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Abstract: Ciguaterafish poisoning (CFP)ccurs mainly when humans ingdstfish
contaminated with ciguatoxif€TXs). The @mplexity and variability of suctoxinshave
madeit difficult to developreliable methodso routindy monitor CFPwith specifcity and
sensitivity This review aims todescribethe methodologies available f@TX detection
including those based atle toxicological, biochemicalchemical and pharmaceutical
properties of CTXs. Selecting any of these methodologicapproachesfor routine
monitoring of ciguatea may be dependenipon the applicability of the method. However,
identifying a referencevalidation method for CTXsis a critical and urgentissue andis
dependentipon theavailability of certified CTX standardsandthe coordinated actiorof
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laboratories Reports of CFReasesin European hospitals have been described in several
courtries, and aremostly due to traveto CFPendemicareas. Additionally, theecent
detection ofthe CTX-producingtropical genusGambierdiscusin the eastern Atlantic
Ocean of the northern hemispherand in the Mediterranean Sea, as well as the
confirmation of CFP in the Canary Islandand possibly in Madeira, constituteher
reasons to studihe onset of CFPin Europe[l]. The questiorof the pssible contribution

of climate changéo the distribution of toxifproducing microalgae and ciguateric fish
raised The impact of ciguatera onset onrgpeanUnion (EU) policies will be discussed
with respect to EU regulations on marine toxins in se@fcCritical analysis and
availability of methodologies fo€TX determination is requiretbr a rapid response¢o
suspectedCFPcases and toonduct sound CFP risk analysis

Keywords: ciguatera; CFP, ciguatoxin; detectionmethods Gambierdiscus methods;
Europe

1. Introduction

CiguateraFish PoisoningCFP)is a human intoxication caused by the consumption ofthiah
containciguatoxins (CTXs]2]. The geographicaHistributionof CFP occurrencas mainly limited to
tropical and subtropical areaSFP isfound endemially within the westernAtlantic Ocean(including
the Caribbearsed), in the Indian Oceagrandin the Pacific[3]. Symptomsof the intoxicationare used
to diagnoe and distinguisiCFP fromotherseafood intoxicationdHowever,the confirmatbn of cases
of CFPreliesupon the detection of CTXs ithe remaining meal owithin the plasma of patien{d].
Therefore, it is important to havadequate CTX quantification methodsdiagnoseCFP cases and
moreoverto prevent intoxications throughefanalysisof consumable fish.

CTXs are secondary metabolites produced by the marine benthic dinoflagellate of tise gen
GambierdiscusNumerous congeners @fTXs have been identifiedccording todifferences in the
molecularstructure CTXs from distint geographical origis (e.g., Pacific, Caribbeanand Indian
CTXs) have been describeBome CTXs aretransmitted througimetabolismin the foodchain The
high toxicity and diversityof CTXs, along with their presence @ace levels in fish tissuenaketheir
reliable detection and quantification in fish fledifficult. Numerous methodologies basedpon
different approachese(g., toxicological symptoms, antibody recognition, mass spectrometoy
have been developddr CTX recognition Their applicdility not only depend on the sensitivity and
specificity of the method(ideally, the method isensitive toall CTX congeners but also reks on
effective extraction and clearp procedurg which arenecessary to prepasampledor analysis In
the pesent review, aelection of prtocolsfor sample preparatioprior to the application odlifferent
methoalogies of CTX determinations describedA revision of the different approaches available for
CTX determinationi.e., in vivomouse bioassafMBA), in vitro cell based assayCBA), competitive
receptorbinding assayRBA), immunologicalanalysis and physicahemicalanalysis (HPLC) are
further described.The applicatiors of these assayas routine screening tools of CTXs in fish and
Gambierdiscuspp samplesarealsodiscussed.
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The interest folCFPin Europehas been increasirduring the last yearas CFP hasbeenreported
in the hospitat of Europe €.9.,France, Spairthe Netherlands, GermangndItaly), usually in people
who consumedmported ciguatericfish or who travdled to CFPareag[5i 8]. Recent reports indicate
that CFP is presentin areas of Africa close to Europtn 2004, CFP was first confirmedafter
consumption offlesh fromfish caught inthe Canary Island [9]. The pesence ofCTXs was also
suspected irfish from Madeira in2007 and 200810]. Additionally, identification ofspecies of
dinoflagellates othe genussambierdiscuswhich arepotential CTX producerd)as been recorded
the Mediterranean Sea since 2Q038 14], andfor the first timein the waters of theCanary Island#
2004[15].

