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Sumario

As alteragfes climaticas em conjunto com a influéncia antropogénica promoveram nos Ultimos anos o
aparecimento de toxinas emergentes, tipicas de aguas mais quentes em ecossistemas mais
temperados. Estas biotoxinas, representam um desafio, tanto em termos de legislacdo como em
termos de monitorizagdo, uma vez que o conhecimento € limitado, sendo pertinente a otimizacéo de
métodos de andlise e de amostragem. Os planos de monitorizacao de toxinas ja legisladas na Unido
Europeia demonstram que os incidentes de envenenamento podem ser minimizados e até evitados e
guando acontecem geralmente € por desrespeito das proibic6es de apanha de moluscos bivalves vivos
ou por ingestdo de organismos recolhidos pelos proprios consumidores. No que toca as toxinas
emergentes, este problema estd acentuado, devido a inexisténcia de antidotos, e falta de
conhecimento por parte dos profissionais de salde, relativamente a sintomatologia provocada por
ingestdo destas toxinas.

Neste trabalho, a costa Portuguesa, as ilhas da Madeira, S&o Miguel nos Acores e a costa noroeste
de Marrocos foram rastreadas para diferentes tipos de toxinas emergentes (Tetrodotoxinas,
Ciguatoxinas, Iminas Ciclicas) e legisladas (Saxitoxina e Acido Ocadaico). Estas biotoxinas foram
analisadas com o auxilio de diferentes técnicas cromatograficas, em 33 espécies diferentes de
organismos bentdnicos (bivalves, gastropodes, equinodermes, crustaceos) e peixes com o objetivo de
procurar novos vetores destas fitotoxinas, e tentar perceber a sua dindmica ao longo da cadeia
alimentar. Outro objetivo importante, prende-se com a otimizagéo de protocolos de extracdo e andlise
destas toxinas, pois uma detecéo, rapida, fiavel e econémica.

Reportamos 29 novos vetores detetados nos diferentes grupos de toxinas analisados, havendo
evidéncias de bioacumulac&o ao longo da cadeia alimentar para Acido Ocadaico e Iminas Ciclicas,e
também pela primeira vez foram detetadas Ciguatoxinas em equinodermes, o ponto mais a norte de
detecéo de Tetrodotoxina, (Angeiras, Matosinhos) e a primeira dete¢cédo da presenca de Iminas ciclicas
na costa Portuguesa.

Considerando todos os resultados, podemos afirmar, que a monitorizacdo de biotoxinas baseada
apenas em bivalves é redutora, uma vez que nem todos os produtores, se encontram em suspensao
na coluna de agua. Novos vetores, muitos deles comestiveis séo reportados neste trabalho, sugerindo
gue o risco para a saude publica esta subavaliado. Esperamos que 0 nosso contributo, seja o ponto
de partida para o aprofundamento desta tematica na nossa costa, e que sirva de impulsionador para a

continuidade deste tipo de estudos para melhor proteger a populagéo.

Palavras-chave: Toxinas Emergentes; Toxinas Legisladas; Novos Vetores; Monitorizacdo; Saude

Publica; Atlantico Norte.



Summary

Climate change together with anthropogenic influence promoted in the recent years the appearance of
emerging toxins, typical of warmer waters in more temperate ecosystems. These biotoxins, represent
a challenge in terms of both legislation and monitoring, since not much known about them, being
relevant the optimization of both analysis and sampling methods. Monitoring plans of legislated toxins
in the European Union show that poisoning incidents can be minimized and even avoided. Poisoning
incidents generally happen when infringing the prohibition of live bivalve mollusks or by consumption of
organisms directly collected by consumers. Regarding emerging toxins this problem is highlighted by
the absence of antidotes and lack of knowledge from the health professionals regarding the symptoms
caused by ingestion of these toxins.

In this work, the Portuguese continental coast, the islands of Madeira, Sdo Miguel in the Azores and
northwest coast of Morocco were screened for different types of emerging toxins (Tetrodotoxins,
Ciguatoxins, Cyclic Imines) and those legislated (Saxitoxin and Okadaic Acid). These biotoxins were
analyzed using several chromatographic techniques, in 33 different species of benthic organisms
(bivalves, gastropods, echinoderms, crustaceans) and fish in order to seek for new vectors for these
phycotoxins, and try to understand their dynamics along the food chain. Another important objective is
the optimization of protocols for extraction and analysis of these toxins using fast, reliable and
economical methods.

We reported 29 new vectors in different groups of analyzed toxins, with evidences of bioaccumulation
in the food chain of okadaic acid and cyclic Imines. We also reported for the first time Ciguatoxins in
echinoderms, the most northerly point of Tetrodotoxin detection (Angeiras, Matosinhos) and the
detection of the presence of Cyclic imines for the first time in the Portuguese Coast.

Considering all the results we can say that monitoring of biotoxins in bivalves alone is reductive, since
not all toxin producers are in suspension in the water column. New vectors are reported in this study,
many of them are edible, suggesting that the risk to public health is undervalued. We hope that our
contribution is the starting point for the further development of this issue on our coast and to serve as

an incentive for the continuation of this type of studies to better protect the population.

Keywords: Emerging toxins; Legislated Toxins; New Vectors ; Monitoring; Public Health; North Atlantic.



Resumo

O cambio climatico xunto coa influencia antropoxénica promoveron nos ultimos anos a aparicion de
toxinas emerxentes, tipicas de augas mais quentes propias de ecosistemas mais mornos. Estas
biotoxinas, representan un desafio tanto en termos de lexislacibn como en termos de monitorizacion,
posto que pouco se sabe sobre elas, sendo pertinente a optimizacién de métodos de analise como de
mostraxe. Plans de seguimento de toxinas xa lexisladas na Unién Europea, demostran que 0s
incidentes de envenenamento poden ser minimizados e ata evitados. Cando acontecen xeralmente é
por non respetar as prohibicions de recolla de moluscos bivalvos vivos ou por consumo por motu
propio. No que toca as toxinas emerxentes este problema esta acentuado debido & inexistencia de
antidotos e falta de cofiecemento por parte dos profesionais da saude en relacion coa sintomatoloxia
provocada por inxestién destas toxinas.

Neste traballo, a costa Portuguesa, as illas de Madeira, San Miguel nas Azores e a costa noroeste de
Marrocos foron rastrexadas para distintos tipos de toxinas emerxentes (Tetrodotoxinas, Ciguatoxinas,
Iminas ciclicas) e lexisladas (Saxitoxina e Acido Ocadaico). Estas biotoxinas foron analizadas mediante
diferentes técnicas cromatogréficas, en 33 especies diferentes de organismos benténicos (bivalvos,
gasterépodos, equinodermos, crustaceos e peixes) co obxectivo de atopar novos vectores de
fitotoxinas, e intentar entender a dinamica ao longo da cadea alimentaria. Outro obxectivo importante
foi a optimizacion dos protocolos de extraccion e analise destas toxinas, pois unha deteccion, rapida,
fiable e econdmica é crucial.

Detectamos 29 novos vectores nos distintos grupos de toxinas analizados, habendo evidencias de
bioacumulacion ao longo da cadea alimentaria para Acido Ocadaico e Iminas ciclicas. Informamos
tamén por primeira vez da presenza de Ciguatoxinas en equinodermos, do punto mais ao norte de
deteccion de tetrodotoxina (Angeiras, Matosinhos) e da presenza de Iminas ciclicas na costa
Portuguesa por primeira vez.

Considerando todos os resultados podemos afirmar que a monitorizacion de biotoxinas baseada s6 en
bivalvos é escasa, xa que non todos os produtores se atopan en suspension na columna de auga
aberta. Novos vectores, moitos deles comestibles, son reportados neste traballo, 0 que suxire que o
risco para a saude publica esta subestimado. Esperamos que a nosa contribucién sexa o punto de
partida para a profundizacion nesta temética na nosa costa e que sirva de impulsor para a continuidade

deste tipo de estudos para mellorar a proteccion da poboacion.

Palabras clave: Toxinas Emerxentes; Toxinas Lexisladas; Novos Vectores; Monitorizacion; Saude

Publica; Atlantico Norte.
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Introduction — Thesis structure

This thesis began under the project ATLANTOX, whose main aim was the screening of new toxins in
the North Atlantic and the development of new analytical techniques. Climate change combined with
anthropological intervention allowed the potential migration of toxins, considered restricted to tropical
environments, to more temperate regions.

Benthic organisms are generally poorly studied regarding their role as potential toxins vectors, with
exception of bivalves due to their economical relevance. Several species of benthos were surveyed in
this study, along the Portuguese coast, Azores and Madeira Islands and the Moroccan northwestern
coast. Were screened: gastropods (sea-snails, sea-slugs and limpets), bivalves, echinoderms (sea-
stars and sea-urchins), fish (pufferfish) and crustaceans (barnacles). The study of these organisms is
pertinent, since they are an important part of the food-chain that tops up in humans, but also because
they are good indicators of potential changes in the ecosystem. One of our main aims was to gain
knowledge regarding the prevalence of these toxins in the Atlantic Ocean, believing that legislation
could be revised and updated based on our results and since it is reductive to think that monitoring
bivalves alone is enough for protecting public health. Due to intensive sampling and availability of
technical resources and in order to maximize the study, was decided to widen the search when it comes
to toxins groups screened,: Tetrodotoxin, Saxitoxin group (PSTs — Parallytic Shellfish Toxins), Okadaic
Acid group (DSTs — Diarrheic Shellfish Toxins), Yessotoxins (YTXs), Azaspiracids (AZAs), from the
Cyclic Imine group, Spirolides (SPX), Palytoxin (PLT) and the Ciguatoxin group (CTX).

With this, the prior objectives of the thesis had to be adapted, that will be described in the objectives
section.

