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Abstract: Ciguatera Poisoning (CP) is caused by consumption of fish or invertebrates contaminated
with ciguatoxins (CTXs). Presently CP is a public concern in some temperate regions, such as
Macaronesia (North-Eastern Atlantic Ocean). Toxicity analysis was performed to characterize the
fish species that can accumulate CTXs and improve understanding of the ciguatera risk in this
area. For that, seventeen fish specimens comprising nine species were captured from coastal waters
inMadeira and Selvagens Archipelagos. Toxicity was analysed by screening CTX-like toxicity with
the neuroblastoma cell-based assay (neuro-2a CBA). Afterwards, the four most toxic samples were
analysed with liquid chromatography-high resolution mass spectrometry (LC-HRMS). Thirteen fish
specimens presented CTX-like toxicity in their liver, but only four of these in their muscle. The liver
of one specimen of Muraena augusti presented the highest CTX-like toxicity (0.270 ± 0.121 µg of
CTX1B equiv·kg−1). Moreover, CTX analogues were detected with LC-HRMS, for M. augusti and
Gymnothorax unicolor. The presence of three CTX analogues was identified: C-CTX1, which had been
previously described in the area; dihydro-CTX2, which is reported in the area for the first time; a
putative new CTX m/z 1127.6023 ([M+NH4]+) named as putative C-CTX-1109, and gambieric acid A.

Keywords: ciguatera; fish; liver; ciguatoxin; CBA; LC-HRMS

1. Introduction

Ciguatoxins (CTXs) are secondary metabolites produced by marine benthic microalgae
(dinoflagellates) members of the genera Gambierdiscus [1–4] and potentially Fukuyoa [3,5].
These metabolites accumulate as they are transferred to upper levels in the food webs
with concomitant biotransformations and may ultimately reach humans, thereby causing
ciguatera poisoning (CP) [6,7]. The CP causes a variety of gastrointestinal, cardiovascular
and neurological symptoms [8,9]. Some symptoms can be prolonged during months or
even years, severely affecting patients [10,11]. Fatal poisoning cases are rare [12] and it is
very difficult to provide a percentage of mortality due to the scarcity of data available from
most of CP-prone areas and the nearly universal under-reporting of CP cases. Although, the
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variability of symptoms and the difficult diagnosis hamper the estimation of CP cases, it is
suggested that between 25,000 to 500,000 people are affected each year worldwide [13–15].

CTXs are large lipid-soluble polyethers that activate voltage-gated sodium channels
(VGSCs) of cells leading to an increase of intracellular sodium and neuronal excitability [16].
CTXs are tasteless, colourless, odourless and they cannot be eliminated by any food preser-
vation or cooking technique [17]. Hence, prevention of CP relies on avoiding consumption
of seafood tainted with CTXs and their analogues. More than 400 species of fish [18] and
also a few shellfish species have been related to CP cases [19]. Top predators and large
fish seem to have the highest CTXs concentrations and are involved more often in CP
outbreaks than herbivorous fish [20–22]. Although in certain locations in the Pacific region,
herbivorous fish are the main concern in CP outbreaks [23].

Historically, CP was confined to circumtropical areas including the Caribbean Sea,
tropical islands of the Pacific Ocean and regions in the Indian Ocean (35◦ N, 35◦ S) [6].
Cases of CP outside these areas resulted from consumption of imported fish or the return of
sick travellers from endemic areas where they had been poisoned [24]. Currently, CP cases
in temperate areas that have been related to autochthonous fish have increased [19]. Among
the suspected causes, climate change could have influenced the migratory pattern of fish
and the distribution of the CTX-producing microalgae [25]. In Europe, an area with recent
CP cases caused by consumption of local fish is the region of Macaronesia, which is a col-
lection of different Archipelagos in the North Atlantic Ocean: Cape Verde, Canary Islands,
Selvagens, Madeira, and Azores. Since 2004, several species of the genus Gambierdiscus
have been reported in this area [26–29] and their CTX-like toxicity and production of CTX
analogues have been described [28,30–32]. In fact, Gambierdiscus excentricus was found in
the Canary Islands [28] and the Madeira Archipelago [26], and it is considered after G.
polynesiensis as one of the species producing the highest amounts of CTXs [3,28,31,32].

The first CP case in the Macaronesian region was reported in 2004, in the Canary
Islands (Spain) [33], and since then, numerous cases have been reported. The Canary Islands
government implemented an official control program based on the CTX-like toxicity of the
classified ciguateric fish species with specific weights. In the Canary Islands, these fish are
analysed for CTX-like toxicity with the neuroblastoma cell-based assay (neuro-2a CBA) [34].
This method has been widely used to detect and quantify CTX-like toxicity [32,35–40].
Presently, the detection limit of the neuro-2a CBA is below the safety level proposed by the
Food and Drug Administration (FDA) of the USA [41], which is also being contemplated
by the European Food Safety Authority [42]. Contrarily, in the Madeira and Selvagens
Archipelagos (Portugal), an official control to test the CTX-like toxicity of fish has not been
implemented. However, two precautionary measures have been established including
a fishing ban around the Selvagens Islands to a depth of 200 m and ban on catching
amberjacks of more than 10 kg. To date, in the Madeira and Selvagens Archipelagos, mainly
fish from the reserve of the Selvagens Islands has been involved in CP. However, also fish
from Madeira were involved in CP outbreaks of 2015 and 2016 [43]. Autochthonous fish that
have been related to CP cases in the Madeira and Selvagens Archipelagos are Pagrus pagrus,
Seriola spp. Ephinephelus marginatus and Bodianus scrofa [43]. Additionally, in the Selvagens
Islands (Selvagem Grande and Selvagem Pequena) and Madeira, CTX analogues have been
confirmed in fish. The isoforms CTX1B, CTX3C and a CTX analogue have been detected
by ultraperformance liquid chromatography-mass spectrometry (UPLC-MS) [44] and C-
CTX1 was detected by liquid chromatography with tandem mass spectrometry detection
(LC-MS/MS) [45–48] and by high-resolution mass spectrometry (LC-HRMS) [49]. The
Madeira and Selvagens Archipelagos are not the most northern region in the Macaronesia
area where CTXs have been found in marine organisms, since two starfish species (Fam.
Asterozoa) from the Azores Archipelago, which is located between 37◦ and 40◦ N latitude
and 24◦ and 32◦ W longitude, presented CTX analogues by Ultra Performance Liquid
Chromatography-Mass Spectrometry-Ion Trap-Time of Flight (UPLC-MS-IT-TOF) and
UPLC-MS [50].
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Detection of CTXs is difficult basically because of the diversity of molecular congeners
and a lack of certified CTXs standards and reference materials. At the moment, there are up
to 30 known analogues of CTXs. According to FAO and WHO [25], thanks to advances in
structural elucidation, there is a proposal to classify CTXs into four groups: the ciguatoxin
4A group (including CTX4A and derivatives), the ciguatoxin 3C group (including CTX3C
and derivatives), the Caribbean ciguatoxin group (including C-CTX1 and derivatives), and
the Indian ciguatoxin group (including I-CTX1 and derivatives). When defining the CTX
analogues present, the extraction procedure and the detection methodologies have to be
carefully considered as there is no consensus method for detection of all CTXs, probably
due to the wide range of fish species, matrices and CTX analogues [51]. In the present
study, seventeen fish specimens from nine species were obtained from the Madeira and
Selvagens Archipelagos and they were extracted with two different extraction methods.
Further, the evaluation of potential CTX compounds was performed using two different
approaches. First, a screening method using the neuro-2a CBA for CTX-like toxicity was
applied. In a second step, the identification of CTX compounds in the most toxic samples
was performed using LC-HRMS analysis.

2. Results
2.1. Identification of Fish by COI Sequencing

The approach of identification of fish species using COI sequencing followed the
protocol indicated in Kochsiuz et al. [52]. The premise for this approach is that the existing
databases should provide reference material for comparison of unknowns. The results of
the samples analysed in this study were not in conflict with the morphological identification.
However, for the two species of moray eel, Muraena augusti and Gymnothorax unicolor, there
was no reference sequence for COI in GenBank. Phylogenetic analyses (Figure S1) place
these species into their respective genera, but with long branches separating them from
other species. The COI sequence data of this work is very likely the first obtained for these
two species.

2.2. CTX-like Toxicity Evaluation by Neuro-2a CBA

As it was expected, after the exposure of neuro-2a cells to several concentrations
CTX1B in O/V− conditions cell viability was not affected. Otherwise, the exposure of
neuro-2a cells to CTX1B in O/V+ conditions affected to cell viability. Figure 1a shows a dose-
response of standard curve using CTX1B. Intra-assay variability of the relative standard
deviation of controls in conditions O/V− and O/V+ controls ranged 1.7 to 5.8% and 2.4
to 6.2%. None of the fish muscle samples extracted using protocol-A exhibited CTX-like
toxicity with the neuro-2a CBA. The inter-assay mean of LOQ (±standard deviation, SD)
of fish muscle for protocol-A was 0.019 ± 0.014 µg CTX1B equiv·kg−1. After the negative
results for CTX-like toxicity, the muscle and liver of the fish specimens were extracted using
protocol-B and their CTX-like toxicity was evaluated with the neuro-2a CBA. Table 1 shows
the CTX-like toxicity of fish obtained with the neuro-2a CBA using extracts produced with
protocol-B. Thirteen liver samples and four muscle samples presented CTX-like activity
above the LOQ. The inter-assay mean of LOQ (±SD) for protocol-B was 0.025 ± 0.038 µg
CTX1B equiv·kg−1 for fish muscle and 0.040 ± 0.044 µg CTX1B equiv·kg−1 for fish liver.
The CTX-like toxicity in muscle samples ranged from 0.034 to 0.083 µg CTX1B equiv·kg−1

and for liver samples ranged from 0.010 to 0.270 µg CTX1B equiv·kg−1. A dose-response
curve of liver of the specimen with code 35 (the most toxic extract) is shown in Figure 1b.
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Figure 1. Dose-responses curves of neuro-2a cells to CTX1B or a liver fish extract, in the absence of
ouabain and veratridine (O/V−) and the presence of ouabain and veratridine conditions (O/V+):
(a) Dose-response curve of neuro-2a cells after the exposition to CTX1B standard; (b) Dose-response
curve of neuro-2a cells after the exposure to liver fish extract (specimen with code 35). Data represent
the mean and SD of three replicates on the same day of experimentation.

Table 1. CTX-like toxicity evaluation using the neuro-2a CBA of samples (muscles and livers)
extracted with protocol B. Quantifications and LOQ are expressed as µg CTX1B equiv·kg−1 ± SD.
Fish are in order of decreasing toxicity in liver.

