredness, digestive symptoms (constipation), headache,
cold allodynia, and itching of the face.

2.2. Abundance of Gambierdiscus spp. in Anaho Bay

Gambierdiscus cells were collected from macroalgae and from six window screen (WS) artificial
substrate sampling devices deployed at Anaho Bay on Nuku Hiva Island during a field mission in July
2015 (Tables 2 and 3).
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Table 2. Cell densities of several benthic dinoflagellate genera found on macroalgal substrates versus
window screens (artificial substrates) in Anaho Bay (Nuku Hiva Island, Marquesas archipelago) in
July 2015.

Dinoflagellates DMA n = 6 (CV) DWS n = 6 (CV)

Gambierdiscus 567 ± 546 (0.96) 14,417 ± 12,280 (0.85)
Ostreopsis 3 ± 1 (0.33) 7283 ± 13,726 (1.88)

Prorocentrum 32 ± 11 (0.34) 2500 ± 3176 (1.27)

DMA = cell density expressed in number of cells/g (wet weight) of macroalgae; DWS = cell density per WS expressed
in cells/150 cm2; CV = coefficient of variation.

Table 3. Gambierdiscus spp. identification of in vitro culture strains isolated from window-screen
samples deployed in Anaho Bay (Nuku Hiva Island, Marquesas archipelago).

Gambierdiscus Species n Names of Strains

G. polynesiensis 4 NHA-4, -9, -14, -22
G. carpenteri 2 NHA-19, -20
G. pacificus 2 NHA-1, -24

n = number of cultured strains established in the laboratory.

Microscopic cell enumeration performed on sample aliquots revealed that macroalgal substrates
(namely turf-like and Halimeda sp.) were colonized by high numbers of Gambierdiscus cells (567± 546 cells/g
of macroalgae) compared to Ostreopsis and Prorocentrum, whose cell densities were 17- and 189-fold lower,
respectively (Table 2). The Gambierdiscus densities varied from 146 to 1625 cells/g of macroalgae, confirming
the patchy distribution of Gambierdiscus on macroalgal substrates. Similar patchiness was observed on WS
(artificial) substrates, with densities varying from 1225 to 38,300 cells/150 cm2. The coefficients of variation
were higher when elevated cell densities were enumerated from both macroalgae and WSs, but were lower
when low cell counts were obtained (Table 3). Gambierdiscus spp. were also the dominant taxa compared to
co-occurring Ostreopsis and Prorocentrum species (cell densities two- to five-fold lower, respectively) on WS
substrates. Overall, the artificial substrates consistently yielded higher cell densities than natural macroalgal
substrates (Table 2).

In parallel, qPCR assays using 10 distinct sets of Gambierdiscus species-specific primers were
performed on WS samples to assess the relative abundance of Gambierdiscus species in Anaho Bay.
Unfortunately, due to partial degradation of DNA in the samples, consistent cell enumeration could
not be attained by qPCR. However, at least five Gambierdiscus species were detected in Anaho
Bay: Gambierdiscus carpenteri, G. polynesiensis, G. caribaeus, G. pacificus, and G. australes. Additionally,
qPCR assays were performed on eight clonal cultures of Gambierdiscus established from cells isolated from
WS samples. The assays revealed that four strains belonged to G. polynesiensis, two strains to G. carpenteri,
and two strains to G. pacificus (Table 3).

2.3. Toxicity Results Using CBA-N2a

2.3.1. Toxicity of Gambierdiscus Clonal Cultures

Liposoluble fractions from clonal cultures of Gambierdiscus were tested by CBA-N2a under OV+

conditions (neuro-2a cells treated with ouabain and veratridine mixture) and OV− conditions (untreated
neuro-2a cells without ouabain and veratridine added) (see Section 4.3). Among eight clonal cultures
tested, two strains of G. carpenteri (NHA19 and NAH20) were nontoxic (data not shown), whereas four
strains of G. polynesiensis and two strains of G. pacificus displayed CTX-like toxic activity on neuroblastoma
cells; i.e., all six liposoluble fractions showed no cytotoxicity under OV− conditions versus a sigmoidal
dose-response curve in OV+ conditions, a response typical of CTX bioactivity (Figure 3).
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Figure 3. Dose-response curves of neuro-2a cells not treated with ouabain and veratridine (OV−;
open symbols) and treated with ouabain and veratridine (OV+; solid symbols), when exposed to
increasing concentrations of liposoluble fractions of Gambierdiscus strains isolated from Anaho Bay.
Liposoluble fractions from NHA1 ( / ), NHA4 ( / ), NHA9 (�/�), NHA14 (4/N), NHA22 ( / ),
NHA24 ( / ). Data represent the mean ± SD of three independent experiments (each concentration
run in triplicate). The dotted vertical line corresponds to the maximum concentration of dry extract
(MCE = 10,000 pg/µL) for matrix interference.

Raw EC50 values for Gambierdiscus strains expressed in pg/µL of dry extract were further converted
to cell equiv./µL. The EC50 converted ranged from (6.77 ± 0.38) × 10−4 to 2.66 ± 0.21 cell equiv./µL
(Table 4). The mean toxin content calculated for three of the G. polynesiensis strains, NHA4, NHA14,
and NHA22, were similar, at 1.61 ± 0.08, 1.68 ± 0.10, and 1.69 ± 0.06 pg P-CTX-3C equiv./cell (n = 3),
respectively, and slightly higher for NHA9, at 2.13 ± 0.12 pg P-CTX-3C equiv./cell (n = 3) (Table 4).
For the two strains of G. pacificus, NHA1 and NHA24, the mean toxin contents were (5.44± 0.42)× 10−4

and (11.11± 0.37)× 10−4 pg P-CTX-3C equiv./cell (n = 3), respectively (Table 4). When comparing the
toxin content among these six strains, G. polynesiensis strains were 1450- to 3922-fold more toxic than
G. pacificus strains.

Table 4. EC50 values and toxin content estimates from eight clonal cultures of Gambierdiscus established
from Anaho Bay. ND = not detected.

Gambierdiscus Species Strain EC50 Cell Equiv./µL pg P-CTX-3C Equiv./Cell

G. polynesiensis

NHA4 (8.96 ± 0.48) × 10−4 1.61 ± 0.08
NHA9 (6.77 ± 0.87) × 10−4 2.13 ± 0.12
NHA14 (8.61 ± 0.52) × 10−4 1.68 ± 0.10
NHA22 (8.51 ± 0.29) × 10−4 1.69 ± 0.06

G. carpenteri NHA19 ND ND
NHA20 ND ND

G. pacificus NHA1 2.66 ± 0.21 (5.44 ± 0.42) × 10−4

NHA24 1.30 ± 0.04 (11.11 ± 0.37) × 10−4

2.3.2. Toxicity of Tripneustes gratilla Samples

The toxicity of T. gratilla extracts prepared from field samples collected from Anaho Bay in July 2015
and November 2016 was investigated by testing both liposoluble fractions (LF70/30, LF90/10, LF100)
and hydrosoluble fractions (HF50/50, HF70/30, HF90/10, HF100).
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Except for fraction HF50/50, all T. gratilla fractions from samples collected in July 2015 displayed
a negative response in OV− conditions and a typical sigmoidal dose-response curve in OV+ conditions,
a result characteristic of the mode of action of CTXs (Figure 4a,b).

Figure 4. Dose-response curves of neuro-2a cells in OV− (open symbols) and OV+ (solid symbols)
conditions, when exposed to increasing concentrations of Tripneustes gratilla fractions (Anaho Bay,
July 2015). (a) Liposoluble fractions LF70/30 ( / ), LF90/10 ( / ) and LF100 ( / ); (b) hydrosoluble
fractions HF50/50 ( / ), HF70/30 ( / ), HF90/10 ( / ), and HF100 ( / ). Data represent the
mean± SD of two independent experiments (each concentration run in triplicate). The dotted vertical line
corresponds to the maximum concentration of dry extract (MCE = 10,000 pg/µL) for matrix interferences.

For all fractions that tested positive by CBA-N2a, raw EC50 values expressed in pg/µL of dry
extract were further converted to µg tissue equiv./µL. For liposoluble fractions, the EC50 values
were 3.92 ± 0.77 (n = 2), 0.08 ± 0.01 (n = 4), and 1.06 ± 0.19 (n = 4) µg tissue equiv./µL for
LF70/30, LF90/10, and LF100, respectively, with LF90/10 being the most potent fraction (Figure 4a).
For hydrosoluble fractions, EC50 values estimated for HF70/30, HF90/10, and H100 were 14.26 ± 3.48
(n = 4), 2.10 ± 0.68 (n = 3), and 6.49 ± 1.66 (n = 4) µg tissue equiv./µL, respectively, with HF90/10
being the most potent hydrosoluble fraction (Figure 4b).

As for T. gratilla samples collected in November 2016, a response typical of P-CTXs was observed
only in fraction LF90/10 (EC50 = 4.67 ± 1.00 µg tissue equiv./µL, n = 2), whereas all other fractions
(LF70/30, LF100, HF50/50, HF70/30, HF90/10, HF100) were found to be nontoxic (Figure 5).