This work will be exposed in the format of compilation of papers, first with a review paper for
contextualization of the study, followed by a paper on methodology optimization. The 3" and 4™ sections
of the thesis are dedicated to monitoring work performed in the Portuguese coast, islands and

northwestern Moroccan coast.
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Abstract: Harmful Algal Blooms (HAB) are complex to manage due to their intermittentnature and

their severe impact on the economy and human health. The conditions which promote HAB have not
yet been fully explained, though climate change and anthropogenic intervention are pointed as
significant factors. The rise of water temperature, the opening of new sea canals and the introduction
of ship ballast waters all contribute to the dispersion and establishment of toxin-producing invasive
species that promote the settling of emergent toxins in the food-chain. Tetrodotoxin, ciguatoxin,
palytoxin and cyclic imines are commonly reported in warm waters but have also caused poisoning
incidents in temperate zones. There is evidence that monitoring for these toxins exclusively in bivalves
is simplistic and underestimates the risk to public health, since new vectors have been reported for
these toxins and as well for regulated toxins such as PSTs and DSTs. In order to avoid public health
impacts, there is a need for adequate monitoring programs, a need for establishing appropriate
legislation, and a need for optimizing effective methods of analysis. In this review, we will compile
evidence concerning emergent marine toxins and provide data that may indicate the need to restructure

the current monitoring programs of HAB.

Keywords: Emergent toxins; monitoring; new vectors; legislation
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Introduction

1.1. Harmful Algal Blooms: General Description

Phytoplankton may develop blooms in marine coastal waters with seasonal, regional and species-
specific features [1]. Several factors, which are not yet entirely understood, promote these blooms, but
in recent decades these occurrences have tended to be more frequent, persistent and intense [2—6].
Climate change, eutrophication and cysts, together with alien species transported in ballast waters, are
noted as important contributors [7]. Blooms can be classified as benign or harmful according to their
impact on the ecosystem, on public health and on the economy. Benign algal blooms lead to an increase
of primary producers boosting the richness of the ecosystem, whereas Harmful Algal Blooms (HAB)
have adverse consequences [8,9]. So far, about 5000 species of phytoplankton have been
distinguished, 300 of which form blooms, and are reported as toxic, noxious or as being a nuisance
[1,10-12].

A phytoplankton bloom is a complex community that can be monospecific or composed of several
different species [13]. In both cases, harmful species may or may not be present. Toxic blooms produce
secondary metabolites that may help them outcompete similar species or have deleterious effects on
predators [14—17]. These toxins can accumulate in the food-chain and cause poisoning incidents to
humans through harvested shellfish or other seafood present in the bloom area [18,19]. HABs affect
the fishing and aquaculture industries by causing high mortalities in fish and invertebrates through
mechanical damage due to their spiny conformation or mucilage production, and by causing lesions or
obstruction of the gills [20,21]. As an example, the diatoms Chaetoceros concavicornis and C.
convolutus, can cause fish mortalities at the very low concentration of 5 cells/mL [22].

A bloom can also create anoxic zones when it is very extensive and enters into senescence, thereby
causing mortalities or deviation of fish migration routes [23,24]. An example of this is in the Gulf of
Mexico, where the Mississippi River delivers heavy loads of urban and agricultural runoff leading to an
increase in nitrogen and phosphorus levels and fueling phytoplankton growth. This influx causes
extensive blooms whose decomposition eliminates oxygen faster than it can be replaced thereby
forming dead zones [24].

HABs may cause huge economic losses in the tourism sector even when blooms are not a risk for
humans or other organisms by producing foams, mucilage, repellent odors or altering the water color
[25—-30]. They can also affect an entire ecosystem by creating regions of anoxia, causing death by
mechanical block preventing micro invertebrates to feed, affecting the reproduction of predators,
benthic anoxia, sea grass die-off, and the alteration of food web function [23,31-34].

Regarding public health, a need for guidelines led to the establishment of international regulations
resulting in mandatory and frequent monitoring of the most common syndromes: Paralytic Shellfish
Poisoning (PSP), Amnesic Shellfish Poisoning (ASP) and Diarrheic Shellfish Poisoning (DSP) [35-37].

2
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Nowadays, owing to these regulations, the cases of human intoxications are sporadic and are mostly
due to illegal harvest and/or confusion of toxic species with non-toxic ones, i.e., failure of harvest and
consumption prohibitions implemented by national health authorities [38,39].

The establishment of guideline values for marine toxins follows some procedures that take into account
the toxicity values produced through laboratory assays, data on incidence, prevalence, seasonal
variation and vectors of the toxin obtained through field work. The monitoring of biotoxins is usually
evaluated through phytoplankton counting and the testing of bioaccumulation of toxins in bivalves.
However, there can be a lack of important data since some toxins are produced by bacteria
(Tetrodotoxin (TTX)) and others are produced by benthic dinoflagellates (Ciguatoxin (CTX), Palitoxin
(PTX)). Moreover, vector species that are not normally monitored, such as gastropods, crustaceans
and fish, should be included in risk assessments since other toxin uptake routes, apart from filter
feeding, are present in marine ecosystems [40,41]. This risk analysis is the key for the proposal of new
guideline values and this procedure has to be done in accordance with international guidelines and
institutions, such as the European Union Reference Laboratory for Marine Biotoxins (EURLMB) and
the European Food Safety Authority (EFSA), coordinated by United Nations Organizations, such as the
Food and Agricultural Organization of the United Nations (FAO), Intergovernmental Oceanographic
Commission of UNESCO (I0C) and the World Health Organization (WHO). The EURLMB coordinates
the activities of a network of the National Reference Laboratories (NRL) which is established in each
EU Member State, regarding the methodologies applied to control marine biotoxins in shellfish in order
to protect public health and guarantee a maximum level of food safety. The EFSA is the keystone of
European Union (EU) risk assessment regarding food and feed safety. In close collaboration with
national authorities and in open consultation with its stakeholders, EFSA provides independent scientific
advice and clear communication on existing and emerging risks.

In this review we explore the challenges of HABs, more specifically the problem of the emergent toxins,
as evidence for their presence in temperate waters has become more substantive resulting in the need
for new monitoring programs and the development of more sensitive and rapid analysis methods

associated with a revised legislation in order to avoid social and economic consequences.

1.2. Emergent Toxins

There is urgency in the study of emergent toxins as the rise of water temperature, together with
anthropogenic impacts, may allow for the dispersion and the establishment of new populations of highly
toxic organisms [3,6,42—-44]. These phycotoxins have many routes of uptake in humans, the most
common one being via ingestion. The majority of these toxins are heat-stable, whereby cooking
processes do not affect their structure or function. Dermal and respiratory exposure also has to be
considered as some biotoxins can form aerosols. This is the case with PTX, which causes the

development and aggravation of lung diseases affecting mainly coastal and fishermen populations [45—

3



FCUP
Section |
48]. In the following paragraphs, we will describe the chemical structure of TTX, PTX, CTX and Ciclic

Imines (CI), action modes and symptoms in humans.

1.2.1. Tetrodotoxin

TTX is a non-proteinaceous neurotoxin with a molecular weight of 319.3 Da. TTX was first isolated in
1950 by Yokoo as a crystalline prism, from the toxic puffer fish and named after the puffer fish family
Tetraodontidae [49,50]. The structure of TTX (Figure 1.1), was identified after the independent findings
by several researchers, namely Goto et al. (1965), Tsuda et al. (1964) and Woodward (1964) [51-53].
TTX is a colorless, crystalline-weak basic substance with a molecular formula of C11H1708N3 and has
30 analogues or derivatives which have been separated from puffer fish, newts, frogs and other TTX
bearing organisms [54]. It is found in phylogenetically different marine and terrestrial organisms from
six different phyla [55]. The widespread occurrence indicates that the origin of TTX may be exogenous
[56-58]. The structure of TTX is characterized by a positively charged guanidinium group and a
pyrimidine ring that may help TTX to work as a specific blocker of voltage gated sodium channels.
Intoxication of TTX occurs within hours and may progress from localized numbness at the mouth shortly
after ingestion to vomiting, strong headache, muscle weakness, respiratory failure, hypotension and
even death [59]. As there is no antidote available, the main objective is to keep the patient alive in the
first 24 h after intoxication of TTX occurs, with ventilator and hemodynamic support, as well as the

correction of any possible cardiac arrhythmias, resulting in the mandatory stay in an intensive care unit

[59-61].
HO 0
HO AN
O

Cl
H
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Figure 1.1 -Tetrodotoxin (TTX) structure modified from Noguchi 2008 [55].

1.2.2. Palytoxin

PTX is a non-proteinaceous marine toxin which is mainly produced by marine zoanthids (soft corals) of
the genus Palythoa [62]. Initially they were found only in Hawaii and Japan but the occurrence of PTX
and its analogues is reported worldwide [63—65]. PTX is also produced by dinoflagellates (Ostreopsis

spp.) and found in other organisms, such as fish [66,67]. Its structure was first described in 1981 [63,68].
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PTX has a polyketide structure (Figure 1.2) with both lipophilic and hydrophilic moieties. The general
chemical formula of PTX is C129H233N3054 consisting in a long, partially unsaturated aliphatic
backbone, containing cyclic ethers, 64 chiral centers, 40-42 hydroxyl and 2 amide groups. Many
different analogues of PTX, such as isobaric PTX, ostreocin-D, ovatoxin (a to f), mascarenotoxins,
ostreotoxin-1 and 2, homopalytoxin, bishomopalytoxin, neopalytoxin, deopalytoxin and 42-
hydroxypalytoxin are known and the molecular weights vary depending on the species from which they
are produced, ranging from 2659 to 2680 Da [69—72]. PTX has ultraviolet absorption at a wavelength
of 233 and 263 nm and is heat-stable [69,73]. Palytoxin causes intoxication called clupeotoxism due to
the consumption of clupeoid fish, such as sardines, herrings and anchovies [74]. Symptoms of PTX-
group toxins include vasoconstriction, hemorrhage, myalgia, ataxia, muscle weakness, ventricular
fibrillation, ischemia and death [75,76]. Moreover, Rhabdomyolysis syndrome is pointed out as being
the most commonly reported complication after a poisoning incident with PTX [77]. This life threatening
condition consists of a loss of intracellular contents into the blood plasma, causing injury to the skeletal
muscle, with the worst cases resulting in renal failure and disseminated cardiovascular coagulation.