MUSCLE LIVER

Code Species Location
CTX-like Toxicity

(µg CTX1B
equiv·kg−1)

LOQ
(µg CTX1B
equiv·kg−1)

CTX-like Toxicity
(µg CTX1B
equiv·kg−1)

LOQ
(µg CTX1B
equiv·kg−1)

35 * M. augusti Desertas Islands <LOQ 0.013 0.270 ± 0.121 0.044
27 * G. unicolor Selvagens Islands 0.034 ± 0.006 0.029 0.216 ± 0.051 0.011
25 * G. unicolor Selvagens Islands <LOQ 0.005 0.212 ± 0.125 0.041
26 * G. unicolor Selvagens Islands 0.039 ± 0.001 0.002 0.187 ± 0.023 0.082
39 M. helena Desertas Islands 0.083 ± 0.014 0.026 0.158 ± 0.022 0.044
34 M. augusti Desertas Islands 0.065 ± 0.000 0.013 0.067 ± 0.022 0.044
14 B. capriscus Selvagens Islands <LOQ 0.010 0.060 ± 0.000 0.030
38 M. helena Desertas Islands <LOQ 0.013 0.050 ± 0.008 0.044
28 G. unicolor Selvagens Islands <LOQ 0.153 0.034 ± 0.000 0.004
6 B. scrofa Selvagens Islands <LOQ 0.016 0.015 ± 0.001 0.002
1 M. fusca Desertas Islands <LOQ 0.007 0.014 ± 0.000 0.008
13 K. sectatrix Selvagens Islands <LOQ 0.015 0.011 ± 0.008 0.003
37 M. helena Desertas Islands <LOQ 0.030 0.010 ± 0.002 0.004
2 C. labrosus Desertas Islands <LOQ 0.020 <LOQ 0.008
29 C. labrosus Desertas Islands - - <LOQ 0.047
31 S. cretense Desertas Islands - - <LOQ 0.178
36 M. helena Desertas Islands - - <LOQ 0.088

*: liver (25, 26, 27 and 35) and muscle (26, 27) of these individuals were also analysed by LC-HRMS.

The specimens that presented CTX-like toxicity in muscle were four moray eels of
3 species, Muraena helena, M. augusti and G. unicolor. The most toxic muscle sample was
from a M. helena specimen (code 39), with 0.083 ± 0.014 µg CTX1B equiv·kg−1. For those
fish presenting toxicity in muscle, their corresponding liver exhibited CTX-like toxicity
as well. Nonetheless, some fish with toxicity in liver did not present toxicity in muscle
tissue (see Table 1). The CTX-like toxicity was higher in the liver than in the muscle for all
fishes. The other fishes with signals of CTX-like toxicity in liver but not in muscle were:
five moray eels (M. helena, M. augusti and G. unicolor), one comb grouper (Mycteroperca
fusca), one barred hogfish (B. scrofa), one Bermuda sea chub (Kyphosus sectatrix) and one
triggerfish (Balistes capriscus). The highest CTX-like toxicity was estimated for one liver of
a moray eel of the species M. augusti (code 35), with 0.270 ± 0.121 µg CTX1B equiv·kg−1.
The relation between the CTX-like toxicity quantifications of G. unicolor and the weight of
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fish is shown in Figure S2. Considering all four positive individuals, the linear relationship
was assessed between CTX-like toxicity and weight, a potential correlation was observed
increasing the CTX-like concentration when the weight increased and a positive linear
correlation between these two variables was observed with an R2 = 0.79.

2.3. Identification of CTXs by LC-HRMS Analysis

After the neuro-2a CBA screening analyses, the extracts of the four most toxic livers
corresponding to three G. unicolor (codes 25, 26, 27) and one M. augusti (code 35) specimens
and the corresponding fish muscle samples of fish 26 and 27 were analysed by LC-HRMS.
The spectra of CTXs were dominated by [M+H]+, [M+NH4]+ and [M+Na]+, which were
used for confirmatory purposes. According to EU Commission SANCO/12571/2013 guid-
ance document, that included requirements for identification of analytes and confirmation
of results by LC-HRMS for pesticide residues analysis in food and feed, these three signals
were used as diagnostic ions. Each signal by LC-HRMS supposes two identification points.
As there is no similar document for the analysis of toxins, this document has been chosen
as a reference. The same criteria are widely used in LC-HRMS analyses of different families
of compounds.

All CTX analogues were identified using their measured m/z, mass accuracy (ppm),
ring double bond equivalents (RDBEs) and the mono-isotopic pattern (M+1 ion) of the main
adduct signal; all results are summarized in Tables S2–S5. Structure elucidation of unknown
molecules by mass spectrometry is a challenge despite advances in instrumentation. The
first crucial step is to have an accurate mass measurement with adequate resolution and
accuracy to obtain correct elemental compositions. In order to constrain the thousands
of possible candidate structures, rules such as RDBE, nitrogen and seven heuristic rules
(including isotopic pattern), need to be developed to select the most likely and chemically
correct molecular formulas. All CTX have a characteristic isotopic pattern (fingerprint),
with a high abundance M+1 signal, mainly due to the high number of carbons in all CTX
molecules. M+1/M ion ratio, is a robust criterion that for all described CTXs is a theoretical
value of 0.6–0.7. Additionally, the RDBE term measures the degree of unsaturation of the
molecule.

Ciguatoxins are a class of polycyclic polyethers with a characteristic value for RDBE.
The type of adduct, [M+H]+, [M+NH4]+ or [M+Na]+, also influences the value of this RDBE.
Exact mass, isotopic pattern and RDBE theoretical and experimental should be coincident.

The analogue C-CTX1 (C62H92O19) was identified in all four liver samples at a retention
time of 7.59 ± 0.05 min by LC-HRMS (Figure 2a,b). The identification of this CTX analogue
was identified detecting m/z 1141.6305 [C62H92O19+H]+. The mass accuracy of [M+H]+

matched ppm ≤ 3.9, RDBEs was in all cases 16.5 and the monoisotopic pattern (M+1 ion)
ratio of the main signal was between 0.55–0.69 (See Table S2).

A putative CTX analogue corresponding to dihydro-CTX2 (C60H84O18) or structural
isomer was identified in four samples (muscle and liver of fish 26, muscle of 27 and liver of
35) at a retention time of 6.62 ± 0.08 min by LC-HRMS (Figure 2c,d). To our knowledge,
this signal has not been described in any previous study. The identification of this CTX
analogue was identified detecting m/z 1115.5611 [C60H84O18+Na]+. The mass accuracy of
[M+Na]+ matched ppm ≤ 5.7, RDBEs was in all cases 18.5 and the monoisotopic pattern
(M+1 ion) ratio of the main signal was between 0.58–0.65 (See Table S3).
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Figure 2. Evidence for the presence of ciguatoxins (CTXs): (a) Extracted ion chromatogram of C-
CTX1 Σ([M+H]+ + [M+NH4]+ + [M+Na]+) in liver of fish 26 and (b) HRMS exact mass spectra of
C-CTX1 [M+H]+ at m/z 1141.6305; (c) Extracted ion chromatogram of dihydro-CTX2 Σ([M+H]+ +
[M+NH4]+ + [M+Na]+) in liver of fish with code 35 and (d) HRMS exact mass spectra of dihydro-
CTX2 [M+Na]+ at m/z 1115.5611; (e) Extracted ion chromatogram of gambieric acid A Σ([M+H]+ +
[M+NH4]+ + [M+Na]+) in liver of fish with code 35 and (f) HRMS exact mass spectra of gambieric
acid A [M+NH4]+ at m/z 1074.6726 and [M+Na]+ at m/z 1079.6278; (g) Extracted ion chromatogram
of putative analogue CTX (C-CTX-1109) Σ([M+H]+ + [M+NH4]+ + [M+Na]+) in liver of fish 25 and
(h) HRMS exact mass spectra of a putative CTX analogue [M+NH4]+ at m/z 1127.6023 and [M+Na]+

at m/z 1132.5577.

Gambieric acid A (C59H92O16) or structural isomer was identified in two samples
(liver of fish 35 and muscle of fish 27) at a retention time of 3.93 ± 0.10 min by LC-HRMS
(Figure 2e,f). The identification of gambieric acid A was identified detecting m/z 1057.6458
[C59H92O16+H]+, 1074.6726 [C59H92O16+NH4]+ and 1079.6278 [C59H92O16+Na]+. The mass
accuracy of [M+H]+ matched ppm ≤ 3.5, RDBEs was 13.5 and the monoisotopic pattern
(M+1 ion) ratio of the main signal was 0.59 (See Table S4). Additionally, the mass accuracy
of [M+NH4]+ and [M+Na]+ matched ≤2.4 ppm and ≤4.7 ppm, respectively.

Finally, a putative new CTX analogue, with a later retention time than CTX1B (ref-
erence retention time: 6.39 min) on the C18 column and with a m/z 1127.6023 [M+NH4]+

and 1132.5577 [M+Na]+ was tentatively detected in all samples (four liver and two mus-
cle samples) at 7.06 ± 0.05 min by LC-HRMS (Figure 2g,h). The isotopic patterns of
both signals [M+NH4]+ and [M+Na]+ are identical to the characteristic isotopic pattern
of CTXs (M+1/M = 0.55–0.7). The experimental M+1/M ratio was between 0.53–0.66 (see
Table S5). Additionally, the mass accuracy of [M+NH4]+ and [M+Na]+ matched ≤8.5 ppm
and ≤6.0 ppm, respectively.

The observed signals, however, do not agree with any CTX of those already described
in the literature. According to molecular formula proposed by the Xcalibur software,
unsuitable RDBE data were found, and the nitrogen rule did not fit. Complementary
techniques such as MSn and RMN should be applied in order to obtain the structural
characterization of this substance.
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3. Discussion
3.1. Identification of Fish by COI Sequencing

Genetic analysis of fish species is a useful tool for establishing records and subse-
quently implement risk assessment for fish consumption. Many factors can confound
a morphological identification such as the state of conservation of the sample, whether
the sample consists of a whole fish or merely a fillet, the existence of sexual dimorphism
between genders, the ontogenetic differences between juveniles versus adults, and envi-
ronmental factors affecting size and/or coloration. Molecular analysis can identify species
even from partially digested stomach contents. However, the utility of this method relies
on a well-annotated database for comparison that includes region-specific haplotypes.
In the case of teleost fish species, many intensely studied species that are of commercial
interest have full genomes in international databases like EMBL and GenBank. For many
wild species, collection of COI sequences is still incomplete. Such seems to be the case
for the genera Gymnothorax and Muraena. This may be true generally for many benthic
and deep-water fish species and more broadly for all non-commercially exploited species
that are not so easily brought to land for study. Most of the species identified morpholog-
ically were confirmed using phylogenetic analyses except for G. unicolor and M. augusti.
Although the long monophyletic branches for each of these sequences obtained suggest
that morphological identification is correct, these are the first sequences for COI obtained
for these species.