Figure 5. Dose-response curves of neuro-2a cells in OV− (open symbols) and OV+ (solid symbols)
conditions, when exposed to increasing concentrations of Tripneustes gratilla fractions (Anaho Bay,
November 2016). Liposoluble fractions LF70/30 ( / ), LF90/10 ( / ), and LF100 ( / ).
Data represent the mean ± SD of two independent experiments (each concentration run in triplicate).
The two last points of LF90/10 in OV− and OV+ conditions were not included in the curve, as they
increased and were above the MCE. The dotted vertical line corresponds to the maximum concentration
of dry extract (MCE = 10,000 pg/µL) for matrix interferences.
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These EC50 values were then used to infer the mean toxin content in the positive fractions of
T. gratilla samples (Table 5). Regardless of the sampling date, ∼=97% of the total toxin content was
found in the liposoluble fractions, primarily in LF90/10 (88%), followed by LF100 (7%), and only 3%
in hydrosoluble fractions. Additionally, while CTXs were detected in almost all fractions collected in
July 2015, only one fraction was found to contain residual ciguatoxicity in November 2016. The total
toxin content estimates in T. gratilla samples collected from Anaho Bay reached 20.19 ± 2.96 ng
P-CTX-3C equiv./g of tissue in July 2015, then dropped to 0.32 ± 0.07 ng P-CTX-3C equiv./g of tissue
in November 2016, corresponding to a 64-fold decrease in toxicity (Table 5).

Table 5. Toxin content estimates in Tripneustes gratilla samples collected from Anaho Bay in July 2015 and
November 2016, based on EC50 values obtained using CBA-N2a. Each value represents the mean ± SD of
two to four independent experiments.

Fractions Toxin Content 1

July 2015 November 2016

LF70/30 0.38 ± 0.08 ND
LF90/10 17.36 ± 2.37 0.32 ± 0.07

LF100 1.39 ± 0.21 ND
HF50/50 ND ND
HF70/30 0.11 ± 0.03 ND
HF90/10 0.73 ± 0.21 ND

HF100 0.23 ± 0.05 ND
Total toxin content 20.19 ± 2.96 0.32 ± 0.07

1 Results expressed in ng P-CTX-3C equiv./g of tissue.

2.4. Characterization of Toxin Profiles in Tripneustes gratilla Toxic Fractions Using LC-MS/MS

LC-MS/MS analyses confirmed the presence of P-CTXs in toxic fractions of T. gratilla collected
from Anaho Bay in July 2015 and November 2016 (Figure 6A–C).

Figure 6. Cont.
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Figure 6. LC-MS/MS chromatograms obtained for (A) a mix of P-CTX standards (provided by Institut
Louis Malardé) and solid phase extraction–purified extracts of Tripneustes gratilla collected from Anaho
Bay in (B) July 2015 and (C) November 2016. Chromatograms were acquired following the procedure
described in Section 4.5, in positive multireaction monitoring mode.

In T. gratilla samples collected in July 2015 (Figure 6B), P-CTX-3B, P-CTX-3C, 51-OH-P-CTX-3C,
P-CTX-4A, and P-CTX-4B were formally identified by comparison with the corresponding standards
(Figure 6A). For the November 2016 samples, only P-CTX-3B and P-CTX-3C were identified, albeit at
concentrations close to the detection limit, whereas 51-OH-P-CTX-3C, P-CTX-4A, and P-CTX-4B were
not detected (Figure 6C).

In addition, the relative concentration of each of these congeners in T. gratilla toxin extracts was
assessed using a calibration range of P-CTX-3C (Wako supplier) (Table 6). In the solid phase extraction
(SPE Si) extract obtained from T. gratilla collected in July 2015, P-CTX-3B appeared to be the most
prevalent toxin congener (44%), followed by 51-OH-P-CTX-3C (25%), P-CTX-3C (20%), P-CTX-4A (5%),
and P-CTX-4B (5%), whereas the toxin profile in the November 2016 samples was composed of 58%
P-CTX-3C and 42% P-CTX-3B.



Mar. Drugs 2018, 16, 122 10 of 22

Table 6. Estimation of the relative concentrations of P-CTX congeners in T. gratilla collected in Anaho
Bay using LC-MS/MS.

Date P-CTX-3B P-CTX-3C 51-OH-P-CTX-3C P-CTX-4A P-CTX-4B Total

July 2015 9.57 4.23 5.48 1.16 1.1 21.5
November 2016 0.70 0.78 <LD <LD <LD 1.48

Results expressed in ng P-CTX-3C equiv./g of tissue, with a detection limit of 0.05 ng P-CTX-3C equiv./g of tissue.

Based on LC-MS/MS analysis, the total toxin contents in T. gratilla samples from July 2015
and November 2016 were estimated at 21.5 and 1.48 ng P-CTX-3C equiv./g of tissue, respectively,
corresponding to a 15-fold decrease in toxicity between these two sampling periods (Table 6).

The multitoxin screening conducted on the T. gratilla samples from Anaho Bay (July 2015 and
November 2016) showed the absence of NSP toxins (brevetoxin group), DSP toxins as okadaic acid
(OA), dinophysistoxins (DTXs), azaspiracids (AZAs), and yessotoxins (YTXs), no pectenotoxins (PTXs),
and FATs comprising gymnodimines (GYMs), spirolides (SPXs), and pinnatoxins (PnTXs).

3. Discussion

For Pacific Islanders, not only fish, but also marine invertebrates are a valuable source of protein and
revenue. Their consumption, however, may pose health hazards as a result of the bioaccumulation of
potent marine biotoxins in marine food webs. In April and July 2015, two consecutive poisoning events
involving three persons who developed a ciguatera-like syndrome after consuming Tripneustes gratilla
specimens collected from the island of Nuku Hiva (Marquesas archipelago, French Polynesia) prompted
field investigations and a follow-up study to better characterize the clinical picture of this uncommon
poisoning and the toxins involved.

In the April and July toxicity events, the three individuals promptly developed a wide array of
digestive and neurological symptoms (including cold allodynia) following the consumption of raw gonads
of T. gratilla (four urchins per person for patients 1 and 2, unknown for patient 3). The combination of
gastrointestinal and neurological manifestations was a strong indication of ciguatera poisoning [22,23],
except that the symptoms appeared very quickly, i.e., less than 1 h after the toxic meal. Among other
neurological manifestations, hypothermia and chills were reported in all patients. While this response
is still poorly documented to date, it may correspond to a biological response of the thermoregulatory
system to CTX exposure [24,25]. Moreover, all patients described urogenital disturbances (itching, burning
sensation, or pain), which has been suggested to be a side effect of the excretion of CTXs, as they are
eliminated in urine and feces [26]. One month after the initial poisoning, patients 1 and 2 continued to
manifest significant neurological symptoms. In a significant proportion of ciguatera patients, chronic,
less intense symptoms can persist for months or years. More intense relapses may also occur [22].

The T. gratilla specimens consumed by the patients were not available for analysis. However,
the mean toxin content of T. gratilla specimens collected in July 2015 was ~20 ng P-CTX-3C equiv./g of
tissue. This was well above the advisory safety limit allowed by the U.S. Food and Drug Administration
(FDA) and the European Food Safety Authority (EFSA), i.e., 0.01 ng P-CTX-1B equiv./g of tissue [27,28].
These guidance levels were set based on a 10-fold reduction of the lowest concentration of CTXs found
in meal remnants known to cause human illness. Interestingly, similar digestive and neurological
manifestations were also observed in nine people following consumption of the gastropod Tectus niloticus
collected in the same area one year earlier [29,30]. In both cases, the onset of symptoms was very rapid:
1 h with T. gratilla and 2 to 4 h with T. niloticus. Interestingly, the P-CTX toxin profiles evidenced in T. gratilla
and T. niloticus identified the same congeners in both toxic extracts, i.e., P-CTX-3B, P-CTX-3C, P-CTX-4A,
and P-CTX-4B, except that 51-OH-P-CTX-3C was present only in T. gratilla specimens. The similarity in
the toxin profiles further suggests common origin(s) for the toxins.

A common belief in ciguatera disease research is that cardiovascular symptoms are usually a sign
of the severity of the poisoning, which is under the control of various factors, including the level of
toxin content in toxic meals and the type of tissue ingested [31,32]. This assumption could not be linked
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to the present study because of unavailable information on cardiovascular disorders in these three
patients and the possible concurrent use of alcohol. It is well known that in fish, toxins may be most
concentrated in the head, viscera, and eggs and these should be avoided, as they often contain much
higher CTX concentrations compared to flesh [22,33,34]. While sea urchin lovers would particularly
eat the gonads, estimating the ingested dose was not feasible in this study, as gonad weight and
gonad index were unknown. Moreover, it should be noted that this study did not address any P-CTX
distribution among the different tissues of T. gratilla. This needs to be addressed in future research.

CTXs are known to preferentially bind to site 5 of the alpha subunit of voltage-gated sodium
channels (VGSCs), resulting in various perturbations of the biophysical properties of these channels,
such as inhibition of part of their inactivation and a shift of their activation toward more negative
potential [35,36]. In addition, ciguatoxins target and block voltage-dependent potassium (K+) channels
in excitable membranes. These modifications of Na+ and K+ voltage-gated channel properties
result in a variety of neurocellular perturbations, such as massive Na+ entry, increased intracellular
Ca2+, enhanced neuronal excitability, sustained increase in spontaneous and transient increase in
evoked neurotransmitter release from the motor nerve terminals, and uncoordinated muscular fiber
contraction [37,38]. Based on a previous study [21], these algal CTX congeners show different potencies
and polarities, as evidenced by CBA-N2a and LC-MS/MS experiments. P-CTX-3C and P-CTX-3B
have the greatest adverse impact on the function of VGSCs, contrary to P-CTX-4A and P-CTX-4B,
which are less potent, and also the less polar congeners as shown in the LC-MS/MS chromatograms.
In contrast, Schlumberger et al., 2010 [37] showed that P-CTX-4B was about four times more effective
than P-CTX-1B in affecting K+ channels critical to cardiac function [37]. The interaction between CTXs
and ion channels, however, does not fully account for all the symptoms associated with ciguatera
fish poisoning [36]. Other factors, such as individual susceptibility linked to a patient’s medical
history or the human leucocyte antigen (HLA) genetic profile [39–41], are also important to explain the
differences in clinical outcomes, and account for why the severity, diversity, and duration of symptoms
cannot be linked solely to the toxin content and/or toxin profile of the seafood ingested.