Staying well-hydrated is strongly advised for the prevention of this condition [78].

Figure 1.2 Palytoxin structure modified from Ramos and Vasconcelos 2010 [66].

1.2.3. Ciguatoxin

CTXs are reef toxins produced by the dinoflagellate Gambierdiscus spp. in warm, tropical or subtropical
waters [79]. A three letter code with prefix is used to distinguish structurally different Caribbean (C-
CTX), Indian (I-CTX) and Pacific Ocean (P-CTX) congeners. Even though they differ structurally, the

common features that integrate these group of toxins is the long semi-rigid architecture that comprises
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trans/syn-fused ether ring with a molecular weight of 1023-1157 Da (Figure 1.3). Chemical structures
of P-CTX [80-86] and C-CTX [87,88] are well-studied. They are heat-stable, highly oxygenated, lipid
soluble cyclic polyethers. More than 20 analogues of P-CTX have been reported, with the main toxin
groups being P-CTX-1, P-CTX-2 and P-CTX-3. Among these, P-CTX-1 is the most potent and thought
to be responsible for the majority of neurological symptoms associated with ciguatera in the Pacific [81].
Ten analogues of C-CTX were identified by Pottier et al. [87]. C-CTX is the major analog group among
the CTX toxin group. Four I-CTX toxin groups have been identified. I-CTX-1 & I-CTX-2 are the most
common ones in comparison to I-CTX-3&I-CTX-4. The I-CTX-1 & I-CTX-2 have the same molecular
weight (1140 Da) as C-CTX-1, with a closely related structure [89]. CTX poisoning occurs due to the
ingestion of tropical reef fishes, which bioaccumulate the toxin from the dinoflagellate Gambierdiscus
[90]. The CTX group causes cellular toxicities by elevating intracellular calciumconcentration and by
the binding and opening of non-selective, non-voltage activated ion channels, resulting in neurologic
symptoms, such as hyperesthesia, paresthesia and dysesthesia which may appear from a few hours
to two weeks after ingestion of a toxic specimen. Acute symptoms result in gastrointestinal and
cardiovascular distress [91,92].

C-CTX-1/ C-CTX-2

R, R,

P-CTX-1 'CH,OHCHOH OH

P-CTX-3 /P-CTX-2 |!CH,0OHCHOH H

P-CTX-4B/ P-CTX-4A ICH,CH H

Figure 1.3 Structures Caribbean (C) and Pacific (P) CTX-group toxin. The energetically less favored epimers, P-CTX-2 (52-epi P-CTX-3), P-
CTX-4A (52-epi P-CTX-4B) and C-CTX-2 (56-epi C-CTX-1) are indicated in parenthesis. Modified image from Lewis, 2001 [81]. Copyri
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1.2.4. Cyclic Imines

Cyclic imines (Cl) are a group of toxins which include spirolides (SPXs), gymnodimines (GYMs),
pinnatoxins (PnTXs) and pteriatoxins (PtTXs) produced by dinoflagellates. These toxins are
macrocyclic compounds which share an imine functional group within their chemical structure (Figure
1.4) [93,94]. These cyclic imines are known as “fast-acting” toxins because they induce rapid death in
the intraperitoneal mouse bioassay [95,96]. SPXs and GYMs are the largest group of Cls that are well-
characterized. At present, 14 SPXs analogues have been isolated, whereby 13-desmethyl SPX-C is
the most commonly one found in shellfish. In 1995, SPX was discovered in the Atlantic coast of Nova
Scotia, Canada from mussels (Mytilus edulis) and scallops (Placopecten magellanicus) during the
routine monitoring of lipophilic toxic compounds [97]. The spirolides toxin producing dinoflagellates,
Alexandrium ostenfeldii and A. peruvianum were later described. Spirolides A—D are fast-acting toxins
in mouse bioassay [98,99]. Spirolide E and F are biologically inactive with a keto-amine structure, which
are the hydrolysis products of the Spirolides A—D [100-102]. This shows that imine group is important
for the biological activity [100]. GYMs are produced by the dinoflagellate, Karenia selliformis. The
structure of GYMs was first reported in 1995 by Seki and later confirmed by Stewart in 1997 by X-ray
crystallographic analysis [103,104]. GYMs were first isolated from oysters (Tiostrea chilensis) coming
from the South Island of New Zealand. The molecular mass of GYMs is 504.704 g/mol with a molecular
weight of C32H45N0O4. GYM-A has also been reported in Tunisia [105]. GYM-B and GYM-C were
isolated from the coast of New Zealand as well. The structure of GYM-B is similar to GYM-A, but
contains an exocyclic methylene at the C-17 position and an allylic hydroxyl group at the C-18 position,
while GYM-C is an oxidized analog of GYM-A and was found to be isomeric with GYM-B at the C-18
position [106,107]. PnTX and ptTXs are closely related to the chemical structure of SPXs. The
pinnatoxin also contains a number of analogues (PnTXs A-G). The first of these to be discovered was
pinnatoxin A from the digestive gland extract of Pinna attenuata in China and Japan. Pinnatoxins B, C
and D were isolated from viscera of the Pinna muricata [108-110]. Pinnatoxins E and F were found in
the Pacific oysters (Crassostrea gigas) from Ranganau Harbour, Northland, New Zealand [111].
Pinnatoxin G was also isolated from the Norwegian blue mussel (M. edulis) [112]. Pinnatoxins E, F and
G have also been isolated from Pacific oysters and razorfish (Pinna bicolor) from South Australia
[113,114]. The organism responsible for pinnatoxins (the dinoflagellate, Vulcanodinium rugosum), was
discovered only after the analysis of sediment samples from Rangaunu Harbour and the French
Mediterranean coast. The species was also found in South Australia, China, Spain, Hawaii and Japan
[115-120]. Pteriatoxins (A, B and C) were isolated in 2001 by Uemura and co-workers from Pteria
penguin. Pteriatoxins A, B and C have the same polyether macrocycles as in pinnatoxin A. These Cls
are fast-acting neurotoxins in laboratory animals which inhibit the nicotinic and muscarinic acetylcholine
receptors (MAChR and nAChR, respectively) in the central and peripheral nervous system and at the
neuromuscular junction causing death [121]. The lack of reports of acute intoxications caused by the

consumption of contaminated sea products may be due to poor recognition of the adverse symptoms
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of a mild intoxication, such as tachycardia or gastric distress [122]. Moreover, the chronic effects are
not yet fully understood, therefore this matter should be treated with caution and efforts should be made

to disclose Cls’ acute and long term effects.
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Figure 1.4 Gymnodimines (GYM) structure modified form Cembella and Krock 2008 [123]. Copyright 2008, Taylor & Francis. Spirolide (SPX)
structure modified from Otero et al. 2010 [124]. Copyright 2010, Wiley. Pinnatoxin (PnTX) structure modified from Selwood et al. 2

The presence of emerging toxins in temperate coastal waters has recently been reported and episodes
of human poisoning usually follow [19,39,125,126]. Due to the lack of systematic data detecting these
new toxins, a more comprehensive research strategy which better assesses the risk of public health is
required. Some recent human intoxication episodes have alerted our attention. In October 2007, a
Spanish man who consumed a trumpet shell (Charonia lampas) collected in the south of Portugal
(Algarve) was severely intoxicated requiring hospital care. Analysis revealed the occurrence of TTX
and 5,6,11-trideoxyTTX analogue in sublethal concentrations [19]. Ciguatoxin is a common toxin from
Indo-Pacific and Caribbean waters that was first reported in Europe in 2003 in Greece. This toxin is
produced by a dinoflagellate from the genus Gambierdiscus [127]. In July 2008, the intoxication of 11
crew members who ate carnivorous fish caught off the Madeira archipelago revealed the presence of
CTX [39]. ClIs are neurotoxic phycotoxins which were first reported in shellfish aquaculture in Nova
Scotia, Canada in 1992 [97,100,102]. Their origin has been tracked to the dinoflagellates Alexandrium
ostenfeldii and A. peruvianum [128]. Though they have acute neurotoxicity in mice, no human poisoning
incidents havebeen reported to date [117,129]. Cls were reported along the North Atlantic and some

groups of these biotoxins are confined to the Pacific Ocean [40,103,129-133]. PTX was first reported
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in Hawaii and Japan and their origin has been tracked to marine zoanthids, belonging to the genus
Palythoa, and in dinoflagellates of the genus Ostreopsis [63,64]. Currently, blooms of Ostreopsis spp.
have been reported in southern Europe indicating that the number of producers of this group of biotoxins
is probably increasing from the Mediterranean Sea to the North Atlantic Ocean [134]. Also, since PTXs
can form aerosols, several poisoning incidents have been reported among Mediterranean coastal
populations as mild skin and respiratory disorders after exposure to high concentrations of Ostreopsis
sp., luckily with no fatal outcomes [29].
These episodes suggest that there is an emergent phenomenon, indicating that marine toxins from
tropical and subtropical ecosystems are most likely increasing their prevalence in temperate waters
(Table 1.1). Multiple causes contribute to this phenomenon, such as the warming of coastal waters
attributable to climate change and the increasing use of artificial waterways (i.e., the Suez Canal) that
allow for colonization and the establishment of exotic species in the Mediterranean Sea and the Atlantic
Ocean [42,135-137]. Eutrophic areas of the Mediterranean Sea contribute to the formation of seed
banks that provide favorable conditions for the establishment and migration of tropical organisms in
more temperate areas of the North Atlantic.

Tablel.1 Detection of emergent poisoning incidents in the Mediterranean Sea and North Atlantic Ocean.