3.2. Toxin Analysis by CBA and LC-HRMS Analysis

After all the negative results of CTX-like toxicity with the neuro-2a CBA for all ex-
tracted muscle samples using protocol-A demonstrated that this protocol may be mislead-
ing. Muscle and liver of the seventeen fish specimens were extracted for toxin analysis
using protocol-B and the CTX-like toxicity of these fish was re-evaluated with the neuro-2a
CBA. In contrast to the results using protocol-A, four muscle samples extracted using
protocol-B showed CTX-like toxicity. This result suggests that protocol-B is more appro-
priate to detect CTXs in fish muscle. Previously, several studies had used the extraction
protocol-A [36,53] and the results were CTX-like positive, however protocol B was not
evaluated in these previous studies. The main difference between both protocols is the
order of the liquid-liquid extraction procedures. While in protocol A the hexane cleaning is
performed prior to the diethyl ether extraction, in protocol B the diethyl ether extraction
is performed prior to the hexane cleaning. Nevertheless, according to the results of the
present study, detection of CTX-like toxicity can be enhanced using protocol-B.

For the fish tested with codes 14, 38, 28, 6, 1, 13 and 37, the toxicity value for the
livers was below 0.06 µg CTX1B equiv·kg−1 and CTX-like toxicity was not detected in
muscle. There were two out six fish that presented CTX-toxicity in liver (>0.06 µg CTX1B
equiv·kg−1), but CTXs were not detected in muscle. Thus, we can conclude that it is
important to survey different tissues (particularly liver tissues) to establish whether or not
a given fish contains measurable CTXs concentrations.

In this study, the maximum difference on CTX-like toxicity between liver and muscle
was five times higher in liver than in muscle. Thus, this maximum difference for CTX-like
toxicity could be even higher. The higher toxicity found in liver as compared to muscle
is in accordance with Chan et al. [54], where the highest CTX concentration in the liver
was nine times higher than in muscle. However, most articles evaluate CTXs only in
muscle [46,55–58]. This approach may be justified by the fact that muscle is the most
consumed tissue. However, in some species and regions, the viscera are also consumed.
The evaluation of liver, in addition to muscle, may improve risk assessment studies and
may be important as a warning approach in areas where CP may be increasing in intensity
and is not yet affecting public health. On the other hand, when addressing evaluation of
toxins in the environment and in different species of fish, it is clear that in our case, liver
was a better tissue than muscle to identify CTXs in fish for environmental assessment in
the ecosystems.



Mar. Drugs 2022, 20, 236 8 of 19

In the present work, the specimens which presented CTX-like toxicity were five moray
eels corresponding to 3 species (M. helena, M. augusti and G. unicolor), grey triggerfish
(B. capriscus), barred hogfish (B. scrofa), comb grouper (M. fusca) and bermuda sea chub (K.
sectatrix). Even though CTXs have already been detected in almost all these species from
the Atlantic Ocean [45,58,59]. The present study is the first report of CTX-like toxicity for
K. sectatrix (Fam. Kyphosidae) from Macaronesia. Kyphosus species have been associated
to CTXs in the South Pacific and Indian Ocean [60,61]. They are omnivorous and play a
very important role as macroalgae consumers in temperate reefs [62,63]. Seven muscle
samples of K. sectatrix from the Selvagens Islands were analysed previously, two in Costa
et al. [45] by LC-MS/MS and five by Costa et al. [59] using neuro-2a CBA and LC-MS/MS,
and no CTX analogues or CTX-like toxicity were detected in this species. In addition, in the
current paper, the CTX-like toxicity is analysed for the first time for C. labrosus (grey mullet)
from the Desertas Islands, and the two individuals tested were not toxic. As the Kyphosus
genus, the genera Chelon, Bodianus, Mycteroperca, Sparisoma and Balistes are inclusive among
ciguateric species in the Pacific and Caribbean Sea [60]. In the present study, the B. scrofa,
B. capriscus and M. fusca were toxic as in the previous studies [45,49,59] even though that
the extraction protocols were different from the one used in the current study and included
an additional SPE cleaning step. Nevertheless, in the present study, the liver of S. cretense
from the Desertas Islands did not exhibit CTX-like toxicity. This was not in accordance
with Costa et al. [59], where fourteen muscles of S. cretense from the Selvagens Islands were
analysed using neuro-2a CBA, and the CTX-like toxicity levels ranged from 0.006 to 0.04 µg
of CTX1B equiv·kg−1.

As previously mentioned, the most toxic extracts for liver and muscle were those of
moray eels (Table 1). This is in accordance with the characteristics of moray eels, which
are benthic and large carnivorous species. Considering that moray eels have a sedentary
behaviour, presence of CTXs in moray eels is a good indicator of CP risk in the area. In the
literature, moray eels are the classical species which accumulate high quantities of CTXs.
In fact, moray eels have been related to numerous CP cases [20]. Neuro-2a quantifications
of CTX-like toxicity in the liver of the moray eels of the present study were comparable
to levels in the muscle of moray eels from the Canary Islands [58]. The CTX-like toxicity
and weight of all fish in the current study did not show an evident pattern. Nonetheless,
when the toxicity of only the specimens of G. unicolor was plotted against their weight in
Figure S2, a positive linear correlation was obtained (R2 = 0.79). Exemplars of this genus
from the Pacific Ocean has already shown a positive correlation between CTX-like toxicity
and weight [54].

In this study, six fish specimens from the Desertas Islands showed CTX-like toxicity.
This is relevant because the Desertas Islands are close to Madeira, approx. 26 km to
the south-east. Most of the ciguateric fishes reported from the Madeira and Selvagens
Archipelagos were found in the Selvagens Islands, which are 260 km south-east from
Madeira [43]. However, in Diogène et al. [64], three fish out of forty-seven (Dentex gibbosus
and two Seriola dumerili) from Madeira Archipelago showed CTX-like toxicity using neuro-
2a CBA. Previously, Costa et al. [45] analysed nine fish muscle samples from Madeira Island
and none of them were positive by LC-MS/MS. On the other hand, CTXs were found in
five out of eleven fish samples from the Selvagens Archipelago.

The European Regulations ban placing products containing CTXs in the market [65],
but presently, there are no official methods to detect CTXs or a prescribed legal limit of
CTXs in tissues. However, there is a guideline for maximum levels of 0.01 µg of CTX1B
equiv·kg−1 and 0.1 µg of C-CTX1 equiv·kg−1 in tissue by the FDA [41] and the maximum
concentration of 0.01 ug equiv. CTX1B kg−1 of fish recommended by European Food Safety
Authority [42] to cover all CTX-group toxins that could be present in fish. In the present
study, the estimated quantifications of CTXs in the positive samples for CTX-like toxicity
were equal or higher than the established level of 0.01 µg of CTX1B equiv·kg−1.

The neuro-2a CBA provides composite toxicity expressed in CTX1B equiv·kg−1 and
does not provide information related to the specific CTXs present. In this study, the
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presence of two CTX analogues (C-CTX1 (m/z 1141.6305 [C62H92O19+H]+), dihydro-CTX2
(m/z 1115.5611 [C60H84O18+Na]+)), and a putative new CTX analogue with m/z 1127.6023
[M+NH4]+ were detected in muscle and liver extracts in three moray eels (G. unicolor) (codes
25, 26 and 27) from the Selvagens Islands by LC-HRMS. These three CTX compounds and
gambieric acid A were also confirmed in the liver of one M. augusti (code 35) from the
Desertas Islands by LC-HRMS. C-CTX1 has been detected before in samples from the
Atlantic Ocean by Costa et al. [45], Estévez et al. [49], Pérez Arellano et al. [33], and
Sánchez-Henao et al. [58], and their empirical formula was described by Abraham et al. [17]
and Soliño et al. [53]. CTX2 has been found several times in fish and in moray eels
(Lycodontis javanicus, Muraenidae) from Tarawa in the Republic of Kiribati (central Pacific
Ocean) [6,66], albeit it is the first time that the putative CTX analogue corresponding to
dihydro-CTX2 (C60H84O18) has been detected. It is necessary to be aware that C-CTX1
has not been detected in microalgae, and it is suggested that C-CTX1 is a CTX analogue
resulting from fish metabolism. On the other hand, CTX2 was detected for the first time
by Yogi et al. [67] in the toxin profile of a Gambierdiscus toxicus collected at Rangiroa Atoll
of French Polynesia. Although C-CTX1, CTX2 and CTX3 jointly with CTX1B share the
same mechanism of action [57,68], the potency among C-CTX1 and the Pacific congeners is
suggested to be different. C-CTX1 is described as 10-fold less toxic than CTX1B by mouse
bioassay (MBA) [69].

Gambieric acid A was found for the first time from G. toxicus isolated in the Gambier
Islands in the Pacific Ocean [70]. Like CTXs, gambieric acids bind to the VGSCs [71].
However, gambieric acid A has not been related with CP, since a dose of 1 mg·kg−1 was
not toxic in mice via intraperitoneal injection. Another gambieric acid, gambieric acid D,
was found in fish for the first time by our group, specifically in a shark involved in a fatal
food poisoning in the Indian Ocean [72]. This is the second time a gambieric acid has been
detected in fish.

A putative CTX analogue (C-CTX-1109) corresponding to m/z 1127.6023 [M+NH4]+

and m/z 1132.5577 [M+Na]+ was also detected in the four liver and the two muscle samples
of the fish analysed by LC-HRMS. It presents a larger retention time than CTX1B on
the C18 column and a similar isotopic pattern in comparison to CTX1B main signals
m/z 1128.6102 [M+NH4]+ and 1133.5656 [M+Na]+ and an experimental M+1/M ratio
corresponding to a CTX analogue. However, it was not possible to identify a CTX structural
formula for this compound. These CTX analogues may be the result of fish metabolism.

In accordance with the literature [44–47,49], our data suggest that the Caribbean
ciguatoxin-1 (C-CTX1) would be responsible for ciguatera in the Selvagens and Desertas Is-
lands. We observed a similar CTX profile in comparison to previous studies. Otero et al. [44]
described the presence of C-CTX1, CTX3C and CTX1B and a CTX-analogue m/z 1040.6 in
both fishes (S. dumerili and S. fasciata) from the Selvagens Islands. Costa et al. (2018) [45]
confirmed and quantified C-CTX1 in four different species from the Selvagens Islands (E.
marginatus, M. fusca, B. scrofa and B. carpiscus). Estevez et al. [47] described the presence
of C-CTX1, C-CTX-1157 and C-CTX-1127 in a S. fasciata from the Selvagens Islands. None
of the previous studies found gambieric acid A and dihydro-CTX2 in the profile of fishes
from the Selvagens Islands.