The toxin contents estimated from CBA-N2a and LC-MS/MS data yielded quite similar results
despite the use of two different chemical extraction protocols. A good congruence between these
two different methods was noted by previous studies [42,43]. Our findings indicate that (i) T. gratilla
were able to accumulate and retain CTXs in their tissues at levels well above the threshold for human
poisoning and (ii) the general trend observed in the decrease of T. gratilla toxicity over time from
Anaho Bay remains consistent between these two analytical methods. Such findings suggest that
T. gratilla is able to naturally bioaccumulate P-CTXs in its tissues, and this should be regarded as
a novel bioaccumulation pathway for ciguatera toxins in marine food webs.

As previously shown in the giant clam Tridacna maxima experimentally fed G. polynesiensis cells [44]
and in the trochus Tectus niloticus [21], the toxin profile of the sea urchin T. gratilla mainly comprised four
CTX congeners: P-CTX-3C, -3B, -4A, and -4B, with P-CTX-3B as the predominant congener, suggesting
an enhanced bioaccumulation capacity for this analog in these marine invertebrates. These four analogs
are known to be preferentially produced in Gambierdiscus cultures [45], suggesting that Gambierdiscus
is a likely source of CTXs detected in T. gratilla from Anaho Bay. Indeed, collector urchins graze on just
about any alga or sea grass available, although some urchins showed dietary preferences in laboratory
studies [9]. In this process, Gambierdiscus cells sheltered in macroalgae could be easily ingested by this
generalist herbivore. Other marine echinoids in the Dendrasteridae and Parechinidae families are able
to bioaccumulate ASP toxins or palytoxins (PLTXs), such as Dendraster exentricus in California (USA)
and Paracentrotus lividus in the south of France [46–48].

Regarding the abundance and species diversity of Gambierdiscus in the benthic assemblages of
Anaho Bay, Gambierdiscus clearly dominated over other genera, such as Ostreopsis and Prorocentrum,
in both natural (macroalgae) and artificial (WS devices) substrates monitored in our study. Ostreopsis
and Prorocentrum are commonly found in association with Gambierdiscus as part of a mixed assemblage
of benthic dinoflagellates in French Polynesian ciguateric biotopes [15,19,49,50]. Field observations
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also suggest that Gambierdiscus has been established for a long time in Anaho Bay, since two toxic
Gambierdiscus blooms were previously described in this area back in 2004 [50], and the presence of this
dinoflagellate in the same site was recently documented by Darius et al., 2018 [21]. Gambierdiscus cell
abundance was consistently higher in WS samples than on macroalgae, as assessed by microscopic
enumeration. Caution should be taken when interpreting these data gathered from artificial substrate
deployments [51], but care also needs to be taken when macrophytes are collected, as these can have
very different morphologies, which in turn affects the number of cells/g wet weight algae [52].
The advantage of using artificial substrates is the ability to collect clean samples for molecular
identification purposes, as compared to strong inhibition encountered from collection on macroalgal
samples [21,53,54]. As Gambierdiscus cells often move around, screens left out for 24 h allow an
integrated measure of the cells present on the diverse substrates in the environment. Taken together,
both methods showed high variability of cell densities, indicating small-scale patchy distribution of
Gambierdiscus cells [49,52,55]. Overall, Gambierdiscus cell densities on macroalgae were 378-fold higher
in Anaho Bay in July 2015 than in November 2016 [21].

Based on our qPCR data, at least five different species of Gambierdiscus were present in Anaho
Bay. Unfortunately, reliable qPCR estimates of the relative abundance of these five species in WS
samples could not be achieved in the present study. However, attempts to establish in vitro cultures
of Gambierdiscus from cell isolates collected from field samples eventually yielded six distinct clonal
cultures in the laboratory, with G. polynesiensis as the dominant species, a result consistent with field
observations conducted in the same area in November 2016 [21]. G. polynesiensis is known as one of the
most toxic species of Gambierdiscus described to date [56] and is believed to be a major contributor to the
overall toxin flux into the food web in ciguateric areas. In other words, environments highly colonized
by this species are more likely to foster ciguatoxic fish and marine products in general [45,56–60].

The toxicity of T. gratilla samples from Anaho Bay was monitored at two periods, 3 and 16 months
after the poisoning events. The total toxin content estimated in toxic fractions based on CBA-N2a
and LC-MS/MS data showed a 64- and 15-fold decrease, respectively, in the overall ciguatoxicity of
these samples between July 2015 and November 2016. The same trend was observed in T. niloticus,
suggesting a slow depuration rate for CTXs in these marine invertebrates [21]. However, this finding
may also be confounded by additional accumulation of CTXs over the two-year period, even though
Gambierdiscus abundance was low. It is important to stress that mechanisms controlling the uptake,
metabolization, and depuration of CTXs are still poorly understood in marine invertebrate species
prone to ciguatera, most notably echinoids and gastropods. Further investigation in this field of
research will greatly benefit both ciguatera risk management programs and predictive models of CTX
accumulation in benthic marine food webs.

The possible implication of echinoid and gastropod invertebrates in ciguatera events was
suspected by Randall 1958 [14], who reported a toxic event following the consumption of
T. gratilla in Moorea (Society Island, French Polynesia). Poisoning cases involving other marine
invertebrates, Tectus niloticus (gastropod) and Tridacna maxima (bivalve mollusk), were implicated in
toxic episodes reported in French Polynesia, New Caledonia, and the Cook Islands [15,18,20,29,30].
Starfishes Ophidiaster ophidianus and Marthasterias glacialis (phylum Echinodermata) collected from
the northwestern Moroccan coast also have been reported to contain ciguatoxin congeners [61].
With regard to crustaceans and cephalopods, reports of toxic lobster Panulirus penicillatus and octopus
have been described in the Republic of Kiribati and the Cook Islands [20,62]. In the case of toxic
outbreaks caused by the consumption of giant clams, some authors have speculated on the possible
contribution of other groups of marine organisms and toxins in atypical forms of ciguatera poisoning.
In particular, the production of a suite of toxic metabolites, including CTX-like compounds, anatoxin-a
and homoanatoxin-a, palytoxin, etc., by marine cyanobacteria in the Oscillatoriales group, has been
documented in previous studies [18,63–66]. In the present effort, the multitoxin screening of T. gratilla
for toxic extracts was negative for a variety of other toxic metabolites, including PSP and DSP toxins.
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The high species diversity of the Gambierdiscus populations, including the species G. polynesiensis,
a well-known toxin producer and source of CTXs in marine food webs, together with the high CTX
content found in sea urchins, trochus [21], and fish [50] establish Anaho Bay as a ciguatera hotspot on
Nuku Hiva Island.

In conclusion, T. gratilla is of high value for the sea urchin industry as well as for many island
communities in PICTs, where it represents a valuable nutritional resource. This study provides
evidence of the presence of CTXs in T. gratilla associated with a documented symptomatology.
It was unknown whether the whole tissue was extracted and what the distribution of P-CTXs was
between different organs or tissues. Independent of this, it is clear that consumption of gonads of sea
urchins constitutes a significant risk in areas prone to ciguatera. These novel findings also underline
the importance of maintaining ecotoxicological surveillance in Anaho Bay, as well as the need for
educational interventions among both local populations and visitors to increase public awareness of
the toxic risk associated with ingestion of this highly prized lagoon resource in French Polynesia.

4. Materials and Methods

4.1. Acute Phase Clinical Description

The clinical description of acute manifestations of the poisoning was based on data collected
from standardized CFP declaration forms, jointly developed by Institut Louis Malardé (Papeete,
Tahiti) and the Public Health Directorate of French Polynesia in the frame of the CFP Epidemiological
Surveillance Network ongoing in French Polynesia since 2007. As part of this surveillance program,
all public health medical professionals are invited to report each diagnosed or suspected CFP case
(code T61.0 according to the International Statistical Classification of Diseases and Related Health
Problems, 10th Revision (ICD-10)). This anonymous clinical form provides information about the
date of poisoning, the collection and consumption of the marine product, species identification,
parts consumed, fishing/collection location, incubation time, cardiovascular constants, symptoms
developed during the acute phase of the poisoning, and any additional information that physicians
consider relevant.

4.2. Study Sites

Samples (i.e., macroalgal substrates, window screens, and T. gratilla specimens) were collected from
Anaho Bay, located on the northern coast of Nuku Hiva Island (Marquesas archipelago, French Polynesia)
(Figure 7). Anaho Bay has been regarded as a long-standing hotspot of ciguatera since 2004 [50].

Figure 7. Maps of (A,B) French Polynesia, (C) Marquesas archipelago, and (D) study site of Anaho Bay
on Nuku Hiva Island.