No poisoning

Toxin Report location Year Vector/uptake route Ref
cases
Lagocephalus sceleratus
Egypt/Israel 2005/2007/2008 13 [136]
(ingestion)
TTX
_ Charonia lampas
Spain 2007 1 [19]
(ingestion)
Italy 2005/2006  Ostreopsis ovate (aerosol) 228 [138]
Spain 2010 Ostreopsis sp. (aerosol) 2 [139]
Ostreopsis sp.
PTX France 2006—-2009 47 [29]
(aerosol/Dermic)
Seriola rivoliana
Canary Islands 2004 5 [140]
CTX (ingestion)
Madeira Island 2008 Seriola sp. (ingestion) 11 [39]

Cl - i i - -
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Analytical Methods

Detection and quantification of the emergent toxins such as TTX, CTXs, Cl and PTX have been based
on different approaches (Table 1.2). Mouse bioassay (MBA) is the simplest method used for screening
the total toxicity of the sample. In order to assess the toxicity, purified toxin samples or biological
extracts are injected intraperitoneally and then animals are monitored for 24—48 h. The results are
based on the biological response of mice and the toxicity of the sample is calculated in mouse units
(MU). The relationship between time and lethal dose is used for estimation of the toxicity of the sample.
This assay gives the total toxicity of a sample [141-144]. For screening and monitoring the toxins, many
rapid, sensitive and specific assays (i.e., cytotoxicity assay, immunological and receptor binding
assays) have been developed. Cytotoxicity assay is used as the alternative method replacing the whole
animal assays. This assay is based on the changes in the morphology of cells by the toxin. Cytotoxicity
can be measured either through the lactate dehydrogenase (LDH) release assay or the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] assay in the living cells at pg concentrations
[143,145,146]. Immunoassays areantibody based assays used for the detection of toxins. These
methods are very sensitive and allow for the detection of toxins in pg concentrations [147-150].
Receptor binding assays (RBA) are based on the principle of the affinity of the toxin to a specific binding
site. The toxin can be measured by the binding reaction between a radiolabelled toxin and a non-
radiolabelled toxin that binds specifically to the receptor. Mouse bioassay, receptor binding assay and
immunological methods have been used for the analysis of these emergent toxins. It has been found
that these methods are successfully used for the identification of toxins, but they fail to analyze the
analogues or derivatives of these toxins. The immunological assay addressed for the analysis of the
toxins involves the use of expensive antibodies and there are some ethical issues regarding the use of
live animal for bioassays [54,151-153]. Analytical methods such as HPLC/MS, LC/MS/MS, GC-MS,
LC-FLD and NMR have been developed, which are helpful for the identification of the structure and
analogues of the toxin. The LC-FLD and GC-MS are not a good choice because those methods have
difficulties in the quantification of toxins and its analogues, due to a large variation in the absorbance
intensities. The non-volatile nature of some toxins should also be derived in the case of GC-MS
analysis. LC-UV method does not provide proper selectivity for the toxins which lack chromophore
structure. Therefore, LC-LC/MS is regarded as the best choice for the determination of emergent toxin
and its analogues. Improvement in these methods and sample preparation decrease the limit of
detection and quantification of the toxin [54,144,151-153].

10
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Monitoring and Legislation Challenges

Safety management practices are required for shellfish due to the unpredictable nature of blooms
[5,122]. Monitoring became the official strategy to control harvesting of shellfish areas throughout the

world to prevent health and economical losses [122].

Monitoring is an essential, labour-intensive and costly activity. As a result of the Joint of FAO/IOC/WHO
ad hoc Expert Consultation on biotoxins in bivalve mollusks held in 2004, guidelines for the organization
of the marine biotoxin management plan (MBMP) were proposed. MBMP is based on several action
plans that encompass an efficient sample strategy comprising periodicity and frequency, sample size
and composition, and also, which analysis methods and managing action plans based on expert
judgment of the results are the best and most effective [122].

Toxic phytoplankton species monitoring by itself is insufficient and strongly discouraged since it faces
various inherent difficulties. It does not reflect the toxin content in shellfish species due to their intra and
inter-specific differences nor their irregular distribution in the water column. Toxins can accumulate in
bivalve species after the bloom has entered into a senescence state. Moreover, some toxin producing
species may not be in the water suspension [154]. A good example is bacterial origin toxin TTX [154].

11
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Tablel.2 Limit of detection/quantification of Emergent toxins (CTX, PTX, Cl and TTX) by using different methods. (LOD—Limit of Detection, LOQ—Limit of Quantification, LD50—Lethal Dose 50%, SM—Shellfish

Meat, mL—Milli liter, kg—Kilogram, pg—Microgram, ng—Nanogram

Assay

CTX PTX

Cl

TTX

Refs

MBA

LODe-cTx-1 = 0.2 pyg/kg SM

LOD13-desMeC

= 5.6 ug/kg SM

LD50 = 150-720 ng/uL LODcymA = 77 ug/kg SM.

LODc-cTx-1 = 3.0 pg/kg

i.p. LDsopnTx E, Fand 6= 12.7-57pug/kg SM

LODTtx = 0.2 g

[114,129,142-144,
155-158]

Citotoxicity assay
Haemolysis assays

Fluorimetric method

LOD = 1.6 ng/kg SM
0.005 pg/puL—-1 pg/mL
LOQc-ctx-1 = 0.039 ng/g -
LOQr-cTx-3ceq = 15.5 fg/cul for algal

LOD =50 pg/mL

LOD = 5.0 pg/mL

[73,74,146,159,160]

Receptor-binding assays o - - - [161]
samples 0.155 ng/g in fish samples
RBA with Neuroblastoma LOQc-ctx-1 = 0.039 ng/g - - - [162]
Fluorescence polarization
LOQcyma = 50-80 pg/kg
. LOQ13-desmec = 50-85 }Jg/kg SM
Microsphere flow cytometry - - - [163-168]
LOQ213,19-didesmec = 40 ug/kg SM
LODz13-desmec = 10 pg/kg SM
Chemiluminescence method - - LODspirolides = 50 pug/kg SM - -
Assays with MCF-7 cells - LOD = 0.5 ng/mL - - [169]

Assays with neuroblastoma cells
Immunoassays

Immunobead assay (MIA)

CIEIA

ELISA
Surface
(SPR)

Chemical methods

plasmon

resonance

- LOD =5 ng/mL

LODp-ctx-1 = 32 ng/kg fish flesh -

LOD = 0.28 ng/mL LOD = 0.5 pg/mL

LOD = 3.2-160 ng/mL

LOD = 10 ng/mL
LOD = 5-50 ng/mL

100 pg/kg

[145,170,171]

[147,172,173]
[149]
[148,150,160,174,175]

[176]

HPLC-FLD/LC-FLD LOD = 0.5-1.0 ng LOD = 0.75 ng - LOD = 0.07 pmol-0.4 pmol  [73,177-182]
HPLC/MS LODp-cTx-1 = 4 ng/g - - LOD = 2 ng/mL [183,184]
HPLC-UV/LC-UV - LOD = 0.1-2 g LODeym = 5 ng/mL LOD = 10 ng/mL [185,186]
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MBMP on harvesting shellfish areas should be based on a combination of phytoplankton and shellfish
to best assess the risk. It should be done periodically in order to timely detect the increase in toxin
content in shellfish caused by the seasonal and spatial shifting in phytoplankton community. Samples
should be representative of the area with adequate location and number of sampling sites that are
reachable in all weather conditions. A good alternative to obtaining information about dissolved toxin
content in water is through passive sampling techniques. Different resins can cover different toxins,
reducing the cost and human effort and simplifying the analytical analysis [187]. This is due to the fact
that the matrix effects are diminished, i.e., phytoplankton matrices are less complex than shellfish meat
[188]. However, there are some downsides to this methodology, as it does not cover all biotoxins. Firstly,
it is not effective in the screening of toxins with bacterial origin and of benthic dinoflagellates. Moreover,
toxins can be metabolized in shellfish and therefore the real risk for human consumers is not accurately
measured [114,189,190]. In order to ensure representativeness, sampling must comply with important
factors: samples should be gathered throughout the cultivation area, samples should represent all
depths when a toxic event is in progress, shellfish must be gathered in all marketed sizes to address
variability in toxin uptake, and samples should be in sufficient number in order to perform all the
analyses needed. MBMPs ought to also gather atmospheric and hydrographic parametric information
of the area along with an in-depth understanding of impending factors and their interactions. In order to
see what the favorable conditions for the formation of a toxic phenomenon are, predictive modeling
should be in place as well [122]. Finally, HABs can be also region specific, one good example of that is
CTX [156]. Local and historical knowledge should be taken in consideration since it is often useful for
targeting baseline studies prior to setting up a monitoring program, not only for CTX but for other
potential emerging toxins.

Good practices are required for standardizing procedures. Emergent toxins pose a great challenge and
answers are needed to address the issue of spreading to new temperate environments and trophic
chains with unknown consequences. Standardization of the analytical procedures is urgently needed
because contrary to other toxins like PSPs and DSPs, there is limited knowledge for emergent toxin
routes, biochemical paths and standard reference materials. All of these contribute to the difficulties of
monitoring and planning strategies for risk assessment.

The MBA is the most common method to assess phycotoxins in shellfish, although there are inherent
difficulties with this method such as the ethics of using test animals and supply. The MBA also lacks
specificity; identification of a toxin and its analogues or a mixture of toxins is not possible. Moreover,
performing the test relies on toxin routes that are not extrapolated to humans. The purified extract of
toxins is administrated via intraperitoneal injection, a different route from the common ones (oral, dermal
or inhalation). Furthermore, extrapolating these results to humans relies on inter-specific errors. Given
this, EFSA recommended the use of analytical methods such as the LC-MS. These procedures avoid
the ethical issues. They are able to identify a toxin, in addition to its derivatives, in a mixture with a high
degree of sensitivity, but as a downside analytical methods depend on reference standards for

calibration. In terms of new emergent toxins, the need for standards is urgent. Currently only a few
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standards are available, meaning that the detection and quantification of these “new” toxins lack
accuracy and are estimated according to their response factor. Data regarding acute reference dosage,
median lethal dosage, legal limits in the European Union and standard availability on legislated toxins

and on each group of emergent toxins will be described in more detail in Table 1.3.