Table 2 summarizes information found in the literature on CTX-positive fish samples
from the Madeira and Selvagens Archipelagos, jointly with the results of the current study.
The first CP episodes in Portugal were related to Seriola spp. caught in the Selvagens
Archipelago and CTX analogues were confirmed by UPLC-MS in two individuals, S. dumer-
ili and S. fasciata from the Selvagens Islands [44]. It is important to note that results on
CTX-like toxicity of Otero et al. [44] cannot be strictly compared with the results of the
current study since the estimations in Otero et al. [44] were performed using cerebellar
granule cells (CGN), which is another functional assay based on cell electrophysiology, and
also another standard (CTX3C) was used (Table 2). Afterwards, Caillaud et al. [36] detected
CTX-like toxicity in two individuals of S. fasciata from the Selvagens Islands (Table 2), one
of which was later confirmed to contain C-CTX1 by Estévez et al. [47]. The neuroblastoma
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assay implemented by Caillaud et al. [36], was comparable to the assay of the current study.
CTX-like toxicity quantifications of Seriola spp. from Caillaud et al. [36] were much higher,
over 100-fold higher than the most toxic fish of the present study. It is important to note
that toxin contents can vary depending on the individual, species and the geographical
location, year and season of capture.

Table 2. Literature review including the present study on toxic fish from the Madeira and Selvagens
Archipelagos including the Desertas (D) and Selvagens Islands (SI). n/a: weight not available; id:
identification and confirmation without quantitative data.

Species Weight of
Specimen (kg) Location (year) Tissue

Toxicity
According to CBA
(µg equiv·kg−1)

Toxin Concentration
by LC-MS Methods

(µg equiv·kg−1)
Reference

Balistes capriscus
(Grey triggerfish)

2.0 SI (2017) Muscle 0.03 (C-CTX1) [45]
0.5–2.6 SI (2018) Muscle 0.09 (C-CTX1) [59]

0.99 SI (2014) Liver 0.060 (CTX1B) This study

Bodianus scrofa
(Barred hogfish)

1.6 SI (2017) Muscle 0.11 (C-CTX1) [45]
0.8 SI (2017) Muscle 0.06 (C-CTX1) [45]
n/a SI (2018) Muscle id: C-CTX1 [49]

1.1–3.0 SI (2018) Muscle 0.04–0.75 (CTX1B) 0.08–0.48 (C-CTX1) [59]
2.4 SI (2014) Liver 0.015 (CTX1B) This study

Diplodus cervinus
(Zebra seabream) 2.8 SI (2018) Muscle 0.37 (CTX1B) id: C-CTX analogue 1157

m/z [59]

Epinephelus
marginatus

(Dusky grouper)
19.5 SI (2016) Muscle 0.05 (C-CTX1) [45]

Gymnothorax
unicolor

(Brown moray)

1.69 SI (2013) Liver 0.212 (CTX1B) id: CTX analogue 1127.6
m/z, C-CTX1 analogue

1141.6 m/z

This study

1.21 SI (2013) Muscle 0.039 (CTX1B) id: CTX analogue 1127.6
m/z, dihydro-CTX2
analogue 1115.6 m/z

This study

Liver 0.187 (CTX1B) id: CTX analogue 1127.6
m/z, C-CTX1 analogue

1141.6 m/z, dihydro-CTX2
analogue 1115.6 m/z

This study

1.3 SI (2013) Muscle 0.034 (CTX1B) id: CTX analogue 1127.6
m/z, dihydro-CTX2
analogue 1115.6 m/z

This study

Liver 0.216 (CTX1B) id: CTX analogue 1127.6
m/z, C-CTX1 analogue

1141.6 m/z

This study

0.72 SI (2013) Liver 0.034 (CTX1B) This study

Kyphosus sectatrix
(Bermuda sea

chub)
3.4 SI (2014) Liver 0.011 (CTX1B) This study

Mycteroperca fusca
(Island grouper)

4.6 SI (2016) Muscle 0.25 (C-CTX1) [45]
2.1 DI (2014) Liver 0.014 (CTX1B) This study

Muraena augusti
(Black moray)

1.7 DI (2013) Muscle 0.065 (CTX1B) This study
Liver 0.067 (CTX1B) This study

1.3 DI (2013) Liver 0.270 (CTX1B) id:C-CTX1, dihydro-CTX2
analogue 1115.6 m/z, CTX

analogue 1127.6 m/z

This study

Muraena helena
(Moray eel)

1.68 DI (2013) Liver 0.010 (CTX1B) This study
3.23 DI (2013) Liver 0.050 (CTX1B) This study
1.19 DI (2013) Muscle 0.083 (CTX1B) This study

Liver 0.158 (CTX1B) This study
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Table 2. Cont.

Species Weight of
Specimen (kg) Location (year) Tissue

Toxicity
According to CBA
(µg equiv·kg−1)

Toxin Concentration
by LC-MS Methods

(µg equiv·kg−1)
Reference

Pagrus pagrus
(Red porgy) 4.0 SI (2016) Muscle 0.76 (C-CTX1) [46]

Seriola dumerili
(Greater

amberjack)
70 SI (2009)

Muscle (tail) 37.3 (CTX3C) 53.76 (CTX3C) [44]
id: CTX3C, CTX analogue
1040.6 m/z, CTX analogue

1141.6 m/z
Muscle
(head) 40.6 (CTX3C) 54.35 (CTX3C) [44]

id: CTX3C, CTX analogue
1040.6 m/z, CTX analogue

1141.6 m/z
Muscle

(ventral) 5.1 (CTX3C) 33.29 (CTX3C) [44]

id: CTX1B, CTX3C, CTX
analogue 1040.6 m/z, CTX

analogue 1141.6 m/z
Muscle
(mid) 41.7 (CTX3C) 53.37 (CTX3C) [44]

id: CTX1B, CTX3C, CTX
analogue 1040.6 m/z, CTX

analogue 1141.6 m/z

Liver 37.7 (CTX3C) 48.60 (CTX3C) [44]
id: CTX1B, CTX3C, CTX

analogue 1040.6 m/z, CTX
analogue 1141.6 m/z

Seriola fasciata
(Lesser

amberjack)

30 SI (2009) Muscle (tail) 40.6 (CTX3C) 35.2 (CTX3C)id: CTX1B,
CTX3C, CTX analogue

1040.6 m/z, CTX analogue
1141.6 m/z

[44]

63 SI (2012) Muscle 6.23 (CTX1B) [36]
37 SI (2012) Muscle 4.59 (CTX1B) [36]
37 SI (2008) Muscle 1.4 (C-CTX1) 0.84 (C-CTX1) [47]

Seriola rivoliana
(Longfin

yellowtail)

2.5–12.3 SI (2018) Muscle 0.10 (CTX1B) [59]

n/a SI (2008) Muscle 0.17 (C-CTX1) id: C-CTX1 [73]

Serrianus atriacuda
(Blacktail comber) 0.2–0.3 SI (2018) Muscle 0.006–0.02 (CTX1B) [59]

Sparisoma cretense
(Parrotfish) 0.4–0.8 SI (2018) Muscle 0.006–0.04 (CTX1B) [59]

Sphyraena
viridensis

(Yellowmouth
barracuda)

2.2–5.9 SI (2018) Muscle 0.22 (CTX1B) 0.14 (C-CTX1) [59]

4. Materials and Methods
4.1. Reagents and Equipment

CTX1B (also known as P-CTX-1), 52-epi-54-deoxy CTX1B (known as P-CTX-2 and
CTX2) and 54-deoxy CTX1B (also known as P-CTX-3 and CTX3) standard solutions were
provided by Prf. Richard J. Lewis (The Queensland University, Brisbane, Australia). CTX1B
standard was used for the CBA and the LC-HRMS analysis. 52-epi-54-deoxy CTX1B and
54-deoxy CTX1B standards were used only for LC-HRMS analysis. Neuroblastoma murine
cells (Neuro-2a) were purchased from ATCC LGC standards (Manassas, VA, USA). Poly-L-
lysine, foetal bovine serum (FBS), L-glutamine solution, ouabain (O), veratridine (V), phos-
phate 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 (Badalona, Spain) and Chemlab (Zedelgem, Belgium), respectively. Ultrasonic
cell disrupter (Watt ultrasonic processor VCX750, Sonics, Newtown, CT, USA) and the
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Syncore® Polyvap evaporator were purchased from Izasa Scientific (Alcobendas, Spain)
and Büchi Syncore (Flawil, Switzerland), respectively. Automated plate spectrophotometer
was purchased from Synergy HT Biotek elisa reader, Agilent, (Santa Clara, CA, USA).

4.2. Fish Samples

Seventeen specimens of nine species of fish were collected between October 2013 and
December 2014 from several locations in the coastal waters of the Madeira and Selvagens
Archipelagos, specifically in the Desertas Islands and Selvagens Islands (Table 3). Fishes
were obtained in collaboration with the Parque Natural, Direção Regional das Pescas
and local fishermen. For each individual, the following data were recorded: total length,
and total fresh weight when caught (Table 3), and GPS coordinates and depth of capture
(Table S1). After capture, individuals were frozen and shipped to IRTA’s facilities.

Table 3. List of individuals captured between October 2013 and December 2014 in the coastal waters
of the Madeira and Selvagens Archipelagos. Species were determined by morphological identification
and molecular genetics. FB: feeding behaviour (C: carnivorous, O: omnivorous); G: gender (F: female,
M: male); no det: undetermined.