Extensive reviews on CFP provide comprehensive agmlegarding the importance of CFP and
the different factors that influenae [2,3,16/ 24]. The present review gives prioritg two subjects.
First, as introduced befor¢here is areview of CTXdeterminatiormethodsso as to update readars
the available strategies that mamyprove in the future and also tostandardizeand prioritize the
appropriate methoder CFP managemenivorldwide. Secondin light of the onsé of CFPin Europe,
the paper addresses thportanceof the present evidenceoncerning the onsendevaluategpossible
measures$o confront this potential crisign a context where the importance@FPmay be recogized
world-wide, and considering the possible increas€bf cases in traditionBl nonendemic areas in
Europe and elsewherd, becomes clear tha€CFP risk analysis has to be improved teduce
CFPimpact.

2. General Considerationsabout CFP
2.1 Origin of CFP and toxic fish

The food chain hypothesisvhich suggests thahe transfer oftoxins along the food webs an
explanationfor CFP movement,was first proposed byMills. Mills postulateda role for the
phytoplankton in toxin synthes[&5]. This implication was later supportedoy Randall[26]. Further
confirmation arrived by isolation of atoxic marine benthic dinoflagellatgoosteriorly described as
Gambierdiscus toxicysit was seen as likely source of CTXd27]. Adachi and Fukuyd?28]
confirmed that wild and culturedG. toxicusproduce precursors of CTXs (known as gambiertoxins)
[29]. Transfer ofCTXs along the food welwassuggestedo start withdinoflagellatesbefore moving
onto herbivorous graag fish, and therto the carnivorous fish tht fedupon thegrazerd30]. Some of
these toxins accumukatin the fish tissueand can be metabolizedinto the different forns (e.g.,
CTX-1B and51-hydroxyCTX-3C) from original CTX structurege.g.,CTX-3C andCTX-4B) thatare
ultimately responsible fdnuman intoxication.

Both herbivorous and carnivorous fish from tropical areas can be toxic. More théish§fecies
have been repat to be potentially ciguater|81]. In several areast has been possible tecognize
the most hazardoufish specis. For example, in some parof the CaribbearSea barracuda
(Sphyraenaspp.) are considered extremely hazardous CFP vedtestifying fish species at risis
certainly useful for fisheries management dod the establisiment of public health regulatins.
However it is not possible to generalize and establish a list of hazardous species wptlivedes
significant variation in toxin content between individualghin the same speciesind between
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geographic area#\ general consideration in a giv&fPendemic area is that within the same species,
young fish are less hazardatilen the older anthrgerones A shorter lifespamimeans ahorter time
span available for toxin accumulation in fish tissDshiroet al [32] stated that th&oxicity of larger
fish is higher than that of smaller onésdditionally, carnivorous fish, and those situated at higher
trophic levels within the food weabcan be considerediskier than thos situated at lower levels
(herkivorous). However these notiondiave beemuestionedby Dariuset al [33], who described no
clear relationship between the size and weight of ifisBamples from French Polynesaad CFP
levels The group also observed thlaerbivorous fishwere key vectors of CFP [34]. CFP toxins
accumulate maiglin the viscera of fish, but are also preserthmmuscle and other parts of the body
[31,35]. Furthermore,tiis important to distinguish fish involved in CFP from fish involved in other
forms of poisoning €.g., ichtyosarcotoxaemiadpr which the cagative agents and symptoms are
different This is the case fopufferfish poisoning (caused by tetrodotoxinjscombromoid fish
poisoning (histamine), clupeoid poisoning, elasmobranch pimigomercury fish poisoning36], or
caulerpgpoisoning[37].

2.2 Epidemiology andymptomatology

The epidemiology of CFP is difficult to assess accurageigeit is widely recognized thatFP
cases are underreport¢88]. Still, numerous epidemiological data egisgin CFP [39i43]. It is
important to state thatignificant differencesin symptoms may exist between patients. Differences
also exist amongsymptoms presented by patients from distinct geographical §das These
differences aranost probably due tgtructureactivity and pharmacokinetigariationsencounered
between the different CTX congeng4$,46]. Evenwithin areasthe risk of CFPis nothomogenous
and the incidence @@FPvaries.