Tablel.3 Summary of information of current and emergent toxins regarding: acute reference dosage (ARfD), median lethal dosage (LD50),
legal limits in the European Union (EU) and standard availability, and comparison with regulated toxins PSP’s and OA group (DSP’

LD50
Toxin ARTD mice
Reference material Legal limits in EU Antidote Refs
group Hg/kg bw ug/kg bw
PSP  ves (NRCC/Cifga) 0.5STXeq.10 0.8 ug SXT eqg/g SM N.A. [191]
OA  ves (NRCC/Cifga) 0.3 192 0.16 ug OA eqg/g SM N.A. [192,193]
TTX  Lacking analogues €6 2 * 9 2ugof TTXeg/lgSM*  N.A. [194,195]
No certified material
PTX available 0.2 0.15-0.72 30 pug PLT eq/kg SM **  N.A. [151,191]
No certified material 0.01 ug P-CTX-1 eqg/kg fish [80,129,15
CTX available N.A. 0.25 ok N.A. 6]
Lacking analogues
Cl (NRCC/Cifga) N.A. 5-8 400 ug Cl/kg SM **** N.A. [152,196]

* Legislated limits for TTX are regarding the Japanese Government; ** EFSA recommends this value; *** EFSA recommends this value to
cover all CTX-toxins; **** guidance value proposed by the EURLMB.

Analytical methods should comprise the whole animal but due to their high sensitivity, complex matrix
interference may mask the results [41,197]. In order to overcome this problem, only the most affected
organs are screened in some cases. This difficulty depends on the analyzed species, leading to another
controversial issue: finding a species that can be used as an indicator. The commonly analyzed shellfish
species are filter-feeders (mussels, scallops, cockles, oysters), and choosing a specific species,
although it is advantageous in terms of cost reduction, is not effective since each species has different
filtering and depuration rates. In addition to that, some studies showed that marine toxins risk
assessment based on bivalves alone is redundant and misleading since some emergent toxins are not
produced by phytoplankton [40,41]. These studies proved the possibility of bioaccumulation
phenomena along the food-chain and reported new vectors for TTX and Cls from gastropods
(Monodonta lineata, Gibbula umbilicalis, Nucella lapillus, Aplysia depilans, Pattela intermedia), to
echinoderms (Marthasterias glacialis and Paracentrotus lividus) [40,41]. Likewise, CTXs have been
detected from mollusks (ex: Turbinidae family) to top predator fish (ex: barracuda—Sphyraenidae
family) occurring in the latter in higher concentrations suggesting that biotransformation and
biomagnification could occur along the food-chain [122]. PTX poisoning incidents vary since all three
exposure routes can occur (ingestion, inhalation and dermal) though there is a lack of proper reporting

due to the difficulties inherent to identification/quantification owing to the absence of reference material
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[125,152]. This data shows that we are not analyzing the whole food-chain effectively, underestimating
the risk for consumers.
As described in Table 3, certified material for emergent toxins is lacking. Regarding TTX, neither the
toxin nor its analogs are regulated. There is only the Regulation (EC) No. 853/2004, which prevents the
entry of products and derivatives belonging to the Tetraodontidae fish family in the EU [198]. Guidelines
values and legislation only exist in Japan and Korea, where this family of fish is well appreciated. Chefs
must be certified and the Japanese Ministry of Health and Welfare established the limit value of 2 ug of
TTX equivalents/g SM [195].
In terms of PLT, there are no regulations globally. In 2009, EFSA recommended that PLT plus
derivatives should not exceed 30 pg/kg SM [191]. There are also no regulations for CTX, only
recommended values [156], and in some countries, fish with toxic provenance are prohibited from
entering the market.That is true for the EU [198], Fiji, American Samoa, French Polynesia, Hawaii and
Miami [199]. For Cls, though there is some toxicological information about SPX and GIM, there is still
a lack of information on the other toxins of this group. Regarding certified material, there are only two
groups that are characterized. Based on this, EFSA does not have enough information to establish the
ARTD, since SPX is the only CI totally characterized so far [152]. Therefore, there is need to study the
other groups in order to reach solid conclusions for creating safety measures.
Not much is known about the chronic effects of emergent toxins. Their appearance in temperate
systems is quite recent and physicians may not be prepared to deal with these new symptoms of
poisoning incidents. When a poisoning case appears, it is advised to query the patient, if possible,
whether or not sea products had been consumed. If so, the patient will need to be admitted into hospital
for gastric cleaning, ventilator and fluid support as there is no antidote available yet. Gastric content
should be analyzed for confirmation of the poisoning agent.
Few epidemiologic reports exist which are crucial to understanding emergent toxin health risks. For that
reason, it is also crucial to develop faster, more accurate and reliable methods of identification and

qualification of these poisons to better help health professionals in their diagnosis and treatment.

Conclusions

The efficiency of risk assessment of marine toxins relies on the monitoring of HABs and risk evaluation
of phycotoxins in fish and shellfish. Detailed epidemiological studies are needed to better evaluate
safety levels and to promote regulations updates that will protect human health and reduce economic
losses. An international effort must be made to share information, to optimize certified materials and to
explore more expeditious and sensitive methods, such as chromatographic and molecular ones. All this
becomes more relevant and urgent in the case of new emergent toxins like TTX, PTX, Cl and CTX. In
comparison to toxins, which are regulated (DSPs and PSPs), emergent toxins demonstrate higher
lethality, with the exception of the CI, posing a potentially higher human health risk and thus requiring

further research.
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Objectives

Initially the objectives were related to the study of TTX:

1 — Screening of TTX in several systematic groups in the Portuguese waters.
2- Optimization and Validation of the extraction methods used previously.
3 - Detection and dynamics of the TTX in gastropods.

4 — Bioaccumulation and biomagnification of TTX via food.

As the study evolved and new toxin groups were added, the objectives had to be adapted to:

1. Screening of regulated and emergent toxins in several systematic groups not monitored
regularly.

2. Optimization and Validation of the extraction methods used previously.

3. Detection and dynamics of the screened toxins in benthic and subtidal species.
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Abstract

Paralytic Shellfish Toxins blooms are common worldwide which makes their monitoring crucial in the
prevention of poisoning incidents. These toxins can be monitored by a variety of techniques, including
mouse hioassay, receptor binding assay, and liquid chromatography with either mass spectrometric or
pre- or post-column fluorescence detection. The post-column oxidation liquid chromatography with
fluorescence detection method, used routinely in our laboratory, has been shown to be a reliable
method for monitoring paralytic shellfish toxins in mussel, scallop, oyster and clam species. However,
due toits high sensitivity to naturally fluorescent matrix interferences, when working with unconventional
matrices, there may be problems to identify toxins because of naturally fluorescent interferences that
co-elute with the toxin peaks. This can lead to erroneous identification. In this work, to overcome this
challenge in echinoderm and gastropod matrices, we optimized the conversion of Gonyautoxins 1 and
4 to Neosaxitoxin with 2-mercaptoethanol. We present a new and fast method with a good recovery

(82.2%, RDS 1.11%,n=3), requiring only a single reaction step.

Keywords: Paralytic shellfish poisoning; Toxins; Postcolumn oxidation method; interfering matrix peaks;

thiol compounds.

38



FCUP
Section Il

Introduction

Paralytic Shellfish Toxins (PSTs) are neurotoxic alkaloids responsible for the Paralytic Shellfish
Poisoning syndrome (PSP), produced mainly by three dinoflagellates genera: Alexandrium, Pyrodinium
and Gymnodinium. This biotoxin group is composed by saxitoxin (STX) and its analogues, to date more
than 57 known saxitoxin analogues, the three main subgroups are: STX group- saxitoxin (STX),
neosaxitoxin (NEO), decarbamoyl saxitoxin (dcSTX), GTXs group - gonyautoxins 1-5 (GTX1, GTX2,
GTX3, GTX4 and GTX5), decarbamoyl gonyautoxins 2-3 (dcGTX2, dcGTX3) and C group- N-
sulfocarbamoyl-gonyautoxins 1-4 (C3,C1, C2 and C4) [1,2]. PSTs were first reported in 1920’s in the
USA but till nowadays have been reported worldwide, affecting the ecosystem, causing economical
losses and human health trough poisoning incidents, some of them with fatal outcomes [3,4]. PSTs
are fast acting toxins, affecting skeletal muscle, by binding specifically to voltage gated sodium
channels, inhibiting cell communication, causing paralysis [1,5]. The most common route of intoxication
is through the ingestion of contaminated seafood, but due to monitoring programs and legislation,
poisoning events have been scarce in the past 20 years [3,4]. Though these measures are only focused
in bivalve mollusks, PSTs have already been reported in other vectors, from crustaceans to gastropods
and echinoderms and updated risk assessment is currently required [6]. For many years the mouse
bioassay (MBA), has been the reference method for the detection and quantitation for monitoring
purposes [7]. Actually, due to ethical and technical issues associated with the MBA [8], chemical
methods have gained preference and replaced this for regulatory monitoring in most countries, such as
is required by EU legislation [7,9]. These methods depend on standard reference materials, in the case
of PSTs there are 13 (STX, NEO, GTX1, GTX4, GTX2, GTX3, GTX5, dcSTX, dcGTX2, dcGTX3, C1,
C2 and dcNEO) reference standards for calibration available by Cifga. In 2006, a pre-column oxidation
high performance liquid chromatography (HPLC) with fluorescence detection (FLD) method (Lawrence
method) was integrated in the European Directives as a reference method [9]. Latter in 2011, a post-
column oxidation high performance liquid chromatography (HPLC) with fluorescence detection (FLD)
method (PCOX method) was validated by the Association of Official Analytical Chemists (AOAC
International) [10]. The PCOX method presents several advantages regarding routine analysis in
comparison to the Lawrence method [11], though its high sensitivity to naturally fluorescent matrix
interferences can pose some challenges [12]. The PCOX method is characterized by dividing the toxins
in two groups: C group (C1, C2, C3 and C4) and GTXs and STX group (GTX1, GTX2, GTX3, GTX4,
GTX5, dcGTX2, dcGTX3, NEO, dcSTX and STX). While to visualize the toxins of C group, the standard
is diluted in milliQ water, the same doesn’t occur for GTXs and STX group, where the standards are
diluted in PSP free shellfish tissue [13], and the elution pattern of the toxins starts with GTX4 and ends
in STX (Figure 2.1).