4.3. Biological Material and Sampling Procedures

4.3.1. Gambierdiscus Samples and qPCR Assays

Collection of wild samples of Gambierdiscus using both the natural (i.e., macroalgae) and artificial
(i.e., window screen, WS) substrate methods were conducted from Anaho Bay in July 2015 [67]. Briefly,
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∼=200 g of turf-like and Halimeda micronesia macroalgal hosts were collected at water depths of 1–5 m
and examined for the presence of Gambierdiscus cells. Macroalgal samples were sealed within plastic
bags underwater and shaken and kneaded vigorously to dislodge dinoflagellate cells. The detrital
suspension was then successively filtered through 125, 40, and 20 µm mesh sieves and the 40 and
20 µm fractions were preserved in 50 mL of 5% formalin-seawater. Cell densities were assessed
microscopically from 100 µL aliquots of the 2 fractions. Values are expressed as cells/g algal wet
weight and represent the mean number of cells enumerated on n = 2–8 subsamples of the same host
algae species [19]. The artificial substrate method used 150 cm2 WS devices assembled and deployed
in the same areas. A total of 6 WSs were deployed per area for a 24 h period. After 24 h, WS were
collected with 250 mL of ambient sea water and shaken to dislodge the cells. The entire volume
was filtered through 10 µm polycarbonate filters that were replaced as the filters became obstructed.
Then all filters used to process individual samples were transferred to 15 mL tubes with 8 mL of sterile
filtered sea water. Before removing the filters, the tubes were shaken to dislodge Gambierdiscus cells.
Enumeration of cells was performed microscopically on 1 mL aliquots and by qPCR estimation on the
remaining 7 mL as described below. Cell concentrations are expressed as cells/150 cm2 [67].

Concurrently, 8 in vitro clonal cultures of Gambierdiscus spp. were established in the laboratory
from single-cell isolates collected from WS samples, according to the method used by Chinain et al.,
2010 [19].

Semiquantitative, species-specific qPCR assays were performed to survey the WS samples for
relative cell abundance and Gambierdiscus species distribution. Each 7 mL WS aliquot was filtered
onto 47 mm diameter, 8 µm pore size polycarbonate filters, and DNA was extracted from each filter
as described by Vandersea et al., 2012 [68] using the Power Soil DNA isolation Kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol, except 350 µL of cell lysate rather than the prescribed
450 µL was processed. The DNA extracts were eluted from the mini-columns using 50 µL of elution
buffer and stored at 4 ◦C. Taxonomic identification of in vitro cultures and enumeration of wild
cells collected on WS were conducted using species-specific qPCR assays described by Vandersea
et al., 2012 [68] and Darius et al., 2018 [21] for G. belizeanus, G. caribaeus, G. carpenteri, G. carolinianus,
G. ruetzleri, and Gambierdiscus ribotype 2 as well as 4 species currently reported in French Polynesia:
G. polynesiensis, G. toxicus, G. pacificus, and G. australes.

PCR assays were performed using an Eppendorf Mastercycler® ep RealPlex 4 system with
white Eppendorf real-time tube strips (Eppendorf North America, Inc., Westbury, NY, USA) and
a total reaction volume of 10.5 µL per tube. Each PCR reaction mixture contained 4.5 µL of 5 Prime
RealMasterMix SYBR ROX 2.5× (0.05 units/µL Taq DNA polymerase, 10 mM Mg(CH3COO)2, 1.0 mM
dNTPs, 20X SYBR® Green solution), each primer at a concentration of 0.15 µM, 4.7µL of sterile
deionized water, and 1 µL of template DNA. Thermal cycling conditions included denaturation at
95 ◦C for 2 min followed by 40 cycles at 95 ◦C for 10 s, annealing at 60 ◦C for 15 s, with a subsequent
extension at 68 ◦C for 20 s. The fluorescence threshold was determined by the Eppendorf RealPlex 4
analytical software, and the PCR cycle during which fluorescence crossed the threshold was designated
the quantification cycle (Cq). A melting curve analysis was performed following thermal cycling
to check the specificity of the PCR reactions. The melting curve profile consisted of denaturation at
95 ◦C for 15 s followed by an annealing step at 60 ◦C for 15 s. The fluorescence was continuously
monitored during a continuous 20 min temperature ramp from 60–95 ◦C, which was held at 95 ◦C for
15 s. The melting curve analysis was conducted by comparing the melting temperature peak of positive
control DNA to other experimental DNA samples. A limit of ±0.5 ◦C for melting temperature peak
shift was set as the cutoff for species-specific amplifications. The same procedure was followed for
identification at the species level of the 8 clonal cultures of Gambierdiscus established from field samples.

4.3.2. Tripneustes gratilla Samples

Two sampling campaigns were conducted in July 2015 and November 2016 in Anaho Bay
(Figure 6), 3 and 16 months after the initial poisoning event. A total of 56 specimens of T. gratilla were
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collected, weighed, and measured individually, except for samples collected in July 2015, for which
only min-max diameter values were available. Their weights were estimated by doing a mean of
sample weights collected in November 2016 sharing the same diameter. Then, all the specimens from
the same sampling date were pooled and freeze-dried prior to extraction (Table 7).

Table 7. Morphological features of Tripneustes gratilla samples.

Island Area Date n Diameter (mm) Weight (g)

Nuku Hiva Anaho
July 2015 24 (70–120) 1 32.27 2

November 2016 32 81.7 ± 9.9 31.4 ± 8.4
1 Only min and max values available. 2 Weight estimated from diameters and weights measured in 2016.

4.4. Extraction Procedures

Whole tissues of T. gratilla samples were extracted following the protocol from Darius et al.,
2018 [21]. Briefly, each pool of T. gratilla specimens was extracted twice in methanol (MeOH) and twice
in 50% aqueous MeOH, under sonication for 4 h. After 1 night at −20 ◦C, the crude extracts were
centrifuged and the supernatants were pooled and dried under vacuum. The resulting crude extract
was further partitioned between dichloromethane (CH2Cl2) and 60% aqueous MeOH (= hydrosoluble
fraction, HF). The resulting CH2Cl2 phase was dried under vacuum and further defatted by a second
solvent partition using cyclohexane and 80% aqueous MeOH (= liposoluble fraction, LF). The 60%
aqueous MeOH phase (HF) and 80% aqueous MeOH phase (LF) were then evaporated and further
purified on Sep-Pak C18 cartridges (360 mg sorbent per cartridge; Waters®, Saint-Quentin, France).
For HF, the columns were preconditioned with 30% aqueous MeOH before loading extracts, washed
with 30% aqueous methanol, and then eluted successively with 50%, 70%, and 90% aqueous methanol
and pure methanol, resulting in 4 distinct hydrosoluble fractions: HF50/50, HF70/30, HF90/10,
and HF100, respectively. For LF, the columns were preconditioned with 70% aqueous MeOH before
loading extracts, washed with 70% aqueous methanol, and eluted successively with 90% aqueous
methanol and pure methanol, leading to 3 distinct liposoluble fractions: LF70/30, LF90/10, and LF100.
All these fractions were then dried in a SpeedVac concentrator, weighed, and stored at +4 ◦C until
being tested for their toxicity.

For Gambierdiscus spp. culture samples, only the dichloromethane phase in which lipid-soluble
toxins such as CTXs are recovered was kept, dried, and stored until being tested for toxicity,
as described by Chinain et al., 2010 [19].

4.5. Cell-Based Assay Using Neuroblastoma Cells

Gambierdiscus spp. and T. gratilla extracts were analyzed for their toxicity using the neuroblastoma
cell-based assay (CBA-N2a), a test designed to detect the presence of toxins acting on voltage-gated
sodium channels (VGSCs) such as brevetoxins and CTXs, which are both VGSC activators [69].

The procedure for CBA-N2a followed the method previously described by Roué et al., 2016 [44].
Briefly, a density of 45,000 neuroblastoma (neuro-2a) cells/200 µL/well in 5% fetal bovine serum (FBS)
RPMI-1640 supplemented medium was seeded in a 96-well microtiter plate. After 20 to 24 h of growth
at 37 ◦C in a humidified 5% CO2 atmosphere, all wells reached 100% confluence. Then, the medium
was replaced by 200 µL of FBS 2.5% RPMI-1640 for half of the wells and 200 µL of the same medium
containing an ouabain-veratridine (OV) solution at a concentration of 100/10 µM for the other half of
the wells.

Untreated cells without ouabain and veratridine added (OV− conditions) or treated cells with
the ouabain and veratridine mixture (OV+ conditions) were first exposed to P-CTX-3C, P-CTX-3B,
P-CTX-4A, P-CTX-4B, and P-CTX-1B using the same calibration as performed in Darius et al., 2018 [21].
The P-CTXs used in this study were from the Institut Louis Malardé bank of standards.
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The maximum concentration of dry extract (MCE) that does not induce unspecific mortality
in neuro-2a cells not exposed to OV was established at 10,000 pg/µL for both Gambierdiscus and
sea urchin matrices, whatever the fraction. All extracts were first tested at a single concentration of
9524 pg/µL, and, if toxic, a full dose-response curve was generated by testing a serial dilution 1:2 of 8
concentrations. For Gambierdiscus spp. cultures, a range of 0.37 to 47.6 pg/µL of dry extract was tested
for NHA4, NHA9, NHA14, and NHA22, and a range of 372 to 47,619 of dry extract was tested for
NHA1 and NHA24. For T. gratilla fractions, the ranges were 186 to 23,809 and 74 to 9524 pg/µL of dry
extract for HF50/50 and HF70/30 and HF90/10 and HF100, respectively, and 46.5 to 5952 and 5.8 to
744 pg/µL of dry extract for LF70/30, and LF90/10, and LF100. Each concentration was tested in OV−

and OV+ conditions, in triplicate per plate, in 2 to 4 independent experiments.
Following another 20–22 h incubation period, cell viability was assessed using

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. The incubation
medium was removed and 60 µL of RPMI-1640 medium containing 0.8 mg/mL of MTT was added to
each well. The plates were incubated for 45 min at 37 ◦C. Finally, the MTT was discarded and 100 µL
of dimethyl sulfoxide (DMSO) was added to each well to dissolve the formazan.