About 400 million people live in areas wheZ&Pis presentln 1998,the worldwide incidence of
ciguaterawas estimadd to affect annually between ,B00 and 50@00 individuals[19,47]. CFP is
rarely fatalwith fatalitiesestimated to b&0.1% however, fatalities may be higher in tmglian Ocean
[48]. A survey from 2000 td2008 in French Polynesia reportednaean inailence rateof around
23 +6.5 cases per 1000 per yeaf34]. The highest incidence rateaw recorded at 464 cases per
10000in 2002in Raivavae Islan{B4]. Among the 47 fish speci@siplicated as responsibie French
Polynesia most were carnivorou$8%), followed by herbivorous (21.3%and omnivorous (10.3%)
specied443]. In New Caledoniaa surveyamongthe populatiorshowed that 70% of the population had
experiencedCFP [49]. A recent survey conducted in 2005 in Nounsaggested that the CFP
prevdence rate everincreasd from 25% in 1992to 37.6% in 200950]. The fsh speciesmost
incriminated in CFP casesvere carnivorous(85%) [51], followed by herbivorousspecies.
Additionally, four casesvererelated to shellfish consumpti¢s0].

Clinical manifestations appeari 30 hafter consumption of ciguateric fish. The symptomatology of
CFPis quite complexthere are many toxicological manifestations at different levels. The symptoms
of CFP involve generak(g.,weakness, joint pains, back stiffnesgjalgia, headache, chills, faintness,
dizziness, oliguriagnditching), digestive €.g9.,nausea, vomiting, diarrhea, abdominal pain, cramps,
anddehydration), cardiovasculag.(.,low arterial pressure, irregular heletat,andbradycardia) and
neurologcal (e.g.,dysaesthesia, temperature reversal, paresthesia, superficial hyperesthesia, mydriasis,
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and absencef the patellarand achillean rééx) pathologie$26,3952]. Some neurological symptoms
are characteristic dFP, such as dysaesthesia (revérdacold and hot sensatihypersensitivity to
cold) and paresthesita¢k of sensitivity in the extremities). CFP neurological effects alanlastfor
months and occasionally years [38,53]. Alcohol consumption, tobacco smokingnd fish
consumption Ave been shown to promote mactivatesymptoms[53,54]. According to humerous
case studies and reparise intravenous injection of mannitol ¢lkg™ over 30 min) early afteEFP
seems to behe most efficient therapy for CFRB6,5556]. Other palliatve treatments folICFP
intoxication have been implemented wiibmesuccesssuch as @ mixture ofvitamins (C and B) and
calcium gluconate in glucose solutif®/], and other treatments oriented towards the mitigation or
reversion of specifisymptoms[36,5859]. Folk remedies have been traditionallgedto prevent or
treat CFRassociatedymptoms[60]. For instance, in a study by Boydrhwe Garrecet al [61], 27
plant extractdrom 31 plants testedhowedin vitro protective effects again€iTX action thusleading

to the possible isolation of new bioactive compauticht cantreat CFP [62]. Recently, brevenal, a
polyether compound produced the dinoflagellateKarenia breviswas described as a potent inhibitor
of CTX-induced neurotoxic effest actingthrough the inhibition of CTXnduced catecholamine
secretion [63]. All of these compounds may beonsidered as new candidatéor CFP
treatmen{62i 64].

2.3 OrganismgroducingCTXs

Gambierdiscugtoxicus has beerconsidered the maispeciesresponsite for the production of
CTXs. This marine dinoflagellate usually grows in tropical and subtropical waters as an epiphyte
macroalgae in coral reefmangroovesystems and onartificial surfaces[65] or sand[66]. Five
additional Gambierdiscusspecieswere later describedG. belizeanug66], G. yasumotoi67], G.
polynesiensisG. pacificus andG. australeg68]. Production of toxins by some of these species has
been described67i 70], but their direct implication in CFP outbreaks has never been catfirm
However,cases attributed 1@. toxicuscould have been caused by ot@@mbierdiscuspecies

These studiesalong with recent workg71,72], underline thehigh degree of complexity in
Gambierdiscugaxonomy.Due touncertainties regarding the idertdtion of Gambierdiscuspecies
strongly hampexdstudies on the ecology of this dinoflagellate, an extensive revision of the six already
described species was further conducted by Litakerl. [73]. The revision was based ap
morphological and phylanic analysis,and ledto the description of four new species., G.
caribaeus G. carolinianus G. carpenter, and G. ruetzleri[73]. It wasalso proposed that the origlna
speciesG. toxicus of AdachiandFukuyo[28], may in fact include multiple ggies[72,73]. However,
no toxicological datés currently available regarding these four new species.