39



FCUP
Section Il

1.004

0.7354

deGTX2

10.000)

0.50+4

/ . \

0.25+ / s X x | o]

' )KI . LJ \ u § I
7.5 2, : 22,

0.0 2.5 s.0

uv(

Figure 2.1 - PSTs elution pattern in spiked mussel with standards..

In this study, we worked with several matrices - bivalves, gastropods, echinoderms, crustaceans and
fish. However, as seen in previous work with scallop and oyster matrices [11], there is an overlapping
effect issue, due to GTX4 standard that in some matrices (starfish and gastropod) overlaps with the
naturally fluorescent matrix compounds.

To overcome this issue, the aim of this work was the conversion of GTX4 into NEO using thiol
compounds, to quantify GTX4 in several samples that belong to different species of starfish and
gastropods, in which it is suspected that GTX4 overlaps with matrix peaks.

In this study, we worked with several different matrices - bivalves, gastropods, echinoderms,
crustaceans and fish. However, as seen in previous work with some scallop and oyster matrices [12,14],
there can be naturally fluorescent interferences that co-elute with GTX4. Naturally fluorescent
interferences were found in this study in echinoderms and gastropods.

Some of the GTXs have been shown to be transformed reductively into STX or NEO by biologically
available thiol reagents such as glutathione (GSH) [15]. This activity was also found in another thiol
compound, 2-mercaptoethanol (2-ME) [16]. These thiols compounds convert the mixtures of GTX2 and
GTX3 to STX and mixtures of GTX1 and GTX4 to NEO [16].

To overcome this issue of naturally fluorescent matrix interferences we converted GTX1 and GTX4 in
NEO using 2-mercaptoethanol in samples which were suspected to have naturally fluorescent

interferences.

Results and Discussion

The reaction of toxins with thiol reagents (especially GSH, but also 2-ME) seems to be involved in the
bioconversion of GTX1and GTX4 to NEO in shellfish, as observed by several researchers [15,17].
These thiols selectively reduce O-sulfate group at C11 of GTX1 and GTX 4 to form NEO.
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Sakamoto et al. [16] converted GTXs to STXs with thiol compounds: GTX1 and GTX4 (4 nmol) were
mixed with 1 mL of 8 mM 2-ME in 0.1M phosphate buffer, pH 7.4. Then this mixture was incubated at
70 °C for 2 h. These conditions used by Sakamoto et al. were replicated in our laboratory, and it seemed
that GTX1 and GTX4 disappeared but without NEO formation, as a result of the reaction. The
theoretically yielded amount of NEO after this reductive reaction should be 0.6 nmol of NEO (15% of
conversion) as it was described [16]. This values are below the PCOX detection limit [12], and for this
reason NEO is not seen. The low conversion rate is due to the formed conjugates between GTXs and
2-ME in the reaction course. To complete the reaction, a second step is needed which consists of an
incubation with 1M 2-ME at 100 °C for 10 min, so that conjugates of GTX1, GTX4 and 2-ME are
converted into NEO. Here the percentage of recovery obtained was lower than expected, being only
40% of NEO whereas circa 90% was expected according to Sakamoto et al. [16]. To ensure the
effectiveness of the transformation reaction there must be an excess of the thiols molecules. Therefore,
for the second step of the reaction different concentrations of 2-ME in 0.1M buffer phosphate were
assayed: 1M, 3M and 5M; no differences were observed with these variations in 2-ME concentration.
Taking into account what happened, a different way to optimize reaction conditions was tried being a
one-step reaction where incubation temperature and time were varied according to the following: 4 nmol
of GTX1 and GTX4 were mixed with 1M 2-ME in 0.1M phosphate buffer, pH 7.4. The mixture was
heated in a water bath at 100°C and different incubation times were tested: 10, 15, 20, 30 and 40
minutes (Table 2.1).

Table2.1 . % recovery of NEO after reaction of GTX1 and GTX4 with 2-ME 1M in phosphate buffer 0.1M, pH 7.4 (average n=3, and RSD %).

Time 100°C water bath 100°C incubator
(minutes)
Average % RSD % Average% RSD%
10 59.5 0.8 64.5 2.8
15 55.3 0.3 58.4 1.7
20 62.6 1.0 58.9 1.0
30 82.2 11 50.5 14
40 64.8 1.3 31.0 2.4

The same procedure was made in an incubator at 100°C, and the times tested were the same: 10, 15,
20, 30 and 40 minutes; the results were lower in most cases than those obtained with the water bath
(Table 2.1), and although for 10 and 15 minutes the recovery percentages are a bit higher there is a
remarkable difference in recovery for 30 minutes in the water bath, which has been taken as the optimal
value. In general the obtained results showed that the reaction is more effective with wet heat compared

to dry heat, and higher percentage of transformed NEO was obtained after 30 minutes (Table 2.1).
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The reduction reaction had been replicated (n=3). Regarding repeatability, the average conversion
percentage was 82.2% with RSD 1.11%. Although the results were not higher than previous works [16],
the reaction is now simpler as it has changed from two steps to only one as showed in Figure 2.2a

(before reductive reaction) and 2.2b (after reductive reaction).
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Figure 2.2 -GTX1,4 (1.6 nmol) incubated with 1M 2-ME in 0.1M phosphate buffer, pH 7.4 during 30 minutes in water bath. a) Before incubation;
b) After incubation.

Suspected samples of containing GTX4 or a co-eluting naturally fluorescent interference, were
subjected to 2-ME reduction as described in the sample preparation and transformation section Table
2.2 shows tested samples and results. It was found that when the peak was due to GTX4, it disappeared
and it was reduced to NEO; however if the peak was due to natural fluorescent components present in
the sample, the size of the peak before and after the reductive reaction did not change as described in
the experimental section. Figure 2.3 shows the chromatograms of sample 477 (S. haemostoma) before
incubation with 2-ME (Figure 3a) and after incubation with 2-ME (Figure 2.3b), this sample had a
chromatographic peak for GTX4 which was suspected to be a natural fluorescent matrix interference.
After exposure to 2-ME this peak was not reduced and there was no production of NEO confirming that

this peak was due to naturally fluorescent matrix interference.
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Figure 2.3 -a) Sample 477 (S. haemostoma) before transformation, b) sample 477 (S. haemostoma) after transformation.

Figure 2.4 shows a positive sample, 454 (Cerithium vulgatum), before and after transformation (2.4a
and 2.4b, respectively). The chromatographic peak for GTX4 decreased but was not completely
eliminated after the reaction and NEO was produced by the transformation, indicating that the peak was
likely due to a combination of both GTX4 and naturally fluorescent matrix interference. When NEO was
produced by the reduction, the GTX4 peak was reduced; when NEO was not produced by the reduction,
no change was observed to the GTX4-interference peak in the reduced sample, making interpretation
easier.

u\Vix100.000)

E.El—f

Figure 2.4 -a) Sample 454 (Cerithium vulgatum) before transformation, b) sample 454 (Cerithium vulgatum) after transformation.

In Table 2.2 summarized all the samples tested with code, specie and results before and after
transformation.

After, optimizing the conversion reaction conditions using 2-ME as a reducing agent, the same settings
were tested with Glutathione (GSH). A solution of 0.2 M GSH in 0.1 M phosphate buffer, pH 7.4; was
used to achieve transformation and it was found that after heating the mixture in water bath during 30

min, GTX1 and GTX4 wasn’t reacted with GSH, so the reaction wasn't occurred.

Table2.2 Tested samples and results before the reaction with 2-ME.

Code Specie Before transformation (UM) After transformation (uM)

GTX4 GTX1 NEO GTX4
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351 Umbraculum umbraculum 1.69 1.11 1.27 0.16
353 Echinaster sepositus 0.77 1.81 2.31 0.51
354 Charonia lampas 90.48 3.78 29.30 25.52
412 Ophidiaster ophidianus 17.29 3.67 4.36 0.68
424 O. ophidianus 17.00 4.55 4.55
428 M. glacialis 42.84 18.92 29.85 10.93
440 O. ophidianus 26.43

443 Stramonita haemostoma 428.55

454 Cerithium vulgatum 121.56 0.39 0.39
470 M. lineata 3.86 2.54 2.54
474 Onchidela celtica 6.91

475 C. lampas 8.44

477 S. haemostoma 2.50

483 G. umbilicalis 13.34

While previous works [15,16] demonstrated that both thiol reagents are able to transform GTXs in STXs,
in this case GSH did not have the same results as 2-ME.

There is evidence that the action of intestinal bacteria mediate the transformation of GTXs analogs into
STXs through GSH [17-19]. This conversion increases the toxic content of PSP-bearers, and
consequently increasing the toxicity in the food chain [6].

In this work, the transformation reaction was used to confirm the presence and to quantify GTX4 in
several samples.

The PCOX method, currently used for monitoring of PSP in our laboratory, requires the use of toxins-
free shellfish extract to prepare the calibration solution to overcome the matrix effect and also to
facilitate data interpretation [13]. The post-column method pose some challenges relatively to the co-
eluting of matrix peaks with toxin ones, hindering data analysis [12]. The PCOX method was optimized
and validated for mussel, clam, scallop and oyster [13], although initially these four matrixes showed
no naturally fluorescent matrix interferences, later works [12,14] showed that both scallop and oyster
have naturally fluorescent matrix interference. GTX1 and GTX4 elute early off the chromatographic
column [13], and this region has since been shown to contain naturally fluorescent peaks in some
matrices [12,14].

As toxin-free shellfish extracts of these matrices (echinoderm and gastropod) were not available, the

performance of the method for these new matrices was not able to be assessed or validated. The
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conversion of GTX1 and GTX4 to NEO made it possible to detect and quantify GTX4 when it co-eluted
with a naturally fluorescent matrix chromatographic peak. It is important because even though this
method is only validated for bivalves, PSTs have been reported in other vectors [6] could present a risk
to the health of consumers.
It was observed that the transformation of GTX1 and GTX4 into NEO was the most cost-effective at a
concentration of 1M 2-ME in 0.1M phosphate buffer (pH 7.4), as increasing the concentration did not
increase the yield. This means that this is a two-step reaction and excess molecules of thiols are
necessary to release NEO [16].
In this work, the conditions of the conversion of GTX4 to NEO were optimized with an 82.2% of recovery
(n=3, RSD. 1.11%). Although results of this conversion are not as high as those shown in previous
studies [16], is important to note that this study represents an optimization of the protocol to only one
step reaction using an unigque solution with thiol compounds. The naturally fluorescent matrix peak was
not affected by the reduction allowing confirmation of non-detectable GTX4 when NEO was not
produced. This protocol represents a faster, easier and more economical way to overcome the
challenge of co-eluting peaks in new shellfish matrices.