Absorbance was measured at 570 nm on a plate reader (iMark Microplate Absorbance Reader,
BioRad, Marnes la Coquette, France). For all experiments, absorbance values of OV− and OV+ control
wells were around 1, corresponding to 100% viability. Absorbance data were fitted to a sigmoidal
dose-response curve (variable slope) based on the 4-parameter logistic model (4PL), allowing the
calculation of EC50 values using Prism v6.0.7 software (GraphPad, San Diego, CA, USA). Since raw
results for all extracts were obtained in pg/µL of dry extract, the EC50 values for T. gratilla and
Gambierdiscus samples were further expressed in µg tissue equiv./µL and in cell equiv./µL, respectively.

The toxin content (T) in the extracts was estimated using the formula T = (P-CTX-3C EC50/sample
EC50) and was expressed in ng P-CTX-3C equiv./g wet weight of tissue for T. gratilla and in pg
P-CTX-3C equiv./cell for Gambierdiscus samples. The limit of detection (LOD) was estimated according
to the method of Caillaud et al., 2012 [70] and was 0.17 fg P-CTX-3C equiv./cell and 0.02 ng P-CTX-3C
equiv./g wet weight of tissue for Gambierdiscus and T. gratilla, respectively.

The European Food Safety Authority (EFSA) developed toxicity equivalency factors (TEFs) for
individual P-CTXs based on the acute intraperitoneal injection lethal dose (LD50) in mice: P-CTX-1 = 1,
P-CTX-2 = 0.3, P-CTX-3 = 0.3, P-CTX-3C = 0.2, 2,3-dihydroxy PCTX-3C = 0.1, 51-hydroxy P-CTX-3C = 1,
P-CTX-4A = 0.1, P-CTX-4B = 0.05, which can be applied to express individual analogs identified with
quantitative detection methods as P-CTX-1B equivalents [28]. Therefore, to enable general comparisons
with other published toxicity measurements, the ciguatoxicity measured here (expressed as P-CTX-3C
equiv./cell or P-CTX-3C equiv./g wet weight of tissue) could be converted to P-CTX-1B equivalents
using the corresponding TEF.

4.6. Liquid Chromatography Coupled with Tandem Mass Spectrometry

Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) analyses were
conducted on freeze-dried samples of T. gratilla specimens (whole tissues) collected in July 2015 and
November 2016.

Samples were extracted as follows: a homogenate of freeze-dried tissue was extracted twice with
acetone. After centrifugation, the supernatants were pooled and evaporated by rotary evaporation.
The dry extract was dissolved in aqueous methanol (90:10) and a liquid-liquid partition with
hexane was carried out. The 90% methanolic fraction was evaporated and then dissolved in ethyl
acetate/methanol (90/10). Then, the remaining extract was purified on silica cartridge solid phase
extraction (SPE Si) type Florosil® (Waters, Saint-Quentin, France), and the resulting fraction (SPE Si
extract) evaporated under nitrogen and resuspended in 100% methanol prior to LC-MS/MS analysis.
(Sciex, Kenwood, CA, USA).

All these fractions or extracts were analyzed by LC-MS/MS in multireaction monitoring (MRM)
mode on a triple quadrupole API4000 QTrap (Sciex). P-CTX and biological sample analyses were
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carried out using the LC-MS/MS method adapted from Yogi et al., 2011 [71]. The instrument used was
an LC system (UFLC XR Nexera, Shimadzu, Kyoto, Japan) coupled to a hybrid triple quadrupole-linear
ion trap mass spectrometer (API-4000Qtrap, Sciex) equipped with a turboV® ion spray interface.
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 was water and
eluent B was methanol, both containing 2 mM ammonium formate 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 for 5 min.

Mass spectrometry detection was operated in positive mode and using MRM (Analyst software,
Sciex). The pseudomolecular ions (M+NH4)+ and (M+H)+ were selected as precursor ions. The ions
resulting in the successive losses of NH4 and/or water molecules were selected as product ions
(see Darius et al., 2018 [21]). The MRM experiments were established using the following source
settings: curtain gas set at 25, ion spray at 5500 V, turbogas temperature of 300 ◦C, gas 1 set at 40 and
gas 2 set at 60 psi with an entrance potential of 10 V, and declustering potential of 105 V.

Data processing and analysis were achieved with Analyst software (Sciex). Quantification was
performed from linear calibration curves generated from P-CTX-3C standard (Wako Chemicals GmbH,
Neuss, Germany). To complete chromatogram profiles, a mix of standards (P-CTX-1B, P-CTX-3B,
P-CTX-4A, P-CTX-4B, M-seco P-CTX-3C, and 51-OH P-CTX-3C) provided by Louis Malardé Institute
(Tahiti, French Polynesia) was injected in the sequence. As for CBA-N2a results, toxin quantification
expressed as P-CTX-3C equiv./g wet weight of tissue could be converted to P-CTX-1B equivalents
using the corresponding TEF.

In addition to detection of P-CTXs, the presence of other marine biotoxins was investigated
according to methods previously described [59,72–74]: neurologic shellfish toxins (NSP), i.e.,
brevetoxins (PbTX1 to PbTX10) and maitotoxins (MTX1 to MTX4); paralytic shellfish poisoning
(PSP) toxins, i.e., carbamates (STX, NEO-STX, GTX1-GTX4), N-sulfocarbamoyl (GTX5, GTX6, and C1
to C4), and decarbamoyls (dcSTX, dcNEO, dcGTX1-dcGTX4); diarrhetic shellfish poisoning (DSP)
toxins, i.e., okadaic acid (OA), dinophysistoxins (DTXs), pectenotoxins (PTXs), azaspiracids (AZAs),
and yessotoxins (YTXs); and cyclic imines (fast action toxins, FATs), gymnodimins (GYMs), spirolids
(SPXs), and pinnatoxins (PnTXs).

Acknowledgments: The present work was supported by funds from France and French Polynesia (Contrat
de Projet “Caractérisation et gestion des risques environnementaux et sanitaires liés au développement du
phytoplancton ciguatérigène en Polynésie française: CARISTO-Pf” No. 7937/MSR/REC of December 4, 2015,
and Arrêté No. HC/491/DIE/BPT of March 30, 2016). The authors greatly acknowledge Taina Revel for
conducting the qPCR assays in tandem with the National Oceanic and Atmospheric Administration (NOAA)
team and Philippe Cruchet, André Ung, Kevin Henry, and Tiriana Tchong for their skillful technical assistance in
field-sampling, in vitro cultures, and sample extractions. The qPCR work was supported by program funds from
NOAA, the National Ocean Service, and the National Centers for Coastal Ocean Science.

Author Contributions: Mireille Chinain, Hélène Taiana Darius, and Mélanie Roué conceived of and designed the
study. Mireille Chinain, Hélène Taiana Darius, Clémence Mahana iti Gatti, and Mélanie Roué supervised and
contributed actively to the field samplings. Mark W. Vandersea, R. Wayne Litaker, and Patricia A. Tester assisted in
the determination of Gambierdiscus cell abundance and species distribution in field samples and with manuscript
preparation. Mélanie Roué and Manoella Sibat performed chemical extractions for CBA-N2a and LC-MS/MS
analysis, respectively. Jérôme Viallon and Manoella Sibat conducted the CBA-N2a and LC-MS/MS analyses,
respectively. Hélène Taiana Darius, Mélanie Roué, and Jérôme Viallon contributed to the CBA-N2a data analysis,
and Manoella Sibat, Philipp Hess, and Zouher Amzil to the LC-MS/MS data analysis. Hélène Taiana Darius
drafted the paper and coordinated its revisions, while all authors contributed to editing the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lawrence, J.M.; Agatsuma, Y. Ecology of Tripneustes. In Developments in Aquaculture and Fisheries Science;
Lawrence, J.M., Ed.; Elsevier: Amsterdam, 2007; Volume 37, pp. 499–520.

2. Ziegenhorn, M.A. Best dressed test: A study of the covering behavior of the collector urchin Tripneustes gratilla.
PLoS ONE 2016, 11, e0153581. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0153581
http://www.ncbi.nlm.nih.gov/pubmed/27073915


Mar. Drugs 2018, 16, 122 18 of 22

3. Dy, D.T.; Uy, F.A.; Coralles, C.M. Feeding, respiration, and excretion by the tropical sea urchin Tripneustes gratilla
(Echinodermata: Echinoidea) from the Philippines. J. Mar. Biol. Assoc. UK 2002, 82, 299–302. [CrossRef]

4. Vaïtilingon, D.; Rasolofonirina, R.; Jangoux, M. Feeding preferences, seasonal gut repletion indices, and diel
feeding patterns of the sea urchin Tripneustes gratilla (Echinodermata: Echinoidea) on a coastal habitat off
Toliara (Madagascar). Mar. Biol. 2003, 143, 451–458. [CrossRef]

5. Cyrus, M.D.; Bolton, J.J.; De Wet, L.; Macey, B.M. The development of a formulated feed containing Ulva
(Chlorophyta) to promote rapid growth and enhanced production of high quality roe in the sea urchin
Tripneustes gratilla (Linnaeus). Aquac. Res. 2013, 45, 159–176. [CrossRef]

6. Hammer, H.; Hammer, B.; Watts, S.; Lawrence, A.; Lawrence, J. The effect of dietary protein and carbohydrate
concentration on the biochemical composition and gametogenic condition of the sea urchin Lytechinus variegatus.
J. Exp. Mar. Biol. Ecol. 2006, 334, 109–121. [CrossRef]

7. Byrne, M.; Prowse, T.A.A.; Sewell, M.A.; Dworjanyn, S.; Williamson, J.E.; Vaïtilingon, D. Maternal provisioning
for larvae and larval provisioning for juveniles in the Toxopneustid sea urchin Tripneustes gratilla. Mar. Biol. 2008,
155, 473–482. [CrossRef]

8. Bacolod, P.T.; Dy, D.T. Growth, recruitment pattern and mortality rate of the sea urchin, Tripneustes gratilla
Linnaeus, in a seaweed farm at Danahon reef, central Philippines. Philipp. Sci. 1986, 23, 1–14.