Ecologicaland physiological studidgave beemonductedn bothwild and culturedsambierdiscus
spp in order toelucidatethe factors influencing theoccurence of toxicGambierdiscuslooms. The
existence of genetically determined species produCifgs was firstproposed by Holmest al [74],
andis supported by recemtatathat identifiedthree CTX supefproducing clones ofs. polynesiensis
among20 Gambierdiscuslones teste{b9]. The role played byrevironmental conditiong favoring
the growth of toxic clonesn natura should also be considerdd5]. The exact nature ofactors
influencing the toxicity and abundance Gfambierdiscusspp remairs unclear However, light
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intensity, salinity, water temperature, nutrients, growth stagethe presence of bacteria have been
shown to influencéhegrowth and toxicity ofsambierdiscuspp [76i 79].

Other toxinproducing dinoflagellatesoexist with Gambierdiscusspp in ciguatera endemic
regions such as species of the gen&arocentrum Ostreopsis Coolia, and Amphidinium Their
involvement in CFP is debatablbese species do not produce CTbist do produce other toxinshe
cyanobacteriaf the genusHydrocoleunKiizing wasrecently proposed as a new additional source of
CFPbaseduponthe occurrence ainclassicalCFPoutbreaks aftethe consumption gfiant clans and
molluscivorous fisH80]. However these poisoning events were recently sstgpeto be linked with
the accumulation of the neurotoxin homoanatexj81,82].

Many bioactive compoundsave beensolated fromG. toxicus i.e., maitotoxins(MTXs) [27,83],
gambierols [84], and gambiericacid [85,86]. MTX increass intracellular calcim [87] and is
considered one of the most potent among marine biotoxins when injectegantoameally (i.p.)in
mice, with an LD50 (i.p. 24 h.) of 50 ng.kg[88]. However, MTX has no proven role in human
intoxication due to its low capacitfor accumuléion in fish flesh and low oral potency88].
Gambierol was described as a potent potassium veffatgel channel block¢89] and was suspected
to participatan the symptoms o€FP[90,91]. Gambieric acids were isolated from the culture medium
of G. toxcusand were described as potent antifungal polyether comp§ddjds

2.4.Chemical structure o€ TXsand geographical variability

Ciguatoxinsare lipoplilic polyethers isolated from fish ar@ambierdiscuspp.cell extracts(wild
samples and culturesftiguatoxinsare odorless, colorless, devoid of heteroatoms other than gxygen
and bear few conjugated bondstructurally dstinct CTXs from the Pacific @€TX), Caribbean
(C-CTX), and Indian Ocean{CTX) have been reportd@2i 100].

CTX-1B, a 60 carbomolycyclic ether, was the first CTompletelydescribed in 1990 by Murata
et al [100]. Numerous congeners of CTXeriginating from fish and microalga of the Pacific
(P-CTXs), were further described These congenergpresented slight modification®f their
lipophilicity. Occurrence of these different toxins in fish and microalgal samples kawever,
P-CTX-1 (P-CTX-1B) usually dominate toxin profiles inthe carnivorousfish tissueof the Pacific
[45,92]. In order to clasty the different congenersf &CTXs, Legrandet al [101] proposed the
distinction between two families ¢+CTXs (types 1 and 2) according to the number of carbons and
the structure of the E ring (S@able 1 andFigure 1). Two CTXs from theCarribeanSea(C-CTXs)
were first isolatedoy Vernouxand Lewis[94], and further identified structurally in 19984,102]
(Table 1 andFigure 1). Additional congeners were later identified by Potgeral [97,98]. More
recently, four IndianOceanCTXs (I-CTXs) were isolated[96], but their stratural determination
remains to bestablished

2.5. Toxicity and mechanisof action

CTXs are extremely potent marine toxins wahLD50 in mice (i.p.) equivalent to 0.25, 2.a8nd
0.9e g ‘Kog P-CTX-1, P-CTX-2, and P-CTX-3, respectively, leading to the observation that the
degree of oxidationis positively correlated withpotency [45]. Recently, the 54leoxyCTX was
described as more potent thatCPX-1 [22]. P-CTXs are more poterihanthe C-CTXs (LDsp of 3.6
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and 17*forg>-CkXgl andC-CTX-2) and ICT X s
estimatedl ng RCTX-1 perkilogram ofbody weigh is neededo elicit the occurrence of mild CFP
symptomsn humars [19].