Experimental Section

Chemical and solutions

HPLC grade acetonitrile, ortho-phosphoric acid 85% (v/v), periodic acid, sodium hydroxide, nitric acid
65% (v/v), hydrochloric acid 37% (v/v), sodium dihydrogen phosphate (NaH2PO4) and disodium
hydrogen phosphate (Na2HPO4) were acquired from Panreac Quimica S.A. (Barcelona, Spain).
Heptane sulfonate, ammonium hydroxide 30% (v/v), trichloroacetic acid (TCA), 2-mercaptoethanol (2-
ME) and glutathione (GSH) were purchased from Sigma Aldrich (Madrid, Spain).

Standards of NEO, were purchased from CIFGA S.A. (Lugo, Spain) and GTX1 and GTX4 was provided
by NRC Certified Reference Material Program (Institute for Marine Biosciences, Halifax, Canada) for
the identification of each toxin.

A quality control standard of GTX1 and GTX4 from CIFGA S.A. was used for transformation reactions.

Sample preparation

Shellfish homogenate was extracted according to the procedure indicated in PCOX method [13]. The
method involves a sample extraction with 0.1 M HCI with heating (adjust the pH previously if required
between 2 and 4, preferably 3), an extract deproteization with TCA and a neutralization with NaOH to

bring the mixture pH between 2 and 4, preferably 3. Then the extract was filter with 0.2 um syringe filter.
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The toxin profile was analyzed by PCOX method. The samples which have the naturally fluorescent
interferences were analyzed again after reductive transformation as described below.
Mixtures of GTX1 and GTX4 (4 nmol from both) were mixed with 1 M 2-ME in 0.1 M phosphate buffer,
pH 7.4. An aliquot of this mixture was analyzed by HPLC before reductive reaction to direct comparison
with an aliquot after reductive reaction. These mixtures were heated at 100 °C for 30 minutes in water
bath. An aliquot of reductive reaction mixture was analyzed for toxin components by HPLC. Shellfish

sample extracts had the same treatment and were analyzed by HPLC for toxin profile determination.

HPLC toxins identification

A modification of PCOX method was used [14] to identify PSTs. STX and GTXs group were separated
using a Zorbax Bonus-RP column (15 cm x 4.6 mm i.d., 3.5 um patrticle size, part number 863668-901)
from Agilent Technologies (Madrid, Spain), with column oven at 30 °C. Solvent A was composed by
8.25 mM heptane sulfonate and 5.5 mM H3PO4 aqueous solution adjusted to pH 7.1 using NH40H
28-30%. Solvent B composition was 8.25 mM heptane sulfonate, 16.5 mM H3PO4 in 11.5% MeCN, pH
7.1 using NH40H 28-30%. The gradient used was 0% B over 8.4 min, then 100% B at 8.5 min for 10
min, 0% B for 9 min before the next injection. The injection volume was 10 pl. The running time was 30
min, with a flow rate adjusted at 0.8 ml/min. The column eluate was combined using a tee connector
with the oxidant: 100 mM H3PO4, 5 mM H5I06 aqueous solution adjusted to pH 7.8 with 5 M NaOH;
the oxidant flow was set at 0.5 ml/min. The resulting mix is heated while passing through a knitted
reaction coil (teflon tube, 5 m x 0.50 mm i.d.) from Supelco (Madrid, Spain) immersed in a water bath
at 80 °C. The eluate from the reaction coil was combined using a tee connector with 0.1 M nitric acid at
a flow rate of 0.3 ml/min, to reach a pH outflow ranging between 5-7 [20]. Finally, the fluorescent eluted
derivatives were monitored using a fluorescence detector at 330 and 395 nm excitation/emission

wavelengths, respectively.

Calculate the concentration of GTX4

Identification of PSTs was done comparing retention times between the samples and standards.

GTX1 was quantified directly, the reductive reaction was not needed for quantification. Consequently,
the concentration was calculated using the linear regression of the calibration curve for this toxin and
was corrected the results for the method dilution [13]. The equation for calculation of final concentration

is:

MMGTX1 = (UM * (Fvol/Ext.vol)*2) [1]
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Where uMGTX1 = umol/L, final concentration of GTX1 in the extract; uM = umol/L, concentration
obtained to calibration curve; Fvol = final volume of the deprotenized extract (560 pl); Ext.vol = volume
of crude extract used (500 ul); 2 = dilution factor of the extraction method: 5 g of tissue diluted to 10 ml.
The concentration of GTX4 was calculated after reduction reaction, from the amount of NEO formed.
Determination of the linear regression curve (peak area versus concentration in uM) from the results
for injections of the standards solutions of NEO. Calculation of the amount (uUM) of NEO in the samples
extracts using the linear regression of the calibration curve.
The amount of NEO formed in the reduction reaction is equal to the amount of GTX1 combined with

the initial concentration of GTX4 for each sample. Therefore:

HMNEO= uM for GTX1 + pM for GTX4 [2]

The reduction reaction involves a dilution of the sample, 22 pl of sample to 200 pl of final volume.
Besides the conversion is not complete, only 82.2% is transformed into NEO. These two factors should
be used to correct the amount of NEO. The amount must be corrected again with dilutions factors
inherent PCOX method as showed in equation 1.

UMNEO = (uM*(Fre/Ext.re)*(100/82.2)) * (Fvol/Ext.vol) * 2 [3]

Where uMNEO = umol/L, final concentration of NEO in the sample; uM = pmol/L, obtained using the
linear regression of the calibration curve; Fre = final volume of the reaction mixture (200 pl); Ext.re =
volume of extract used in the reaction (22 ul); 100/82.2 = recovery of reduction reaction; Fvol = final
volume of the deprotenized extract (560 ul); Ext.vol = volume of extract used (500 pl); 2 = dilution factor
of the extraction method: 5 g of tissue diluted to 10 ml.

Combining equations 2 and 3 it is obtained as result:

MMGTX1 + pMGTX4 = (uM*(Fre/Ext.re)*(100/82.2)) * (Fvol/Ext.vol) * 2 [4]

If in the sample was previously detected GTX1 it was necessary to subtract its concentration to reduce

the potential for overestimation of GTX4:

MMGTX4 = ((uM*(Fre/Ext.re)*(100/82.2)) * (Fvol/Ext.vol) * 2) - u(MGTX1 [5]

If in the sample was no detected GTX1, the concentration obtained in equation 4 correspond only of
GTXA4.
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Conclusions

In summary, each matrix is different and influences greatly toxins elution pattern. Regarding routine
monitoring analyses this different chromatographic behaviors pose some issues of erroneous toxin
identification or quantification. In this work it is proposed a GTX4 reductive reaction to NEO. This new
protocol is a quicker and economical alternative to solve the co-eluteping peak problem between natural

fluorescence matrix interference and toxin peaks.
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Abstract: Tetrodotoxin is a potent low weight marine toxin found in warm waters, especially
of the Indian and Pacific Oceans. Intoxications are usually linked to the consumption of the
puffer fish, although TTX was already detected in several different edible taxa. Benthic
organisms such as mollusks and echinoderms, with different feeding habits, were collected
monthly along the Portuguese coast from the summer of 2009 until the end of 2010. The
extraction and analysis techniques were optimized and TTX and some analogues were
detected for the first time in two intertidal gastropod species—Gibbula umbilicalis and
Monodonta lineata by LC-MS/MS and UPLC-MS/MS. Although the levels are low, these
findings suggest that monitoring of TTX and analogues in North Atlantic species should be
implemented so as to detect potentially new toxin vectors and seasonal and/or geographical

patterns.
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Introduction

Tetrodotoxin (TTX) is a low weight potent neurotoxin, named after the Tetradontidae fish family from
where it was first isolated in 1909 by Tahara and Hirata [1]. TTX is an interesting toxin, since it was
reported in several taxa genetically not close related; from bacteria; marine invertebrates; terrestrial
and marine vertebrates [2]. Neither its biochemical path nor its true origin is fully clarified, since three
hypotheses point to its origin: endogenous [3,4], through food-chain [5-8] or through symbionts [9-12].
TTX is an extremely potent toxin, it binds specifically to site 1 of the voltage-gated sodium channels
(Nav), occluding the external pore blocking the cellular communication and causing death by cardio-
respiratory paralysis [13—16]. Several poisoning incidents have occurred, especially in Asia, with Japan
being the most affected country and where Fugu is considered a delicacy. Japan is the only country to
have guideline values for TTX [17]. Although TTX-bearers are typical of warm waters, recent studies
report the possible migration of these toxic species from the Red Sea to the Mediterranean Sea through
the Suez Canal [18-20]. This may happen due the opening of new corridors allied to the increase of
water temperature as a result of climate change. These factors all together probably influenced the
bidirectional migration of species between the Red Sea and the Mediterranean Sea, resulting in the
increase of poisoning incidents, especially due to the ingestion of toxic alien species, among them TTX-
bearers [18—-22]. A good example of intoxication incidents caused by TTX-bearers was the ingestion of
the elongated puffer, Lagocephalus sceleratus. Its presence in the Mediterranean was first reported in
2003, causing several poisoning incidents in Egypt in the end of 2004 and in Israel between 2005 and
2008. Fortunately all patients recovered [18,20,23].

In October 2007 a case of TTX poisoning occurred in Malaga, Spain, due to the ingestion of a specimen
of Charonia lampas, an autochthonous predatory gastropod from Atlantic and Mediterranean waters,
caught in the southern Portuguese waters [21]. This episode was the first report TTX occurrence in
autochthonous species in Atlantic and Mediterranean waters and triggered our investigation to monitor
different invertebrate species in several sites of our coast [21].