9. Westbrook, C.E.; Ringang, R.R.; Cantero, S.M.A.; Toonen, R.J. Survivorship and feeding preferences among
size classes of outplanted sea urchins, Tripneustes gratilla, and possible use as biocontrol for invasive alien
algae. PeerJ 2015, 3, e1235. [CrossRef] [PubMed]

10. Rahman, S.; Tsuchiya, M.; Uehara, T. Effects of temperature on hatching rate, embryonic development and
early larval survival of the edible sea urchin, Tripneustes gratilla. Biologia 2009, 64, 768–775. [CrossRef]

11. Dalzell, P.; Adams, T.; Polunin, N. Coastal fisheries in the Pacific islands. In Oceanography and Marine Biology:
An Annual Review; Ansell, A.D., Gilson, R.N., Barnes, M., Eds.; UCL Press: London, UK, 1996; Volume 34,
pp. 395–531.

12. Pratchett, M.S.; Munday, P.L.; Graham, N.A.J.; Kronen, M.; Pinca, S.; Friedman, K.; Brewer, T.D.; Bell, J.D.;
Wilson, S.K.; Cinner, J.E.; et al. Vulnerability of coastal fisheries in the tropical Pacific to climate change.
In Vulnerability of Tropical Pacific Fisheries and Aquaculture to Climate Change; Bell, J.D., Johnson, J.E.,
KHobday, A.J., Eds.; Secretariat of the Pacific Community: Noumea, New Caledonia, 2011; pp. 493–576.

13. Molea, T.; Vuki, V. Subsistence fishing and fish consumption patterns of the saltwater people of Lau lagoon,
Malaita, Solomon islands: A case study of Funaafou and Niuleni islanders. SPC Women Fish. Bull. 2008, 18,
30–35.

14. Randall, J.E. A review of ciguatera, tropical fish poisoning, with a tentative explanation of its cause. Bull. Mar. Sci.
1958, 8, 236–267.

15. Pawlowiez, R.; Darius, H.T.; Cruchet, P.; Rossi, F.; Caillaud, A.; Laurent, D.; Chinain, M. Evaluation of
seafood toxicity in the Australes archipelago (French Polynesia) using the neuroblastoma cell-based assay.
Food Addit. Contam. Part A 2013, 30, 567–586. [CrossRef] [PubMed]

16. Friedman, M.; Fleming, L.; Fernandez, 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]

17. Dickey, R.W.; Plakas, S.M. Ciguatera: A public health perspective. Toxicon 2010, 56, 123–136. [CrossRef]
[PubMed]

18. Laurent, D.; Kerbrat, A.S.; Darius, H.T.; Rossi, F.; Yeeting, B.; Haddad, M.; Golubic, S.; Pauillac, S.; Chinain, M.
Ciguatera shellfish poisoning (csp): A new ecotoxicological phenomenon from cyanobacteria to humans via
giant clams. In Food Chains: New Research; Jensen, M.A., Muller, D.W., Eds.; Nova Science Publishers, Inc.:
Hauppauge, NY, USA, 2012; Chapter 1; pp. 1–43.

19. Chinain, M.; Darius, H.T.; Ung, A.; Tchou Fouc, M.; Revel, T.; Cruchet, P.; Pauillac, S.; Laurent, D. Ciguatera
risk management in French Polynesia: The case study of Raivavae Island (Australes archipelago). Toxicon 2010,
56, 674–690. [CrossRef] [PubMed]

20. Rongo, T.; van Woesik, R. Ciguatera poisoning in Rarotonga, southern Cook Islands. Harmful Algae 2011, 10,
345–355. [CrossRef]

http://dx.doi.org/10.1017/S0025315402005489
http://dx.doi.org/10.1007/s00227-003-1111-y
http://dx.doi.org/10.1111/j.1365-2109.2012.03219.x
http://dx.doi.org/10.1016/j.jembe.2006.01.015
http://dx.doi.org/10.1007/s00227-008-1045-5
http://dx.doi.org/10.7717/peerj.1235
http://www.ncbi.nlm.nih.gov/pubmed/26401450
http://dx.doi.org/10.2478/s11756-009-0135-2
http://dx.doi.org/10.1080/19440049.2012.755644
http://www.ncbi.nlm.nih.gov/pubmed/23286347
http://dx.doi.org/10.3390/md6030456
http://www.ncbi.nlm.nih.gov/pubmed/19005579
http://dx.doi.org/10.1016/j.toxicon.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19782098
http://dx.doi.org/10.1016/j.toxicon.2009.05.032
http://www.ncbi.nlm.nih.gov/pubmed/19505491
http://dx.doi.org/10.1016/j.hal.2010.11.005


Mar. Drugs 2018, 16, 122 19 of 22

21. Darius, H.T.; Roué, M.; Sibat, M.; Viallon, J.; Gatti, C.; Vandersea, M.; Tester, P.; Litaker, R.; Amzil, Z.; Hess, P.;
et al. 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]
[PubMed]

22. 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. [PubMed]

23. Friedman, M.; Fernandez, M.; Backer, L.; Dickey, R.; Bernstein, J.; Schrank, K.; Kibler, S.; Stephan, W.;
Gribble, M.; 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]

24. Bottein Dechraoui, M.-Y.; Rezvani, A.H.; Gordon, C.J.; Levin, E.D.; Ramsdell, J.S. Repeat exposure to
ciguatoxin leads to enhanced and sustained thermoregulatory, pain threshold and motor activity responses
in mice: Relationship to blood ciguatoxin concentrations. Toxicology 2008, 246, 55–62. [CrossRef] [PubMed]

25. Morey, J.S.; Ryan, J.C.; Bottein Dechraoui, M.-Y.; Rezvani, A.H.; Levin, E.D.; Gordon, C.J.; Ramsdell, J.S.;
Van Dolah, F.M. Liver genomic responses to ciguatoxin: Evidence for activation of phase i and phase II
detoxification pathways following an acute hypothermic response in mice. Toxicol. Sci. 2008, 103, 298–310.
[CrossRef] [PubMed]

26. Dechraoui Bottein, M.-Y.; Wang, Z.; Ramsdell, J.S. Toxicokinetics of the ciguatoxin P-CTX-1 in rats after
intraperitoneal or oral administration. Toxicology 2011, 284, 1–6. [CrossRef] [PubMed]

27. Food and Drug Administration (FDA). Fish and Fishery Products Hazards and Control Guidance. Available
online: https://www.fda.gov/food/guidanceregulation/guidancedocumentsregulatoryinformation/seafood/
ucm2018426.htm (accessed on 13 December 2017).

28. European Food Safety Authority (EFSA). Scientific opinion on marine biotoxins in shellfish—Emerging
toxins: Ciguatoxin group. EFSA J. 2010, 8, 1627. [CrossRef]

29. Gatti, C.; Lonatti, D.; Darius, H.T.; Chinain, M. First report of a mass-poisoning outbreak following the
consumption of Tectus niloticus (Gastropod) in French Polynesia: A novel pathway of ciguatera shellfish
poisoning? Harmful Algae News 2015, 50, 19–20.

30. Gatti, C.M.; Lonati, D.; Darius, H.T.; Zancan, A.; Roué, M.; Amzil, Z.; 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 (Marquesas archipelago, French Polynesia). Toxins 2018, 10, 102.
[CrossRef] [PubMed]

31. Pearn, J. Neurology of ciguatera. J. Neurol. Neurosurg. Psychiatry 2001, 70, 4–8. [CrossRef] [PubMed]
32. Chan, T.Y.K. Severe bradycardia and prolonged hypotension in ciguatera. Singapore Med. J. 2013, 54,

e120–e122. [CrossRef] [PubMed]
33. Hung, Y.-M.; Hung, S.-Y.; Chou, K.-J.; Huang, N.-C.; Tung, C.-N.; Hwang, D.-F.; Chung, H.-M. Persitent

bradycardia caused by ciguatoxin poisoning after barracuda fish eggs ingestion in southern Taiwan. Am. J.
Trop. Med. Hyg. 2005, 73, 1026–1027. [PubMed]

34. Darius, H.T.; Drescher, O.; Ponton, D.; Pawlowiez, R.; Laurent, D.; Dewailly, E.; Chinain, M. Use of folk tests
to detect ciguateric fish: A scientific evaluation of their effectiveness in Raivavae Island (Australes, French
Polynesia). Food Addit. Contam. A 2013, 30, 550–566. [CrossRef] [PubMed]

35. Lombet, A.; Bidard, J.-N.; Lazdunski, M. Ciguatoxin and brevetoxins share a common receptor site on the
neuronal voltage-dependent Na+ channel. FEBS Lett. 1987, 219, 355–359. [CrossRef]

36. Mattei, C.; Benoit, E.; Molgó, J. An overview of the ion channel modulation and neurocellular disorders
induced by ciguatoxins. In Toxins and Ion Transfers; SFET Publications: Paris, France, 2011; pp. 39–42.