184<

(appr ox iYnisct nete yhardn

Table 1.Diversity of CTXs isolated from fish and microalgal ori¢®2,94i 100].

o Number | Number Molecular
Origin ) Examples of CTX ) Source
of rings | of carbons Weigh
CTX (CTX1B, CTX-1) 11106 carnivorous fish
CTX2A2 (CTX-2, 52epi54-deoxyCT X) 10945 carnivorous fish
Type 13 60 CTX2B2 (CTX-3, 54-deoxyCTX 10945 carnivorous fish
| CTX4A 10608 G. toxicus G. polynesiensis
» CTX4B (GTX-4B, Gt 4b) 10608 G. toxicus G. polynesiensjs
Pacific (P-)
herbivoroudish
CTX3C 10228 G. toxicus G. polynesiensis
Type herbivorous fish
13 57
Il CTX2A1 ) )
. 10560 carnivorous fish
(2,3-dihydroxyCTX3C)
] CTX-1 114Q7 carnivorous fish
Caribbean (C-) 14 62 . !
CTX-2 114Q7 carnivorous fish
CTX-1 11406 carnivorous fish
) CTX-2 11406 carnivorous fth
Indian (I-) nd nd ) )
CTX-3 11576 carnivorous fish
CTX-4 11576 carnivorous fish

Figure 1. (a) General and specific structuresPacific ciguatoxins (FCTXs) (b) Structure
of Caribbean ciguatoxins (CTX-1).

Type 1P-CTXs (Ex.: CTX1B, CTX4A, CTX4B):
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Figure 1. Cont.

Type 2P-CTXs (Ex.: CTX3C, CTX2A1):

- CTX3C

- CTX2A1 (2,3dihydroxyCTX3C)

CTXs directly target the voltaggensitive Na channels, thus inducing many effects at the cellular
and physiological levels, such as membrane excitability, release of neurotransmitter [103], axonal and
Schwann oedema [104,105], incread intracellular calcium [106], and blockage of voltage potassium
channels [107]. CTXs stimulate Nantry [108] through specific binding to site 5 of the voltagéed
Na" channel [109]. The affinity of the different congeners of CTXs for the volfagendent N&
channel i's proportional to théscbobngmneespldbfp

Extensive reviews on the mechanism of acbdrCFP exist{111]. We want to consider a recent
hypothesis that explains possible chronic effects of CGHfe. chronic long lasting effects of CFP
actually seem to differentiate CFP from other marine toxin intoxications. Neurological symptoms are
consi stent wi t h CTXs @ated N& chanrels.t Howewes, allwhetsymptoms | t &
produced during CFP rganot be exclusively due to the blockage of the volgaged Na channels
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[112]. The chronic fatigue syndrome that may last for weeks or months [113] has been related to high
nitric oxide (NO) production [114]. Penil and muscular relaxation, as well-tgpe C&* channel
activation, were shown to be N@ediated via the NOS pathway [115,116]-tg¢gulation by CTXs of

NO and inducible nitric oxide synthetase (iNOS) was recently confirmécutnarRoiné[112]. As a

matter of fact, FCTX-1 was shown to induca time and dosedependent increase in NO release
within macrophage RAW 264.7 cells, through a high and prolonged increase in INOS mRNA
expression. It was further proposed that prolonged voljaged NA channel activity stimulates
N-methylD-aspartate(NMDA receptor), resulting in Ca influx, followed by constitutive NOS
activation, thus leading to NO production. NO would in turn interact with the oxidative stress chain,
resulting in INOS gene stimulation, leading to further NO production. NMDA audiivdty CTXs is

still not demonstrated, but brevetoxitduced, prolongated voltaggted N& channel activity has

been shown to induce activation of the?Giadependent iINOS activity. The NOS pathway may
provide insight into new therapies for CFP, suchN&» scavenging or iNOS inhibition, although
mannitol, as well as some traditional remedies, has been described as free radical
scavengers [117,118].

3. Methodologies for CTXsDetermination
3.1 Importance of CTX determination

CFPis theresult of simultareous exposure to a suite of closeyated but structurally distinct
congeners (CTXs) with different intrinsic potéesand very low concentratiarin fish. Indeed, it is
well known that toxin profiles differ largely betwe&erbivorousandcarnivorous ish, andboth at the
speciesandindividual levels.

For a number of marine toxins, data from human intoxication incidentalaadoxicological data
obtained inlaboratory tests(including biological (h vivo or in vitro) and physicechemical assays
using purified standardshave contributed to help regulatory authoritget a Maximum Permitted
Level (MPL)for each of these toxiné&\bove this MPL seafood must be banned from the market.
instance, basedpon the evaluation of CTX content in fish sdegpusinga mouse bioassayn MPL
of 0.01ng g* P-CTX-1 equivalent toxicitywas proposed fdiishery producs caught in the &cific in
2000[18,19]. This MPLwasderived from estimationf CTX content in fish samplgaken frommeal
remainsafter a mild outbreak ofCFP. The valuetakes into accounta 10x safety factorin order to
addressindividual human risk angbossibleuncertainties in the assay accurdt,19] andin the
assumption®f the amount of fish consumeBor Carribean fishan MPLof 0.1 ng g* C-CTX-1 has
been propose[®4]. In 2008, Dickey[119] presented an analysis of more than 100 outlsreB&FPin
the U.Sfor the periodof 1998i 2008 in which exposure levels to CTXs were consistent wittviRe
previously proposed for Pacific and @drean regiorfish [119,120] TheseMPLs - establishedrom
analysis offish tissueimplicated in CFP - are currently used as acceptable levelto guarantee
consumer protectiofi20].