Code Common Name Species Location Date of Capture Weight
(kg)

Length
(mm) FB G

1 Comb grouper M. fusca Desertas Islands 25 September 2014 2.106 505 C F
2 Grey mullet C. labrosus Desertas Islands 25 September 2014 1.972 572 O M
6 Barred hogfish B. scrofa Selvagens Grande 24 May 2014 2.432 500 C M

13 Bermuda sea chub K. sectatrix Selvagens Grande 25 May 2014 3.431 570 O F
14 Grey triggerfish B.capriscus Selvagens Grande 25 May 2014 0.997 388 C F
25 Brown moray G. unicolor Selvagens Grande 31 December 2013 1.688 894 C no det
26 Brown moray G. unicolor Selvagens Grande 31 December 2013 1.210 838 C no det
27 Brown moray G. unicolor Selvagens Grande 31 December 2013 1.305 812 C no det
28 Brown moray G. unicolor Selvagens Grande 31 December 2013 0.721 717 C no det
29 Grey mullet C. labrosus Desertas Islands 27 December 2013 1.896 545 O M
31 Parrotfish S. cretense Desertas Islands 27 December 2013 0.412 307 O F
34 Black moray M. augusti Desertas Grande 8 November 2013 1.669 917 C M
35 Black moray M. augusti Desertas Grande 8 November 2013 1.397 838 C M
36 Moray eel M. helena Desertas Grande 8 November 2013 1.339 893 C no det
37 Moray eel M. helena Desertas Grande 8 November 2013 1.680 931 C F
38 Moray eel M. helena Desertas Grande 8 November 2013 3.234 1070 C M
39 Moray eel M. helena Desertas Grande 8 November 2013 1.193 856 C M

4.3. Identification of Fish by COI Sequencing

Species were identified morphologically. In addition, for selected samples where
species identification was not confirmed, a genetic analysis was performed using DNA
sequences obtained by PCR of the cytochrome oxidase subunit I (COI) gene. Primers from
previously published work [52] were used for the amplification of a fragment of this gene.
The purified product was sent for bi-directional sequencing using the same primers as
those used in the amplification. A BLAST analysis was performed and those samples for
which an identity score of less than 95% was obtained, a further phylogenetic analysis was
performed by Maximum Likelihood using MEGA ver7 [74].

4.4. Extraction Protocols

Fishes were dissected and muscle and liver of seventeen specimens were obtained
(10 ± 0.1 g), each tissue was weighted in 50 mL Falcon tubes. Fish tissues were kept at
−20 ◦C until toxin extraction. In order to perform the extraction, the sample was heated at
70 ◦C for 10 min in a water bath. Then, an acetone homogenization (2 mL g−1 wet weight
of tissue) was performed with an Ultra-Turrax blender (IKA, T25 Basic, Staufen, Germany)
for 3 min. The homogenate was centrifuged at 3000× g for 15 min at room temperature,
and the supernatant was recovered and passed through a 0.22 µm PTFE filter (Whatman,
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Sigma-Aldrich, Merck, Madrid, Spain). The acetone homogenization was repeated twice.
The supernatants were pooled and evaporated in a Syncore® Polyvap evaporator (Büchi
R-200, Flawil, Switzerland) at 40 ± 5 ◦C. After these steps, two different extraction protocols
were followed based in the most common extraction protocols used in the literature.

Protocol-A

After the evaporation of the acetonic phase of all fish muscle, the aqueous residues
were further extracted according to protocol-A based on Lewis et al. (2003). The aqueous
extract was dissolved in 5 mL methanol:water (9:1, v:v) and partitioned twice with 5 mL n-
hexane. The hexane layers were removed, and the aqueous methanol phase was evaporated
with the Syncore® Polyvap evaporator at 40 ± 5 ◦C until dryness. After that, the dried
extract was dissolved in 5 mL ethanol:water (1:3, v:v) and partitioned twice with 5 mL
diethyl ether. Diethyl ether fractions were pooled, dried, and the resulting residue was
suspended in 4 mL of methanol and kept at −20 ◦C until analysis with the neuro-2a CBA.

Protocol-B

An alternative extraction protocol was implemented in all fish muscle and liver sam-
ples following protocol-B based on Yogi et al. [6] and modified by Dr. Jean Turquet [72].
After drying the acetonic phase, the aqueous residue was adjusted with Milli-Q water
to 4 mL and diethyl ether was added, mixed by vortex, to initiate a water:diethyl ether
partition (1:4, v:v) and kept at room temperature for 24 h. Afterwards, the diethyl ether
phase was recovered and dried under N2 gas (Turbovap, Zymark corp, Hopkinton, MA,
USA) at 40 ◦C. The dried extract was dissolved in methanol: water (8:2, v:v) and the extract
was partitioned three times with n-hexane (1:2, v:v). The hexane layers were discarded, and
the methanolic phase was dried with the evaporator at 60 ± 5 ◦C. Finally, the resulting
residues were re-dissolved in 4 mL of HPLC-grade methanol and preserved at −20 ◦C until
analysis with the neuro-2a CBA and subsequent confirmatory analysis using LC-HRMS.

4.5. CTX-like Toxicity Evaluation by Neuro-2a CBA

The evaluation of CTX-like toxicity was performed using the neuro-2a CBA following
the procedure described in Caillaud et al. [36]. Briefly, neuro-2a cells (cell line CCL-131,
ATCC LGC standards, Manassas, VA, USA) were seeded in 96 well-plates at 40,000 cells
well−1. After 24 h, ouabain and veratridine (O/V) were added to a final concentration at
140 µM and 14 µM respectively, and 10 µL of each sample (serial dilutions of extract or
standard, previously evaporated and resuspended in 5% FBS RPMI medium) was added to
each well in triplicate. Tested concentrations ranged between 0.2 to 12 pg·mL−1 for CTX1B,
25 to 200 mg equiv·mL−1 of muscle and 1.88 to 50 mg equiv. mL−1 of liver. In each day
of experimentation, a calibration curve was obtained with CTX1B (standard) which was
tested in parallel to the samples to calibrate the experiment. Controls consisted of neuro-2a
cells exposed to 5% FBS and not to extracts or standard in both conditions (O/V− and
O/V+). All conditions were tested in triplicate. After 24 h of incubation, the neuro-2a cell
viability was measured following the MTT colorimetric assay [75]. CTX-like activity of the
extracts was estimated according to the standard dose-response curve following Caillaud
et al. [36] and was expressed as µg equiv. of CTX1B kg−1 of tissue. Dose response curves
were obtained using SigmaPlot 14.0 (Systat Software, San Jose, CA, USA). The limit of
quantification (LOQ) of the method was defined as the amount of CTX1B that causes 20%
of inhibition of cell viability (IC20) in O/V+ and that can be expressed according to the
maximum concentration of tested tissue that does not affect the viability of neuro-2a cells
under O/V− conditions [76].

4.6. LC-HRMS Analysis

For four moray eels, the four most toxic liver extracts (eels with codes 25, 26, 27 and
35 from Table 1) and two fish muscle extracts (eels with codes 26 and 27 from Table 1) as
determined by neuro-2a CBA, an analysis of CTXs was conducted with LC-HRMS. For
the analysis of CTXs by LC-HRMS an Orbitrap-Exactive HCD (Thermo Fisher Scientific,
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Bremen, Germany) mass spectrometer was used equipped with a heated electrospray
source (H-ESI II), a Surveyor MS Plus pump and an Accela Open AS auto-sampler kept
isothermal at 15 ◦C (Thermo Fisher Scientific, San Jose, CA, USA).

The chromatographic separation was performed on a reversed-phase Hypersil Gold
C18 (50 mm × 2.1 mm, 1.9 µm) (Thermo Fisher, Scientific, Bremen, Germany) at a flow
rate of 250 µL min−1. Mobile phase A was water and B was acetonitrile/water (95:5), both
containing 2 mM ammonium formate and 0.1% formic acid. The gradient elution program
for the analysis was: 30% B 1 min, 30–40% B 2 min, 40–50% B 1 min, 50–90% B 5 min, 90% B
3 min and return to initial conditions to re-equilibrate (2 min 30% B) and maintain these
initial conditions (30% B) for 11 min. A 20-µL injection volume was used. The total duration
of the method was 25 min. The analyses were carried out in positive electrospray ionization
(ESI +) mode as described in Diogène et al. [72]. The final parameters were a spray voltage
of 4.0 kV, capillary temperature of 275 ◦C, heater temperature of 300 ◦C, sheath gas flow
rate of 35 psi, and auxiliary gas flow rate of 10 (arbitrary units). A capillary voltage of
47.5 V, tube lens voltage of 186 V, and skimmer voltage of 18 V were used. Nitrogen was
employed as sheath, auxiliary, and collision gas. The mass range was m/z 400–1500 in full
scan acquisition mode. The resolution was 50,000 (m/z 200, FWHM) at a scan rate of 2 Hz,
and the automatic gain control was set as “balanced” (1 × 106) with a maximum injection
time of 250 ms. The data was processed with Xcalibur 2.2 SP1 software (Thermo Fisher
Scientific, Bremen, Germany).

The peaks were extracted from the chromatogram using the sum of exact mass of
[M+H]+, [M+NH4]+ and [M+Na]+ diagnostic ions with the ±10 ppm mass accuracy ex-
traction window. The results were expressed as the sum of the three signals to improve
sensitivity and harmonize the results regardless of the different relative intensity obtained
for the three ions for each CTX and for several matrices. In addition to retention time,
HRMS and mass accuracy parameters for accurate mass measurements (AMM), in the
present study, to be confident in the identification and the proposed elemental formula, the
following restrictive criteria were applied: elements considered were restricted in accor-
dance with CTXs molecular formula and adduct signals [C: 55 to 70, H: 64 to 110, O: 11 to
25, N: 0 to 1, and cations (Na): 0 to 1]; the isotopic pattern was matched to theoretical in
silico approach and the charge, the ring double bond equivalents (RDBEs) and nitrogen
rule were taken into account. Additionally, the mono-isotopic pattern (M+1 ion) of these
signals was used to assist in the further confirmation of the toxin identity as a supplemen-
tary identification point. Therefore, in total four diagnostic signals were used for toxin
identification. Mass accuracy criteria was ≤ 8.5 ppm. The relative ion intensities between
the main signal ([M+H]+, [M+NH4]+ or [M+Na]+) and their M+1 ions were calculated
and matched taking into account a tolerance of 30% according to the EU Commission
SANCO/12571/2013 guidance document. The characteristic isotopic pattern, M+1/M ion
ratio, is a robust criterion that for all described CTXs is a theoretical value of 0.6–0.7. The
combination of high resolution, mass accuracy and restrictive criteria was crucial for the
identification of both targeted and unknown compounds.

5. Conclusions

The selection of the extraction protocol is crucial to obtain and identify toxins from
fish matrices. In the fish used in this study from the Madeira and Selvagens Archipelagos,
the protocol-B described by Yogi et al. [67] seems to be more suitable for recovery of CTX-
like compounds than the protocol-A based on Lewis et al. [77]. As observed in previous
studies, the combination of the neuro-2a CBA as a screening assay for CTX-like toxicity
followed by CTX profile determination with LC-HRMS can be a good method for CTX
evaluation. The HRMS full scan methodology has proved to be imperative for the reliable
detection of putative CTXs, which are not monitored by targeting strategies such as MS/MS.
Thirteen out of seventeen fish specimens from the Madeira and Selvagens Archipelagos
presented CTX-like toxicities higher than the guidance level of 0.01 µg of CTX1B equiv·kg−1.
Although the liver is a tissue that is not often consumed, it is an interesting organ to conduct
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risk assessment studies and to evaluate the presence of CTX-like compounds in fish, since
levels of CTXs are higher than in muscle, according to our study. The detection of CTX-
compounds in the liver can contribute as an early warning strategy to describe better the
transfer and biotransformation of CTXs in the food webs in a specific area.