37. Schlumberger, S.; Mattei, C.; Molgó, J.; Benoit, E. Dual action of a dinoflagellate-derived precursor of Pacific
ciguatoxins (P-CTX-4B) on voltage-dependent K+ and Na+ channels of single myelinated axons. Toxicon
2010, 56, 768–775. [CrossRef] [PubMed]

38. Mattei, C.; Molgo, J.; Benoit, E. Involvement of both sodium influx and potassium efflux in
ciguatoxin-induced nodal swelling of frog myelinated axons. Neuropharmacology 2014, 85, 417–426. [CrossRef]
[PubMed]

39. Lonati, D.; Pasi, A.; Gatti, A.; Buonocore, M.; Locatelli, C.A. Clinical findings and genomic biomarkers in three
cases of chronic ciguatera poisoning. In XXXIV International Congress of the European Association of Poisons Centres
and Clinical Toxicologists (EAPCCT); Clinical Toxicology: Brussels, Belgium, 2014; Volume 52, p. 395.

http://dx.doi.org/10.3390/toxins10010002
http://www.ncbi.nlm.nih.gov/pubmed/29267222
http://www.ncbi.nlm.nih.gov/pubmed/17984339
http://dx.doi.org/10.3390/md15030072
http://www.ncbi.nlm.nih.gov/pubmed/28335428
http://dx.doi.org/10.1016/j.tox.2007.12.013
http://www.ncbi.nlm.nih.gov/pubmed/18280027
http://dx.doi.org/10.1093/toxsci/kfn055
http://www.ncbi.nlm.nih.gov/pubmed/18353800
http://dx.doi.org/10.1016/j.tox.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21349314
https://www.fda.gov/food/guidanceregulation/guidancedocumentsregulatoryinformation/seafood/ucm2018426.htm
https://www.fda.gov/food/guidanceregulation/guidancedocumentsregulatoryinformation/seafood/ucm2018426.htm
http://dx.doi.org/10.2903/j.efsa.2010.1627
http://dx.doi.org/10.3390/toxins10030102
http://www.ncbi.nlm.nih.gov/pubmed/29495579
http://dx.doi.org/10.1136/jnnp.70.1.4
http://www.ncbi.nlm.nih.gov/pubmed/11118239
http://dx.doi.org/10.11622/smedj.2013095
http://www.ncbi.nlm.nih.gov/pubmed/23665698
http://www.ncbi.nlm.nih.gov/pubmed/16354806
http://dx.doi.org/10.1080/19440049.2012.752581
http://www.ncbi.nlm.nih.gov/pubmed/23289800
http://dx.doi.org/10.1016/0014-5793(87)80252-1
http://dx.doi.org/10.1016/j.toxicon.2009.06.035
http://www.ncbi.nlm.nih.gov/pubmed/19589350
http://dx.doi.org/10.1016/j.neuropharm.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24950451


Mar. Drugs 2018, 16, 122 20 of 22

40. 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, 15. [CrossRef] [PubMed]

41. 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. Gene expression patterns in peripheral blood leukocytes in patients with recurrent
ciguatera fish poisoning: Preliminary studies. Harmful Algae 2016, 57, 35–38. [CrossRef] [PubMed]

42. Bottein Dechraoui, M.Y.; Wang, Z.; Turquet, J.; Chinain, M.; Darius, T.; Cruchet, P.; Radwan, F.F.; Dickey, R.W.;
Ramsdell, J.S. Biomonitoring of ciguatoxin exposure in mice using blood collection cards. Toxicon 2005, 46,
243–251. [CrossRef] [PubMed]

43. Dickey, R.W.; Granade, H.R.; Jester, E.L.E.; Abraham, A.; El Said, K.R.; Plakas, S.M. A tiered method for
determination of Caribbean and Pacific ciguatoxins in fish and formulation of regulatory advisory levels.
In Proceedings of the Ciguatera and Related Biotoxins Workshop, Noumea, New Caledonia, 22 October
2008; pp. 27–31.

44. Roué, M.; Darius, H.T.; Picot, S.; Ung, A.; Viallon, J.; Gaertner-Mazouni, N.; Sibat, M.; Amzil, Z.; Chinain, M.
Evidence of the bioaccumulation of ciguatoxins in giant clams (Tridacna maxima) exposed to Gambierdiscus spp.
cells. Harmful Algae 2016, 57, 78–87. [CrossRef]

45. Chinain, M.; Darius, H.T.; Ung, A.; Cruchet, P.; Wang, Z.; Ponton, D.; Laurent, D.; Pauillac, S. Growth and
toxin production in the ciguatera-causing dinoflagellate Gambierdiscus polynesiensis (Dinophyceae) in culture.
Toxicon 2010, 56, 739–750. [CrossRef] [PubMed]

46. Kvitek, R.G.; Goldberg, J.D.; Smith, G.J.; Doucette, G.J.; Silver, M.W. Domoic acid contamination within eight
representative species from the benthic food web of Monterey Bay, California, USA. Mar. Ecol. Prog. Ser.
2008, 367, 35–47. [CrossRef]

47. Amzil, Z.; Sibat, M.; Chomerat, N.; Grossel, H.; Marco-Miralles, F.; Lemee, R.; Nezan, E.; Sechet, V. Ovatoxin-a
and palytoxin accumulation in seafood in relation to Ostreopsis cf. ovata blooms on the French Mediterranean
coast. Mar. Drugs 2012, 10, 477–496. [PubMed]

48. Brissard, C.; Herrenknecht, C.; Séchet, V.; Hervé, F.; Pisapia, F.; Harcouet, J.; Lémée, R.; Chomérat, N.; Hess, P.;
Amzil, Z. Complex toxin profile of French Mediterranean Ostreopsis cf. ovata strains, seafood accumulation
and ovatoxins prepurification. Mar. Drugs 2014, 12, 2851–2876. [CrossRef] [PubMed]

49. Chinain, M.; Germain, M.; Deparis, X.; Pauillac, S.; Legrand, A.-M. Seasonal abundance and toxicity of the
dinoflagellate Gambierdiscus spp. (Dinophyceae), the causative agent of ciguatera in Tahiti, French Polynesia.
Mar. Biol. 1999, 135, 259–267. [CrossRef]

50. Darius, H.T.; Ponton, D.; Revel, T.; Cruchet, P.; Ung, A.; Tchou Fouc, M.; Chinain, M. Ciguatera risk
assessment in two toxic sites of French Polynesia using the receptor-binding assay. Toxicon 2007, 50, 612–626.
[CrossRef] [PubMed]

51. Parsons, M.L.; Brandt, A.L.; Ellsworth, A.; Leynse, A.K.; Rains, L.K.; Anderson, D.M. Assessing the use of
artificial substrates to monitor Gambierdiscus populations in the Florida Keys. Harmful Algae 2017, 68, 52–66.
[CrossRef] [PubMed]

52. Litaker, R.W.; Vandersea, M.W.; Faust, M.A.; Kibler, S.R.; Nau, A.W.; Holland, W.C.; Chinain, M.;
Holmes, M.J.; Tester, P.A. Global distribution of ciguatera causing dinoflagellates in the genus Gambierdiscus.
Toxicon 2010, 56, 711–730. [CrossRef] [PubMed]

53. Tan, T.-H.; Lim, P.-T.; Mujahid, A.; Usup, G.; Leaw, C.-P. Benthic harmful dinoflagellate assemblages in
a fringing reef of Sampadi Island, Sarawak, Malaysia. Mar. Res. Indonesia 2015, 38, 11–21. [CrossRef]

54. Loeffler, C.R.; Richlen, M.L.; Brandt, M.E.; Smith, T.B. Effects of grazing, nutrients, and depth on the
ciguatera-causing dinoflagellate Gambierdiscus in the US Virgin Islands. Mar. Ecol. Prog. Ser. 2015, 531,
91–104. [CrossRef]

55. Anderson, D.M.; Lobel, P.S. The continuing enigma of ciguatera. Biol. Bull. 1987, 172, 89–107. [CrossRef]
56. Pisapia, F.; Holland, W.C.; Hardison, D.R.; Litaker, R.W.; Fraga, S.; Nishimura, T.; Adachi, M.;

Nguyen-Ngoc, L.; Séchet, V.; Amzil, Z.; et al. Toxicity screening of 13 Gambierdiscus strains using neuro-2a
and erythrocyte lysis bioassays. Harmful Algae 2017, 63, 173–183. [CrossRef] [PubMed]

57. Holland, W.C.; Litaker, W.; Tomas, C.; Kibler, S.; Place, A.; Davenport, E.; Tester, P. Differences in the toxicity
of six Gambierdiscus (Dinophyceae) species measured using an in vitro human erythrocyte lysis assay. Toxicon
2013, 65, 15–33. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s12920-015-0089-x
http://www.ncbi.nlm.nih.gov/pubmed/25889530
http://dx.doi.org/10.1016/j.hal.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27594814
http://dx.doi.org/10.1016/j.toxicon.2005.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15979117
http://dx.doi.org/10.1016/j.hal.2016.05.007
http://dx.doi.org/10.1016/j.toxicon.2009.06.013
http://www.ncbi.nlm.nih.gov/pubmed/19540257
http://dx.doi.org/10.3354/meps07569
http://www.ncbi.nlm.nih.gov/pubmed/22412814
http://dx.doi.org/10.3390/md12052851
http://www.ncbi.nlm.nih.gov/pubmed/24828292
http://dx.doi.org/10.1007/s002270050623
http://dx.doi.org/10.1016/j.toxicon.2007.05.007
http://www.ncbi.nlm.nih.gov/pubmed/17631928
http://dx.doi.org/10.1016/j.hal.2017.07.007
http://www.ncbi.nlm.nih.gov/pubmed/28962990
http://dx.doi.org/10.1016/j.toxicon.2010.05.017
http://www.ncbi.nlm.nih.gov/pubmed/20561539
http://dx.doi.org/10.14203/mri.v38i2.59
http://dx.doi.org/10.3354/meps11310
http://dx.doi.org/10.2307/1541609
http://dx.doi.org/10.1016/j.hal.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28366392
http://dx.doi.org/10.1016/j.toxicon.2012.12.016
http://www.ncbi.nlm.nih.gov/pubmed/23313447