One important issue regardi@-P managemenn a specific areaonsistsof the discriminationof
nontoxic from toxic fish specimes Presently this requirescost andthe time-consuming procedures
of extraction, purification and determination of CTXs from the flesh of fisBptimization of
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extraction and purification protots to improverecovery of CTXss still required. he development

of methoalogiesthat could detect CTXs with high specificity and sensitivigndwhich aresuitable

for routine monitoringpf food, is a matter of concerrdditionally, the confirmatiorof the presence of
CTXs in food orin the blood of patierd may helpthe clinical diagnosis ofCFP [4], enabling
differential diagnoss from other forns of ichtyosarchotoxismFurthermore,purification of CTXs
from the flesh of fish is of real interest fthie identification of new CTX congeneand for the
characterizatiorof CTX profiles in different regiong24]. Finally, recovery of CTXsfor reference
production from fish materialo r for phar macol ogi cal studi es
mechanismsf actionalsorequires the development of reliable method&detection

The @undance andlistribution of Gambierdiscusspp, as well asCTX productionby these
microalgaein natural populatios) areroutinely monitored by some laboratories in ciguatendemic
area. The acurrence of toxic (CTX producingyambierdiscuspp. bloomsmay be used as a bio
indicator of local ciguatera risk in a specific afda,34]. Some time rhonthg afterthe occurrence of
toxic Gambierdiscusspp. blooms the appearancef CTX-containing herbivorous fish may occur
[121]. Determination of CTXs iphytoplanktorsamples containin@Gambierdiscuspp.may also have
importance for geographical ciguatera risk assessférit22]. Determination of CTX production by
Gambierdiscuspp.cultures in parallel withtaxononic studiesof the genusGambierdiscusis crucial
for associahg toxin productionwith a particular Gambierdiscusspecies[67,68]. Studying toxin
production in cultureslsohelpsto describehe kinetics of CTX praduction under specificcontrolled
laboratory condition$77,122123] or according to the physiological growth ggaof Gambierdiscus
spp.cells[69]. Production of gambiertoxins (ciguatoxin precursags,CTX-4B) by in vitro culturing
of Gambierdiscusspp. was proposed as an alternative supply of CTXs for reference material
production[16].

In this chapterthe differentstrategies proposed fd€TX quantification are consideredhis
includes describingsample preparationfdr fish and microalgae) andhe different existing
methodologiesfor CTX quantification. Interestingly, and contrar to other microalgal toxins
implicated in food poisoning, no recognized official method for the determination of CFP toxins exists.

3.2. Sample preparatiofor CTXs deermination

An important issue when considering method development for marine toxins is sample preparation
prior to toxin determinationNumerousprotocols for sample preparatidor research or monitoring
purposesor both,have been reported in tiseientfic literature for CTXs during the &stdecade The
nature ofthe sample eitherof fish ormicroalgae, will have to be specifically addresseith regard to
the eliminationof interferencesandthe expected toxin profilesThese two factordiffer significantly
between fish and microalgadethod for CTX determination that follovgample preparatiomay also
determinghe grade of purity of extracts required tbe analysis For example, purificationf extracts
through various Solid Phase ExtractioSPE) stepsafter solvent partitions often applied when
analyzing CTX contentusing LC-MS/MS and CBAmethodg[119]. Another matter of concern is the
time required especially for routine monitoring purposés;, samplepreparationto guarantee good
CTX rewvery. A rapid extraction primcol using LGMS/MS analysis [124]has recently been
developed to improve thesefulness of thescreening of CTXcontaining fish This protocol is
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twoi to-three times faster thahefi| on g 0 p[i26].deridguanogher swey of ciguatera [33],ra
additionalrapid sample preparation protocelas describedor the screening of CT>Xontainingfish
usingthe Receptor Binding AssaiRBA). We pregnt here a selection protocolspublishedfor the
preparation of microalgal andsh samplescontaining CTXs.These methods ardetailed below
according tahe detectiomethodimplementedollowing sample preparation