The present data will benefit CP risk assessment in the region since they are bringing
data on the presence of CTXs in different species of fish. Further systematic studies on a
larger number of fish elected according to consumer’s habits can significantly improve risk
assessment of ciguatera in the region. Among the ciguateric fish identified by neuro-2a
CBA, six specimens were from the Desertas Islands and seven were from the Selvagens
Islands. The highest toxicity was found in the liver of a M. augusti specimen (fish 35) from
the Desertas Islands. Three CTX analogues (C-CTX1, dihydro-CTX2 and a putative new
CTX m/z 1127.6023) and gambieric acid A were detected by LC-HRMS in some of the
analysed samples, for example in the liver of fish with code 35, M. agusti from the Desertas
Islands. Therefore, the Desertas Islands constitute a new area where ciguateric fish could
be harvested and associated with CP cases.

Liquid chromatography coupled to high-resolution mass spectrometry is an emerging
and very attractive approach that combines qualitative and quantitative analyses, minimis-
ing the matrix effect, and also reducing the inaccuracies (false positives and negatives).
The combination of high resolution, mass accuracy and restrictive criteria was crucial
for identifying both targeted and unknown CTX compounds. Further work should be
performed to obtain the structural characterization of these putative CTX compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20040236/s1, Figure S1: Molecular Phylogenetic analysis by
Maximum Likelihood method. The tree with the highest log likelihood (−2869.7312) is shown. The
tree is drawn to scale, with branch lengths measured in the number of substitutions per site [78,79];
Figure S2: Liver CTX-like toxicity quantifications for G. unicolor using the neuro-2a CBA against wet
weight of fish; Table S1: List of GPS coordinates and depth of capture of individuals captured between
October 2013 and December 2014 in the coasts of Madeira and Selvagens Archipelago including
Desertas and Selvagens Islands included in Table 3; Table S2: Identification criteria using full scan LC-
HRMS analysis in ESI + mode for C-CTX1; Table S3: Identification criteria using full scan LC-HRMS
analysis in ESI + mode for putative analogue dihydro-CTX2; Table S4: Identification criteria using
full scan LC-HRMS analysis in ESI + mode for gambieric acid A; and Table S5: Identification criteria
using full scan LC-HRMS analysis in ESI + mode for putative CTX analogue (C-CTX-1109).

Author Contributions: Conceptualization, À.T., M.C. and J.D.; Formal analysis, C.F., N.S., P.A.,
L.R. and K.B.A.; Investigation, À.T. and M.R.-A.; Methodology, À.T., M.R.-A., N.G., C.S. and A.M.;
Supervision, M.R.-A., M.C., K.B.A. and J.D.; Writing—original draft, À.T., M.R.-A., C.F., K.B.A., A.M.,
J.C. and J.D.; Writing—review & editing, M.R.-A., M.C. and J.D. All authors have read and agreed to
the published version of the manuscript.

Funding: The research leading to these results has received funding from the European Union Seventh
Framework Programme (FP7/2007–2013) under the ECsafeSEAFOOD project (grant agreement n◦

311820). À.T. acknowledges IRTA-URV-Banco Santander for the Ph.D. grant (2016 PMF-PIPF-74).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data of the study are in the manuscript.

Acknowledgments: The authors acknowledge support from CERCA Programme/Generalitat de
Catalunya.

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

References
1. 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]

https://www.mdpi.com/article/10.3390/md20040236/s1
https://www.mdpi.com/article/10.3390/md20040236/s1
http://doi.org/10.1016/j.toxicon.2009.06.013
http://www.ncbi.nlm.nih.gov/pubmed/19540257


Mar. Drugs 2022, 20, 236 16 of 19

2. Holmes, M.J.; Lewis, R.J.; Poli, M.A.; Gillespie, N.C. Strain dependent production of ciguatoxin precursors (gambiertoxins) by
Gambierdiscus toxicus (Dinophyceae) in culture. Toxicon 1991, 29, 761–775. [CrossRef]

3. 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, e185776. [CrossRef]

4. Roeder, K.; Erler, K.; Kibler, S.; Tester, P.; Ho Van, T.; Lam, N.-N.; Gerdts, G.; Luckas, B. Characteristic profiles of Ciguatera toxins
in different strains of Gambierdiscus spp. Toxicon 2010, 56, 731–738. [CrossRef]

5. Laza-Martínez, A.; David, H.; Riobó, P.; Miguel, I.; Orive, E. Characterization of a Strain of Fukuyoa paulensis (Dinophyceae) from
the Western Mediterranean Sea. J. Eukaryot. Microbiol. 2016, 63, 481–497. [CrossRef] [PubMed]

6. Lewis, R.J.; Holmes, M.J. Origin and transfer of toxins involved in ciguatera. Comp. Biochem. Physiol. C Comp. Pharmacol. Toxicol.
1993, 106, 615–628. [CrossRef]

7. Lewis, R.J.; Vernoux, J.-P.; Brereton, M.I. Structure of Caribbean ciguatoxin isolated from Caranx latus. J. Am. Chem. Soc. 1998, 120,
5914–5920. [CrossRef]

8. Bagnis, R.; Kuberski, T.; Laugier, S. Clinical observations on 3009 cases of ciguatera (fish poisoning) in the South -Pacific. Am. J.
Trop. Med. Hyg. 1979, 28, 1067–1073. [CrossRef] [PubMed]

9. Pearn, J. Neurology of ciguatera. J. Neurol. Neurosurg. Psychiatry 2001, 70, 4–8. [CrossRef] [PubMed]
10. De Haro, L.; Pommier, P.; Valli, M. Emergence of imported ciguatera in Europe: Report of 18 cases at the Poison Control Centre of

Marseille. J. Toxicol. Clin. Toxicol. 2003, 41, 927–930. [CrossRef] [PubMed]
11. Johnson-Arbor, K.; Goldstein, R.A.; Bayer, M.; McKay, C.A. Recurrent ciguatera symptoms nine years after initial poisoning. Clin.

Toxicol. 2005, 43, 6. [CrossRef]
12. Lewis, R.J. Ion channel toxins and therapeutics: From cone snail venoms to ciguatera. Ther. Drug. Monit. 2000, 22, 61–64.

[CrossRef] [PubMed]
13. 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]

14. Fleming, L.E.; Baden, D.G.; Bean, J.A.; Weisman, R.; Blythe, D.G. Marine Seafood Toxin Diseases: Issues in Epidemiology & Community
Outreach BT—Harmful Algae; Reguera, B., Blanco, J., Fernandez, M.L., Wyatt, T., Eds.; Xunta de Galicia and Intergovernmental
Oceanographic Commission of UNESCO: Paris, France, 1998; pp. 245–248.

15. 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]

16. Nicholson, G.M.; Lewis, R.J. Ciguatoxins: Cyclic polyether modulators of voltage-gated Iion channel function. Mar. Drugs 2006, 4,
82–118. [CrossRef]

17. Abraham, A.; Jester, E.L.E.; Granade, H.R.; Plakas, S.M.; Dickey, R.W. Caribbean ciguatoxin profile in raw and cooked fish
implicated in ciguatera. Food. Chem. 2012, 131, 192–198. [CrossRef]

18. 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]

19. Chinain, M.; Gatti, C.M.; Roue, M.; Darius, H.T. Ciguatera poisoning in French Polynesia: Insights into the novel trends of an
ancient disease. New Microbes New Infect. 2019, 31, 100565. [CrossRef]

20. Chan, T.Y.K. Regional Variations in the Risk and Severity of Ciguatera Caused by Eating Moray Eels. Toxins 2017, 9, 201. [CrossRef]
21. Chan, T.Y.K. Ciguatera Fish Poisoning in East Asia and Southeast Asia. Mar. Drugs 2015, 13, 3466–3478. [CrossRef] [PubMed]
22. Lewis, R.J. Ciguatera: Australian perspectives on a global problem. Toxicon 2006, 48, 799–809. [CrossRef] [PubMed]
23. 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] [PubMed]

24. Farrell, H.; Edwards, A.; Zammit, A. Four recent ciguatera fish poisoning incidents in New South Wales, Australia linked to
imported fish. Commun. Dis. Intell. 2019, 43, 1–9. [CrossRef]

25. Food and Agriculture Organization of the United Nations & World Health Organization. Report of the Expert Meeting on
Ciguatera Poisoning: Rome, 19–23 November 2018; World Health Organization: Geneva, Switzerland, 2020; Available online:
https://apps.who.int/iris/handle/10665/332640 (accessed on 28 February 2022).

26. Hoppenrath, M.; Kretzschmar, A.L.; Kaufmann, M.J.; Murray, S.A. Morphological and molecular phylogenetic identification and
record verification of Gambierdiscus excentricus (Dinophyceae) from Madeira Island (NE Atlantic Ocean). Mar. Biodivers. Rec. 2019,
12, 16. [CrossRef]

27. Reverté, L.; Toldrà, A.; Andree, K.B.; Fraga, S.; de Falco, G.; Campàs, M.; Diogène, J. Assessment of cytotoxicity in ten strains of
Gambierdiscus australes from Macaronesian Islands by neuro-2a cell-based assays. J. Appl. Phycol. 2018, 30, 2447–2461. [CrossRef]

28. Fraga, S.; Rodríguez, F.; Caillaud, A.; Diogène, J.; Raho, N.; Zapata, M. Gambierdiscus excentricus sp. nov. (Dinophyceae), a benthic
toxic dinoflagellate from the Canary Islands (NE Atlantic Ocean). Harmful Algae 2011, 11, 10–22. [CrossRef]