Mar. Drugs 2018, 16, 122 21 of 22

58. Kohli, G.S.; Murray, S.A.; Neilan, B.A.; Rhodes, L.L.; Harwood, T.D.; Smith, K.F.; Meyer, L.; Capper, A.;
Brett, S.; Hallegraeff, G.M. High abundance of the potentially maitotoxic dinoflagellate Gambierdiscus carpenteri
in temperate waters of New South Wales, Australia. Harmful Algae 2014, 39, 134–145. [CrossRef]

59. Pisapia, F.; Sibat, M.; Herrenknecht, C.; Lhaute, K.; Gaiani, G.; Ferron, P.-J.; Fessard, V.; Fraga, S.;
Nascimento, S.M.; Litaker, R.W.; et al. Maitotoxin-4, a novel MTX analog produced by Gambierdiscus excentricus.
Mar. Drugs 2017, 15, 220. [CrossRef] [PubMed]

60. 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] [PubMed]

61. Silva, M.; Rodriguez, I.; Barreiro, A.; Kaufmann, M.; Neto, A.I.; Hassouani, M.; Sabour, B.; Alfonso, A.;
Botana, L.M.; Vasconcelos, V. First report of ciguatoxins in two starfish species : Ophidiaster ophidianus and
Marthasterias glacialis. Toxins 2015, 7, 3740–3757. [CrossRef] [PubMed]

62. Mak, Y.L.; Wai, T.-C.; Murphy, M.B.; Chan, W.H.; Wu, J.J.; Lam, J.C.W.; Chan, L.L.; Lam, P.K.S. Pacific
ciguatoxins in food web components of coral reef systems in the Republic of Kiribati. Environ. Sci. Technol.
2013, 47, 14070–14079. [CrossRef] [PubMed]

63. Laurent, D.; Kerbrat, A.-S.; Darius, H.T.; Girard, E.; Golubic, S.; Benoit, E.; Sauviat, M.-P.; Chinain, M.;
Molgo, J.; Pauillac, S. Are cyanobacteria involved in ciguatera fish poisoning-like outbreaks in New
Caledonia? Harmful Algae 2008, 7, 827–838. [CrossRef]

64. Méjean, A.; Peyraud-Thomas, C.; Kerbrat, A.S.; Golubic, S.; Pauillac, S.; Chinain, M.; Laurent, D.
First identification of the neurotoxin homoanatoxin-a from mats of Hydrocoleum lyngbyaceum (marine
cyanobacterium) possibly linked to giant clam poisoning in New Caledonia. Toxicon 2010, 56, 829–835.
[CrossRef] [PubMed]

65. Kerbrat, A.-S.; Darius, H.T.; Pauillac, S.; Chinain, M.; Laurent, D. Detection of ciguatoxin-like and paralysing
toxins in Trichodesmium spp. from New Caledonia lagoon: New Caledonia tropical lagoons: An overview of
multidisciplinary investigations. Mar. Poll. Bull. 2010, 61, 360–366. [CrossRef] [PubMed]

66. Kerbrat, A.-S.; Amzil, Z.; Pawlowiez, R.; Golubic, S.; Sibat, M.; Darius, H.T.; Chinain, M.; Laurent, D. First
evidence of palytoxin and 42-hydroxy-palytoxin in the marine cyanobacterium Trichodesmium. Mar. Drugs
2011, 9, 543–560. [CrossRef] [PubMed]

67. Tester, P.A.; Kibler, S.R.; Holland, W.C.; Usup, G.; Vandersea, M.W.; Leaw, C.P.; Teen, L.P.; Larsen, J.;
Mohammad-Noor, N.; Faust, M.A.; et al. Sampling harmful benthic dinoflagellates: Comparison of artificial
and natural substrate methods. Harmful Algae 2014, 39, 8–25. [CrossRef]

68. Vandersea, M.W.; Kibler, S.R.; Holland, W.C.; Tester, P.A. Development of semi-quantitative PCR assays for
the detection and enumeration of Gambierdiscus species (Gonyaulacales, Dinophyceae). J. Phycol. 2012, 48,
902–915. [CrossRef] [PubMed]

69. Nicolas, J.; Hendriksen, P.J.M.; Gerssen, A.; Bovee, T.F.H.; Rietjens, I.M. Marine neurotoxins: State of the art,
bottlenecks, and perspectives for mode of action based methods of detection in seafood. Mol. Nutr. Food Res.
2014, 58, 87–100. [CrossRef] [PubMed]

70. Caillaud, A.; Eixarch, H.; de la Iglesia, P.; Rodriguez, M.; Dominguez, L.; Andree, K.B.; Diogène, J. Towards
the standardisation of the neuroblastoma (neuro-2a) cell-based assay for ciguatoxin-like toxicity detection
in fish: Application to fish caught in the Canary Islands. Food Addit. Contam. Part A 2012, 29, 1000–1010.
[CrossRef] [PubMed]

71. Yogi, K.; Oshiro, N.; Inafuku, Y.; Hirama, M.; Yasumoto, T. Detailed LC-MS/MS analysis of ciguatoxins
revealing distinct regional and species characteristics in fish and causative alga from the Pacific. Anal. Chem.
2011, 83, 8886–8891. [CrossRef] [PubMed]

72. Amzil, Z.; Sibat, M.; Royer, F.; Masson, N.; Abadie, E. Report on the first detection of pectenotoxin-2,
spirolide-a and their derivatives in French shellfish. Mar. Drugs 2007, 5, 168–179. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.hal.2014.07.007
http://dx.doi.org/10.3390/md15070220
http://www.ncbi.nlm.nih.gov/pubmed/28696398
http://dx.doi.org/10.1371/journal.pone.0185776
http://www.ncbi.nlm.nih.gov/pubmed/29045489
http://dx.doi.org/10.3390/toxins7093740
http://www.ncbi.nlm.nih.gov/pubmed/26402702
http://dx.doi.org/10.1021/es403175d
http://www.ncbi.nlm.nih.gov/pubmed/24228863
http://dx.doi.org/10.1016/j.hal.2008.04.005
http://dx.doi.org/10.1016/j.toxicon.2009.10.029
http://www.ncbi.nlm.nih.gov/pubmed/19895826
http://dx.doi.org/10.1016/j.marpolbul.2010.06.017
http://www.ncbi.nlm.nih.gov/pubmed/20638088
http://dx.doi.org/10.3390/md9040543
http://www.ncbi.nlm.nih.gov/pubmed/21731549
http://dx.doi.org/10.1016/j.hal.2014.06.009
http://dx.doi.org/10.1111/j.1529-8817.2012.01146.x
http://www.ncbi.nlm.nih.gov/pubmed/27009001
http://dx.doi.org/10.1002/mnfr.201300520
http://www.ncbi.nlm.nih.gov/pubmed/24311541
http://dx.doi.org/10.1080/19440049.2012.660707
http://www.ncbi.nlm.nih.gov/pubmed/22394180
http://dx.doi.org/10.1021/ac200799j
http://www.ncbi.nlm.nih.gov/pubmed/22010820
http://dx.doi.org/10.3390/md504168
http://www.ncbi.nlm.nih.gov/pubmed/18463732


Mar. Drugs 2018, 16, 122 22 of 22

73. Amzil, Z.; Sibat, M.; Royer, F.; Savar, V. First report on azaspiracid and yessotoxin groups detection in French
shellfish. Toxicon 2008, 52, 39–48. [CrossRef] [PubMed]

74. Hess, P.; Abadie, E.; Hervé, F.; Berteaux, T.; Séchet, V.; Aráoz, R.; Molgó, J.; Zakarian, A.; Sibat, M.;
Rundberget, T.; et al. Pinnatoxin G is responsible for atypical toxicity in mussels (Mytilus galloprovincialis)
and clams (Venerupis decussata) from Ingril, a French Mediterranean lagoon. Toxicon 2013, 75, 16–26.
[CrossRef]

© 2018 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.toxicon.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18573273
http://dx.doi.org/10.1016/j.toxicon.2013.05.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Patient Descriptions and Acute Clinical Manifestations 
	Abundance of Gambierdiscus spp. in Anaho Bay 
	Toxicity Results Using CBA-N2a 
	Toxicity of Gambierdiscus Clonal Cultures 
	Toxicity of Tripneustes gratilla Samples 

	Characterization of Toxin Profiles in Tripneustes gratilla Toxic Fractions Using LC-MS/MS 

	Discussion 
	Materials and Methods 
	Acute Phase Clinical Description 
	Study Sites 
	Biological Material and Sampling Procedures 
	Gambierdiscus Samples and qPCR Assays 
	Tripneustes gratilla Samples 

	Extraction Procedures 
	Cell-Based Assay Using Neuroblastoma Cells 
	Liquid Chromatography Coupled with Tandem Mass Spectrometry 

	References