3.2.1.Fish samples

Fish sample preparatidior CTX determinatiorusually follows a generapatternderived fromthe
first descriptios given by Scheuér $126] and Yasumotd s ¢ [@2d]nm the 1960s Acetone or
methanol based extraction is used for tkeovery of lipophilic compounds from fish samples.
Acetoneextraction being more efficientis preferentially used,nal is oftenimplementedwo or three
consecutive times to optimize toxin recovefysecond stegonsiss of the elimination of excessive
fatty acids basedpon solvent partition with hexane, diethyl ether chloroform(as in accordance
with the protocdl. Additional purification proceduressing SPEhave been proposedd improve the
elimination of resulting fatty acid®ecausdatty acids may vary in quantity and qualt§th the fish
species origin, or age of the fishand becausedifferent CTXsmay ke presentaccording to the
geographical origimf samplescertainconditions of the purificatiosteps such as volume argblvent
gradient have to benodulated.

The standardnouse bioassafMBA) performed byintraperitoneal (i.p.Jnjection of the diehyl
ether fraction obtained after liquid partitiari fish extractsis often usedor the surveillance and
determinationof CTX-contaminated fisti128i 130]. Improvement of sample preparatitmenhance
detection and accurate determination of CTXs in thshflof fish using th#1BA was investigatethy
adding a cleamp step with Florisil SPE to increase the puritythef ether fractiong131] (Figure 2).
According to these authoris additional purification step enhanced recovefy-CTX-1to 76%vs.
63%with the standargurification protocol.

Dickey et al [119] proposedanother purification protocol for CTXs to be useal with CBA and
LC-MS/MS analysigFigure 3). This protocolis basedupon the use of successive solvent partgion
followed by variousSPE clearup proceduresThe methodwas reported to bsuccessful forthe
clinical recognition and epidemiology Bfcific andCaribbearciguaterg119].

Availability of flesh may be one limitation for the determination of CTXs in leftovers mbals.
2007 Dariuset al [33] described a rapid extraction procedure implemented for routine monitoring of
ciguaterarisk in French Polynesithat issuitablefor RBA analysis.This procedure, basagpon the
extraction of 5g of fish flesh, is applicable to botherbivorous and carnivorous fish of the Pacific
(Figure 4) [33,34]. Extraction efficiency presented good concordance with standard extraction
protocols for highly contaminated samp|&32].
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Figure 2. Solid-phase extraction clearp of CTXs containindish extract for use with the
mouse bioassagccording to standaqteparation procedu(§l28] and[131]).

+ Cookat 70 °C for 15 mun and cool 5 min in -70 °C freezer
* Explosion Proof Homogeniser
+ Acetone 3 L/kg tissue equivalent (TE), =2
EXTRACTION * Rotary Evaporator
PROCEDURE * Pool and evaporate solvent

* Separatory Funnel
+ Dissolve in aqueous Methanol (MeOH:H,0 90:10 (0.5 L/ kg TE))
+ Defat with Hexane (0.5 L/ kg TE =<2)
* Rotary Evaporator
* Evaporate aqueous MeOH
* Separatory Funnel
+ Suspendin aqueous Methanol (MeOH:H,0 25:75(0.5 L/ kg TE))
+ Extract with diethyl ether (0.5 L/ kg TE <2)
Rotary Evaporator
+ Evaporate diethyl ether phase
+ Dissolve in chloroform:methanol (97:3)

1st STEP
PURIFICATION

*

Mouse Bioassay

Standard sample

Florisil SPE cartridge (500 mg, 0.8 mL bed volum V)

+ Conditioning with acetone:methanol 7:3 (Vy, <3), hexane:acetone 4:1 (V,
%5)

+ Load residue (20—40 mg) dissolved in hexane:acetone 4:1 (V, <1)
2nd STEP + Wash with hexane:acetone 4:1 (V,, <4)

PURIFICATION + Elute with acetone:methanol 7:3 (V, <8)

+ Rince with Methanol (V,, <2), then (V,, <5) =2

* N, stream

+ Evaporate and weigh

Mouse Bioassay
Wong et al.2009
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Figure 3. Extraction and purification of CTXs from fish samp{eaught in the Pacific and
Caribben) for use with Cell Based Asgand LGMS analysig119].