29. Rodríguez, F.; Fraga, S.; Ramilo, I.; Rial, P.; Figueroa, I.R.; Riobó, P.; Bravo, I. The Canary Islands (NE Atlantic) as a biodiversity
hotspot of Gambierdiscus: Implications for future trends of ciguatera in the area. Harmful Algae 2017, 68, 131–143. [CrossRef]

http://doi.org/10.1016/0041-0101(91)90068-3
http://doi.org/10.1371/journal.pone.0185776
http://doi.org/10.1016/j.toxicon.2009.07.039
http://doi.org/10.1111/jeu.12292
http://www.ncbi.nlm.nih.gov/pubmed/26686980
http://doi.org/10.1016/0742-8413(93)90217-9
http://doi.org/10.1021/ja980389e
http://doi.org/10.4269/ajtmh.1979.28.1067
http://www.ncbi.nlm.nih.gov/pubmed/574366
http://doi.org/10.1136/jnnp.70.1.4
http://www.ncbi.nlm.nih.gov/pubmed/11118239
http://doi.org/10.1081/CLT-120026512
http://www.ncbi.nlm.nih.gov/pubmed/14705836
http://doi.org/10.1080/07313820500207624
http://doi.org/10.1097/00007691-200002000-00013
http://www.ncbi.nlm.nih.gov/pubmed/10688261
http://doi.org/10.3390/md15030072
http://www.ncbi.nlm.nih.gov/pubmed/28335428
http://doi.org/10.1371/journal.pntd.0001416
http://doi.org/10.3390/md403082
http://doi.org/10.1016/j.foodchem.2011.08.059
http://doi.org/10.1016/j.toxicon.2010.02.026
http://doi.org/10.1016/j.nmni.2019.100565
http://doi.org/10.3390/toxins9070201
http://doi.org/10.3390/md13063466
http://www.ncbi.nlm.nih.gov/pubmed/26042615
http://doi.org/10.1016/j.toxicon.2006.07.019
http://www.ncbi.nlm.nih.gov/pubmed/16930661
http://doi.org/10.3390/toxins12120759
http://www.ncbi.nlm.nih.gov/pubmed/33271904
http://doi.org/10.33321/cdi.2019.43.4
https://apps.who.int/iris/handle/10665/332640
http://doi.org/10.1186/s41200-019-0175-4
http://doi.org/10.1007/s10811-018-1456-8
http://doi.org/10.1016/j.hal.2011.06.013
http://doi.org/10.1016/j.hal.2017.06.009


Mar. Drugs 2022, 20, 236 17 of 19

30. Boente-Juncal, A.; Vale, C.; Alfonso, A.; Botana, L.M. Synergistic Effect of Transient Receptor Potential Antagonist and Amiloride
against Maitotoxin Induced Calcium Increase and Cytotoxicity in Human Neuronal Stem Cells. ACS Chem. Neurosci. 2018, 9,
2667–2678. [CrossRef]

31. Tudó, À.; Gaiani, G.; Rey Varela, M.; Tsumuraya, T.; Andree, K.B.; Fernández-Tejedor, M.; Campàs, M.; Diogène, J. Further
Advance of Gambierdiscus Species in the Canary Islands, with the First Report of Gambierdiscus belizeanus. Toxins 2020, 12, 692.
[CrossRef]

32. Rossignoli, A.E.; Tudó, A.; Bravo, I.; Díaz, P.A.; Diogène, J.; Riobó, P. Toxicity Characterisation of Gambierdiscus Species from the
Canary Islands. Toxins 2020, 12, 134. [CrossRef]

33. Pérez-Arellano, J.L.; Luzardo, O.P.; Perez Brito, A.; Hernandez Cabrera, M.; Zumbado, M.; Carranza, C.; Àngel-Moreno, A.;
Dickey, R.W.; Boada, L.D. Ciguatera fish poisoning, Canary Islands. Emerg. Infect. Dis. 2005, 11, 1981–1982. [CrossRef] [PubMed]

34. Sánchez-Henao, A.J.; García-Álvarez, N.; Fernández, A.; Saavedra, P.; Silva Sergent, F.; Padilla, D.; Acosta-Hernández, B.; Martel
Suárez, M.; Diogène, J.; Real, F. Predictive score and probability of CTX-like toxicity in fish samples from the official control of
ciguatera in the Canary Islands. Sci. Total Environ. 2019, 673, 576–584. [CrossRef] [PubMed]

35. Caillaud, A.; Cañete, E.; de la Iglesia, P.; Gímenez, G.; Diogène, J. Cell-based assay coupled with chromatographic fractioning: A
strategy for marine toxins detection in natural samples. Toxicol. In Vitro 2009, 23, 1591–1596. [CrossRef] [PubMed]

36. Caillaud, A.; Eixarch, H.; de la Iglesia, P.; Rodríguez, M.; Domínguez, 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 Chem. Anal Control Expo. Risk Assess 2012, 29, 1000–1010. [CrossRef]

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

38. LePage, K.T.; Dickey, R.W.; Gerwick, W.H.; Jester, E.L.; Murray, T.F. On the use of neuro-2a neuroblastoma cells versus intact
neurons in primary culture for neurotoxicity studies. Crit. Rev. Neurobiol. 2005, 17, 27–50. [CrossRef]

39. Castro, D.; Manger, R.; Vilarino, O.; Gago-Martínez, A. Evaluation of Matrix Issues in the Applicability of the Neuro-2a Cell
Based Assay on the Detection of CTX in Fish Samples. Toxins 2020, 12, 308. [CrossRef]

40. 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 Chem. Anal.
Control Expo. Risk Assess 2013, 30, 567–586. [CrossRef]

41. FDA. Fish and Fishery Products Hazards and Controls Guidance, 4th ed.; IFAS: Gainesville, FL, USA, 2021. Available online:
https://www.fda.gov/media/80637/download (accessed on 28 February 2022).

42. EFSA Panel on Contaminants in the Food Chain. Scientific Opinion on marine biotoxins in shellfish—Emerging toxins: Ciguatoxin
group. EFSA J. 2010, 8, 1627. [CrossRef]

43. Varela Martínez, C.; León Gómez, I.; Martínez Sánchez, E.V.; Carmona Alférez, R.; Nuñez Gallo, D.; Friedemann, M.; Oleastro, M.;
Boziaris, I. Incidence and epidemiological characteristics of ciguatera cases in Europe. EFSA Supporting Publ. 2021, 18, 6650E.
[CrossRef]

44. Otero, P.; Pérez, S.; Alfonso, A.; Vale, C.; Rodríguez, P.; Gouveia, N.N.; Gouveia, N.; Delgado, J.; Vale, P.; Hirama, M.; et al. First
toxin profile of ciguateric fish in Madeira Arquipelago (Europe). Anal. Chem. 2010, 82, 6032–6039. [CrossRef] [PubMed]

45. Costa, P.R.; Estévez, P.; Castro, D.; Soliño, L.; Gouveia, N.; Santos, C.; Rodrigues, S.M.; Leao, J.M.; Gago-Martínez, A. New Insights
into the Occurrence and Toxin Profile of Ciguatoxins in the Selvagens Islands (Madeira, Portugal). Toxins 2018, 10, 524. [CrossRef]
[PubMed]

46. Estévez, P.; Castro, D.; Manuel Leao, J.; Yasumoto, T.; Dickey, R.; Gago-Martínez, A. Implementation of liquid chromatography
tandem mass spectrometry for the analysis of ciguatera fish poisoning in contaminated fish samples from Atlantic coasts. Food
Chem. 2019, 280, 8–14. [CrossRef] [PubMed]

47. Estévez, P.; Castro, D.; Pequeno-Valtierra, A.; Leao, J.M.; Vilarino, O.; Diogène, J.; Gago-Martínez, A. An Attempt to Characterize
the Ciguatoxin Profile in Seriola fasciata Causing Ciguatera Fish Poisoning in Macaronesia. Toxins 2019, 11, 221. [CrossRef]

48. Canals, A.; Martínez, C.V.; Diogène, J.; Gago-Martínez, A.; Cebadera-Miranda, L.; de Vasconcelos, F.M.; Gómez, I.L.; Sánchez,
E.V.M.; Alférez, R.C.; Núñez, D.; et al. Risk characterisation of ciguatera poisoning in Europe. EFSA Supporting Publ. 2021, 18,
6647E. [CrossRef]

49. Estévez, P.; Sibat, M.; Leao-Martins, J.M.; Reis Costa, P.; Gago-Martínez, A.; Hess, P. Liquid Chromatography Coupled to
High-Resolution Mass Spectrometry for the Confirmation of Caribbean Ciguatoxin-1 as the Main Toxin Responsible for Ciguatera
Poisoning Caused by Fish from European Atlantic Coasts. Toxins 2020, 12, 267. [CrossRef]

50. Silva, M.; Rodriguez, I.; Barreiro, A.; Kaufmann, M.; Isabel Neto, A.; 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]

51. Caillaud, A.; de la Iglesia, P.; Darius, H.T.; Pauillac, S.; Aligizaki, K.; Fraga, S.; Chinain, M.; Diogène, J. Update on Methodologies
Available for Ciguatoxin Determination: Perspectives to Confront the Onset of Ciguatera Fish Poisoning in Europe. Mar. Drugs
2010, 8, 1838–1907. [CrossRef]

52. Kochzius, M.; Seidel, C.; Antoniou, A.; Botla, S.K.; Campo, D.; Cariani, A.; Vazquez, E.G.; Hauschild, J.; Hervet, C.; Hjörleifsdottir,
S.; et al. Identifying Fishes through DNA Barcodes and Microarrays. PLoS ONE 2010, 5, e12620. [CrossRef]

http://doi.org/10.1021/acschemneuro.8b00128
http://doi.org/10.3390/toxins12110692
http://doi.org/10.3390/toxins12020134
http://doi.org/10.3201/eid1112.050393
http://www.ncbi.nlm.nih.gov/pubmed/16485501
http://doi.org/10.1016/j.scitotenv.2019.03.445
http://www.ncbi.nlm.nih.gov/pubmed/30999098
http://doi.org/10.1016/j.tiv.2009.08.013
http://www.ncbi.nlm.nih.gov/pubmed/19720129
http://doi.org/10.1080/19440049.2012.660707
http://doi.org/10.1016/j.toxicon.2005.03.014
http://doi.org/10.1615/CritRevNeurobiol.v17.i1.20
http://doi.org/10.3390/toxins12050308
http://doi.org/10.1080/19440049.2012.755644
https://www.fda.gov/media/80637/download
http://doi.org/10.2903/j.efsa.2010.1627
http://doi.org/10.2903/sp.efsa.2021.EN-6650
http://doi.org/10.1021/ac100516q
http://www.ncbi.nlm.nih.gov/pubmed/20557036
http://doi.org/10.3390/toxins10120524
http://www.ncbi.nlm.nih.gov/pubmed/30544529
http://doi.org/10.1016/j.foodchem.2018.12.038
http://www.ncbi.nlm.nih.gov/pubmed/30642510
http://doi.org/10.3390/toxins11040221
http://doi.org/10.2903/sp.efsa.2021.EN-6647
http://doi.org/10.3390/toxins12040267
http://doi.org/10.3390/toxins7093740
http://doi.org/10.3390/md8061838
http://doi.org/10.1371/journal.pone.0012620


Mar. Drugs 2022, 20, 236 18 of 19

53. Soliño, L.; Widgy, S.; Pautonnier, A.; Turquet, J.; Loeffler, C.R.; Flores Quintana, H.A.; Diogène, J. Prevalence of ciguatoxins
in lionfish (Pterois spp.) from Guadeloupe, Saint Martin, and Saint Barthélmy Islands (Caribbean). Toxicon 2015, 102, 62–68.
[CrossRef]

54. Chan, W.H.; Mak, Y.L.; Wu, J.J.; Jin, L.; Sit, W.H.; Lam, J.C.W.; de Mitcheson, Y.S.; Chan, L.L.; Lam, P.K.S.; Murphy, M.B. Spatial
distribution of ciguateric fish in the Republic of Kiribati. Chemosphere 2011, 84, 117–123. [CrossRef]

55. Hamilton, B.; Hurbungs, M.; Vernoux, J.P.; Jones, A.; Lewis, R.J. Isolation and characterisation of Indian Ocean ciguatoxin. Toxicon
2002, 40, 685–693. [CrossRef]

56. Oshiro, N.; Yogi, K.; Asato, S.; Sasaki, T.; Tamanaha, K.; Hirama, M.; Yasumoto, T.; Inafuku, Y. Ciguatera incidence and fish
toxicity in Okinawa, Japan. Toxicon 2010, 56, 656–661. [CrossRef] [PubMed]

57. Pottier, I.; Hamilton, B.; Jones, A.; Lewis, R.J.; Vernoux, J.P. Identitication of slow and fast-acting toxins in a highly ciguatoxic
barracuda (Sphyraena barracuda) by HPLC/MS and radiolabelled ligand binding. Toxicon 2003, 42, 663–672. [CrossRef]

58. Sánchez-Henao, A.; García-Álvarez, N.; Silva Sergent, F.; Estévez, P.; Gago-Martínez, A.; Martín, F.; Ramos-Sosa, M.; Fernández,
A.; Diogène, J.; Real, F. Presence of CTXs in moray eels and dusky groupers in the marine environment of the Canary Islands.
Aquat. Toxicol. 2020, 221, 105427. [CrossRef]

59. Costa, P.R.; Estévez, P.; Soliño, L.; Castro, D.; Rodrigues, S.M.; Timoteo, V.; Leao-Martins, J.M.; Santos, C.; Gouveia, N.; Diogène,
J.; et al. An Update on Ciguatoxins and CTX-like Toxicity in Fish from Different Trophic Levels of the Selvagens Islands (NE
Atlantic, Madeira, Portugal). Toxins 2021, 13, 580. [CrossRef]

60. Bagnis, R.; Berglund, F.; Elias, P.S.; van Esch, G.J.; Halstead, B.W.; Kojima, K. Problems of toxicants in marine food products. 1.
Marine biotoxins. Bull. World Health Organ. 1970, 42, 69–88. [PubMed]

61. Gaboriau, M.; Ponton, D.; Darius, H.T.; Chinain, M. Ciguatera fish toxicity in French Polynesia: Size does not always matter.
Toxicon 2014, 84, 41–50. [CrossRef] [PubMed]

62. Bennett, S.; Wernberg, T.; Harvey, E.S.; Santana-Garcon, J.; Saunders, B.J. Tropical herbivores provide resilience to a climate-
mediated phase shift on temperate reefs. Ecol. Lett. 2015, 18, 714–723. [CrossRef] [PubMed]

63. Vergés, A.; Bennett, S.; Bellwood, D.R. Diversity among macroalgae-consuming fishes on coral reefs: A transcontinental
comparison. PLoS ONE 2012, 7, e45543. [CrossRef]

64. Diogène, J.; Rambla, M.; Campàs, M.; Fernández, M.; Andree, K.; Tudó, A.; Rey, M.; Sagristà, N.; Aguayo, P.; Leonardo, S.; et al.
Evaluation of ciguatoxins in seafood and the environment in Europe. EFSA Supporting Publ. 2021, 18, 6648E. [CrossRef]

65. Regulation (EC) No. 2019/624 of the European Parliament and of the Council of 8 February 2019 concerning specific rules for the
performance of official controls on the production of meat and for production and relaying areas of live bivalve molluscs. Off. J.
Eur. Union 2019, 131, 97.

66. Lewis, R.J.; Sellin, M.; Poli, M.A.; Norton, R.S.; MacLeod, J.K.; Sheil, M.M. Purification and characterization of ciguatoxins from
moray eel (Lycodontis javanicus, Muraenidae). Toxicon 1991, 29, 1115–1127. [CrossRef]

67. Yogi, K.; Oshiro, N.; Inafuku, Y.; Hirama, M.; Yasumoto, T. Regional and Species Characteristics in Fish and Causative Alga from
the Pacific. Anal. Chem. 2011, 83, 8886–8891. [CrossRef]

68. Lewis, R.J.; Inserra, M.; Vetter, I.; Holland, W.C.; Hardison, D.R.; Tester, P.A.; Litaker, R.W. Rapid Extraction and Identification of
Maitotoxin and Ciguatoxin-Like Toxins from Caribbean and Pacific Gambierdiscus Using a New Functional Bioassay. PLoS ONE
2016, 11, e160006. [CrossRef] [PubMed]

69. Dickey, R.W.; Plakas, S.M. Ciguatera: A public health perspective. Toxicon 2010, 56, 123–136. [CrossRef] [PubMed]
70. Nagai, H.; Torigoe, K.; Satake, M.; Murata, M.; Yasumoto, T.; Hirota, H. Gambieric Acids: Unprecedented Potent Antifungal

Substances Isolated from Cultures of a Marine Dinoflagellate Gambierdiscus toxicus. J. Am. Chem. Soc. 1992, 114, 1102–1103.
[CrossRef]

71. Inoue, M.; Hirama, M.; Satake, M.; Sugiyama, K.; Yasumoto, T. Inhibition of brevetoxin binding to the voltage-gated sodium
channel by gambierol and gambieric acid-A. Toxicon 2003, 41, 469–474. [CrossRef]

72. Diogène, J.; Reverté, L.; Rambla-Alegre, M.; del Río, V.; de la Iglesia, P.; Campàs, M.; Palacios, O.; Flores, C.; Caixach, J.; Ralijaona,
C.; et al. Identification of ciguatoxins in a shark involved in a fatal food poisoning in the Indian Ocean. Sci. Rep. 2017, 7, 8240.
[CrossRef]

73. Boada, L.D.; Zumbado, M.; Luzardo, O.P.; Almeida-González, M.; Plakas, S.M.; Granade, H.R.; Abraham, A.; Jester, E.L.; Dickey,
R. Ciguatera fish poisoning on the West Africa Coast: An emerging risk in the Canary Islands (Spain). Toxicon 2010, 56, 1516–1519.
[CrossRef] [PubMed]

74. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.
Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]

75. Manger, R.L.; Leja, L.S.; Lee, S.Y.; Hungerforg, J.M.; Wekell, M.M. Tetrazolium-based cell bioassay for neurotoxins active on
voltage-sensitive sodium channels: Semiautomated assay for saxitoxins, brevetoxins, and ciguatoxins. Anal. Biochem. 1993, 214,
190–194. [CrossRef] [PubMed]

76. Caillaud, A.; Yasumoto, T.; Diogene, J. Detection and quantification of maitotoxin-like compounds using a neuroblastoma
(Neuro-2a) cell based assay. Application to the screening of maitotoxin-like compounds in Gambierdiscus spp. Toxicon 2010, 56,
36–44. [CrossRef] [PubMed]

77. Lewis, R.J. Detection of Toxins Associated with Ciguatera Fish Poisoning; Hallegraeff, G.M., Anderson, D.M., Cembella, A.D., Eds.;
UNESCO Publishing: Paris, France, 2003; pp. 270–271.

http://doi.org/10.1016/j.toxicon.2015.05.015
http://doi.org/10.1016/j.chemosphere.2011.02.036
http://doi.org/10.1016/S0041-0101(01)00259-8
http://doi.org/10.1016/j.toxicon.2009.05.036
http://www.ncbi.nlm.nih.gov/pubmed/19520098
http://doi.org/10.1016/j.toxicon.2003.09.004
http://doi.org/10.1016/j.aquatox.2020.105427
http://doi.org/10.3390/toxins13080580
http://www.ncbi.nlm.nih.gov/pubmed/4908418
http://doi.org/10.1016/j.toxicon.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24699216
http://doi.org/10.1111/ele.12450
http://www.ncbi.nlm.nih.gov/pubmed/25994785
http://doi.org/10.1371/journal.pone.0045543
http://doi.org/10.2903/sp.efsa.2021.EN-6648
http://doi.org/10.1016/0041-0101(91)90209-A
http://doi.org/10.1021/ac200799j
http://doi.org/10.1371/journal.pone.0160006
http://www.ncbi.nlm.nih.gov/pubmed/27467390
http://doi.org/10.1016/j.toxicon.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19782098
http://doi.org/10.1021/ja00029a057
http://doi.org/10.1016/S0041-0101(02)00369-0
http://doi.org/10.1038/s41598-017-08682-8
http://doi.org/10.1016/j.toxicon.2010.07.021
http://www.ncbi.nlm.nih.gov/pubmed/20692274
http://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://doi.org/10.1006/abio.1993.1476
http://www.ncbi.nlm.nih.gov/pubmed/8250223
http://doi.org/10.1016/j.toxicon.2010.03.012
http://www.ncbi.nlm.nih.gov/pubmed/20331997


Mar. Drugs 2022, 20, 236 19 of 19

78. Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans
and chimpanzees. Mol. Biol. Evol. 1993, 10, 512–526. [CrossRef]

79. Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGA5: Molecular Evolutionary Genetics Analysis
using Maximum Likelihood, Evolutionary Distance, and Maximum Parsimony Methods. Mol. Biol. Evol. 2011, 28, 2731–2739.
[CrossRef]

http://doi.org/10.1093/oxfordjournals.molbev.a040023
http://doi.org/10.1093/molbev/msr121

	Introduction 
	Results 
	Identification of Fish by COI Sequencing 
	CTX-like Toxicity Evaluation by Neuro-2a CBA 
	Identification of CTXs by LC-HRMS Analysis 

	Discussion 
	Identification of Fish by COI Sequencing 
	Toxin Analysis by CBA and LC-HRMS Analysis 

	Materials and Methods 
	Reagents and Equipment 
	Fish Samples 
	Identification of Fish by COI Sequencing 
	Extraction Protocols 
	CTX-like Toxicity Evaluation by Neuro-2a CBA 
	LC-HRMS Analysis 

	Conclusions 
	References