*Explosion Proof Homogeniser
+ Acetone (2 mL/g tissue equivalent (TE) <2)
+Centrifuge or filtrate
; *Pool and chill extract at -20 °C (12 h minimum)
%}ﬁg%%gggg *Rotary Evaporator or N, stream
*Evaporate solvent

*Separatory Funnel
+Diszolve in aqueous Methanol (MeOH:H,O 80:20 (1 mL/g TE))
+Defat with 95% Hexane (0.5 mL/g TE %2)
*Rotary Evaporator or N, stream
*Evaporate aqueous MeOH
11st STEP °Sepa1‘at01:y Funnel .
PURIFICATION +Suspend in H,O (0.5 mL/g TE =2)
+Extract with chloroform (0.5 mL/g TE %3)
*Rotary Evaporator
*Evaporate chloroform phase and weigh

+*Silica gel SPE with a (20:1) ratio sorbent/residue, column volum (V)
*Conditioning with MeOH:H,0 95:5 (V, 1), MeOH 100% (V, <1) then
chloroform (V,, x1)
+Load residue dissolved in chloroform (2 pL/mg residue)
+ Wash with chloroform (Vy x5)
G inl?te W::th MeOIt{ :Chloroform 10:90 (V,, x10)
5 *Rotary Evaporator
FURIEICATION *Evaporate and dissolve in 300 pL. chloroform
*Aminopropyl (NH2) SPE (500 mg)
+ Conditioning with Hexane
*L oad residue in chloroform
+Elute with 2-propanol:chloroform (1:2)
*N, stream
*Evaporate and dissolve in methanol (1 mL/150 g TE)

Cell Based Assay
LC-MS/MS



Mar. Drugs201Q 8 1851

Figure 4. Extraction and rapid purification of CTXs froRacific fish sampleso be used
with the ReceptoBinding Assay[33].

+ Homogeneize filleted flesh

+ Sonicate in methanol, 7mL/5g TE, 2 hours
* Let set overnight

+ Rapide centrifugation (850g, 5 mun)

EXTRACTION
PROCEDURE

* Sep-Pak C18 cartridges
+ Conditioning with aqueous Methanol MeOH:H,O 70:30
+ Adjust extract to MeOH:H,O 70:30 and load 7 mL
+ Wash with MeOH:H,O 70:30 (7 mL ~2)
PURIFICATION + Elute with MeOH:H,0 90:10 (7 mL <1)
STEP * Vacuum Evaporator (60 °C)
+ Evaporate solvent

Receptor
Binding Assay

A CTX rapid extraction method (CREM) was developed by Lewisl [124]in order to reduce the
time of sample preparation with the extraction of only f&sh flesh to be used with @IS analysis
(Figure 5). The CREM was described as a successful procedure@XPdetermination in Pacific
carnivorous fish, allowing 95%ecovery of spiked £TX-1 and 85%ecoveryof P-CTX-1 spiked at a
concentration close to the limit of quantification of the metttd ppb) According to these authors,
CREM combined with LEMS improves sensitivity and allows multiple analyses per [d24].
Stewart et al [125] further adapted the CREM described by Leyl®4] with an additional
methanol:hexane extraction step while omitting the final nephake SPE cleawp. This modified
CREM not only redued thetime of preparatioffior fish extractswhile requiring onlya small quantity
of fish flesh, but also showed an excellent reproducibility f&@TX recovery from fish flesh, as well
as a lower detection limit of 0.03 ng gsing LGMS-MS [125].

3.2.2.Microalgal samples

Sample preparation predures for CTX determination in microalgae are still bageah the
original extraction protocols previously described for CTX (or gambiertoxin) characterization from
wild and culturedG. toxicus[92,100133134]. The first step consistsf extracting cdlpellets using
methanol(aqueous or absolut§}3,68 70,84,122134 or acetond100]. According to the aim of the
research and the grade of purity required, the resulting crude extracts may be further purified for the
separation of CTXs from other concdamt toxins using liquid/liquid solvent partition with
dichloromethane, hexaneor diethyl ether[33,68i 70,133 135, separation through filtration of
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insoluble MTX in-20€ acetone [129], chromatography on SPE cartridd88,69,70,100133 135,
or by high performance liquid chromatography (HPLI69,92,100134].

One important aspect to consider while dealing v@dmbierdiscusspp. extracts is the possible
interference caused by MTX, another major toxic compound produc€aumpierdiscuspp.isolates,
asunderlinedn previous studiefs8,69,7783]. It has been shown that MTaerived toxicity may vary
according to strain origin or culture conditide9,83,123] and that considerable quantities of MTX (in
toxicity equivalents) may occasionally take over gnoduction of CTX$33].

Figure 5. Rapid extraction and purification procedures for CTX determination in Pacific
fish samples using LBIS/MS analysis 