In this work our goal was to detect the presence of TTX and some analogues in several marine
invertebrate species collected along the continental Portuguese coast, by using UPLC-MS/MS and LC-
MS/MS.

Results and Discussion

In this study, 134 samples were collected in a monthly sampling program, from July 2009 until

November 2010, in 13 sites distributed along the Portuguese coast (Figure 2.5). The collected species
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belonged to different taxa and included gastropods (Monodonta lineata, Monodonta turbinata,
Gibbulaumbilicalis, Gibbula magus, Littorina littorea, Littorina saxatilis, Nucella lapillus, Ocenebra
erinacea, Calliostoma zizyphinum, Patella intermedia, Charonia lampas), bivalves (Mytilus
galloprovincialis),sea-urchins (Paracentrotus lividus) and sea-stars (Marthasterias glacialis). The
naturally contaminated Charonia lampas and Lagocephalus sceleratus, obtained in former works
[21,24], were used as standards in the LC-MS/MS analysis and provided us with the retention times of
TTX and of the other analogues as follows; TTX (21.14 min), 4-epiTTX (20.4 min), 5,6,11-trideoxyTTX
(13.7-14.2 min), monodeoxyTTX (18.08-18.80 min), 11-norTTX-6-o0l (19.0-19.7 min) and 4-
anhydroTTX (18.9 min) (Figure 2.6).
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Figure 2.5 - Location of the sampling points in the North Atlantic Portuguese coast: 1 Viana do Castelo; 2 Esposende; 3 P6voa do Varzim; 4
Angeiras; 5 Memoria; 6 Valadares; 7 Aguda; 8 Sdo Martinho do Porto; 9 Sao Torpes; 10 Porto Cévo; 11 Monte Clérigos; 12 Vila Nova
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Figure 2.6 - Mass chromatograms of the LC-ESI-CID-MS/MS obtained under MRM operation of the TTX standard and naturally-contaminated
samples of Charonia lampas and Lagocephalus sceleratus. (A) MRM of TTX standard (1500 ng/mL), m/z 320 > 302; (B) Extracted lon Chrom

Five protonated molecules [M + H]* at m/z 320, 302, 304, 290 and 272 corresponding to TTX plus its
derivatives were detected. The MRM transitions selected were: TTX and 4-epiTTX: 320 > 302/162; 4,9-
anhydroTTX: 302 > 256/162; monodeoxyTTX: 304 > 286/176; 11-norTTX-6-ol: 290 > 272/162 and
5,6,11-trideoxyTTX: 272 > 254/162. Quantification was done with the most abundant ion in the fragment
spectra: 302 (TTX and 4-epiTTX), 162 (4,9-anhydroTTX), 286 (monodeoxyTTX), 272 (11-norTTX-6-0l)
and 254 (5,6,11-trideoxyTTX) (Figure 2.6).

The limits of detection and quantification (LOD/LOQ) of the LC-ESI-CID-MS/MS for TTX were 16
ng/mL(S/N > 3) and 63 ng/mL (S/N > 10), respectively.

For the UPLC-MS/MS the LOD (S/N > 3) was 1.7 ng/mL, and the LOQ (S/N > 10) was 5 ng/mL. TTX
and analogue contents were identified and calculated against TTX standard (Figure 2.7), presuming
that the toxin and its derivatives had the same molar response factor in each apparatus. A sample was

considered positive when the toxin levels detected were above the LOQ.
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Figure 2.7 - Mass chromatograms of the UPLC-MS/MS obtained under MRM operation of the TTX standard. TIC (total ion chromatogram).
TTX standard 1000 ng/mL, m/z 320 > 302/162.

The analysis of the gastropod collected in our waters allowed us to detect some positive samples,
including G. umbilicalis, collected on Memdéria beach in July 2009. The peaks corresponded to
monodeoxyTTX, with an amount of 63.81 ng/g (Figure 2.8).

Two other gastropod species had positive results: M. lineata collected in April 2010 in Vila Nova de
Milfontes and C. lampas collected in September 2010 in Angeiras (Figure 2.9). While the first revealed
the co-occurrence of TTX (90.50 ng/g) and 4-epiTTX (21.48 ng/g), in C. lampas we detected low levels
of 5,6,11-trideoxyTTX (6.22 ng/g). This last variant was detected previously in the same species,
together with TTX [21]. Nevertheless, this is the first report on the occurrence of TTX and variants in
the two small gastropods M. lineata and G. umbilicalis. These two species, regardless of their small
size, are harvested and consumed by locals, being rarely found in markets. Thus, the exposure of TTX
and analogues via these small gastropods is neither regulated nor controlled.

The levels of these toxins found in our samples are relatively low when compared to other species that
had caused human intoxications, or even with the C. lampas that caused the intoxication episode in
Malaga [21]. In Table 2.3 the toxin levels detected in the present work and examples of other works for
comparison are displayed. Nevertheless, one should be careful when comparing data, since the levels
we report are due to the toxin content in the whole animal (edible part), while the data on the C. lampas

reported by Rodriguez et al. 2008 refers to levels in the digestive gland only [21].
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Figure 2.8 - Mass chromatograms of the LC-ESI-CID-MS/MS obtained under MRM operation of the positive sample of Gibbula umbilicalis for
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Figure 2.9 - Mass chromatograms of the UPLC-MS/MS obtained under MRM operation of the positive samples of Monodonta lineata and C.
lampas for (A): TTX (m/z 320 > 162/302), 4-epiTTX (m/z 320 > 162/302); and (B): 5,6,11-trideoxyTTX (m/z 272 > 254/162).



FCUP
Section Il

Table2.3 - TTX and analogues levels (ug/g) in marine gastropods from Portugal (pw-present work and [21]), China and Taiwan.

Species Location TTX 4-epiTTX MonodeoxyTTX 5,6,11-trideoxyTTX Ref.

G. umbilicalis Memoéria 0.063 pw

M. lineata Vila Nova de 0.090 0.021 pw
Milfontes

C. lampas Angeiras 0.006 pw
Algarve 315.00 * 1004.00 * [21]

N. nitidus China 1350 [25]

N.

semiplicatus 26.10 3.37 [12]

N. papillosus  Taiwan 42-60 [26]

* Data obtained from digestive gland only.

The low levels we have found so far may also be due to the fact that TTX synthesis in warmer waters
is higher than in the cold North Atlantic ones. The Lessepsian migration phenomenon may play an
important role in the migration of TTX-bearers to more temperate waters, such as the elongated puffer
Lagocephalus sceleratus, since 1902 more than 62 Red Sea fish species have migrated via the Suez
Canal to the Mediterranean [22]. Global warming may also have influenced the migration and settling
of TTX-bearing species to more temperate waters, once the rise in water temperature facilitates the
migration of Red Sea exotic species to the Mediterranean Sea. Since 5.7% of the Mediterranean fauna
is composed of Red Sea fish species, the risk of future invasion by these alien species is potentially
very high [22]. There is not yet enough epidemiological and toxicological data concerning human
intoxications by TTX in the temperate waters of the Atlantic Ocean. Nevertheless, a study done in the
South Pacific area concerning the possible association of ciguatera and climate change revealed
interesting assumptions that may give us some hints for future studies [27]. The study projected the
idea that a rise in temperature is expected to increase the incidence of ciguatera poisoning of 35—70
per thousand people in 1990 to 160-430 per thousand people in 2050 in Papua New Guinea [27].
Taking into account that we need to be cautious when using simplistic models such as these, the rise
in temperature may alter the growth rate of the toxic organisms [28] and also the rates of toxin
production [29]. Nevertheless, temperature may also alter accumulation, metabolism and detoxication
kinetics in fish vectors as it can for TTX [30]. In fact, another work showed that the in vitro uptake of
TTX into liver tissue slices of Takifugo rubripes is temperature dependent, being significantly higher at
20 °C compared to 5 °C [30]. Cellular and molecular studies on the TTX kinetics are also needed in
order to better predict the potential effects of global warming on TTX levels in vector species. Taking
into account that the microflora of many puffer fish may be the origin of TTX, studies on the TTX
production by the main bacterial species are important. A study on the diversity of bacteria isolated from

the skin, gill and intestine of Fugo niphobles showed that temperature may have an effect on the
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diversity and density of some bacteria [31]. The identification of Vibrio sp. species, and in particular of
V. alginolyticus, was achieved when fish were exposed at 20 and 29 °C but not when reared at 10 °C.
In laboratory culture, all strains of this species grew at 20 to 37 °C but very few grew at 10 °C, suggesting
a preference for higher temperatures [31]. So, water temperature may have an impact on the growth
rate of TTX producing bacteria, being responsible for higher bacteria counts in fish exposed to higher
temperatures. More laboratory experiments are needed to support this hypothesis. All these
circumstances, together with the fact that TTX travels along the food-chain [5-8], may favor the
establishment of TTX in Atlantic temperate waters.
In this work, TTX plus its derivatives were detected in the Portuguese coast, not only in species already
reported as TTX-bearers (Charonia lampas) but also in indigenous species not yet assigned, this being
the first report of TTX presence in Gibbula umbilicalis and Monodonta lineata. Apart from the quantities
detected in these animals, there is an imminent danger to the human population, since the toxin travels
in the food-chain and it is unknown whether or not there is biomagnification of TTX [5—8]. This increases
the potential danger, because all the species reported are edible and the toxin is water soluble and
thermostable [32,33].
The species Gibbula umbilicalis and Monodonta lineata belong to the same family, Trochidae [34], and
in this study we confirm their ability to accumulate TTX. Possibly there is a potential adaptation that is
common for both. In addition, TTX was not detected in all specimens belonging to these two species,
which could be due to different strains having different capabilities of adaptation. We can make no
inferences about the seasonal intake of the toxin, due to the fact that we only had three positives (2.24%
of the total sampling), although all of them were in the warmer months.
TTX is present in Portuguese waters, Angeiras being the most northern point of a TTX report in Atlantic
temperate waters. Nevertheless, the low concentrations detected are not sufficient to cause a fatal
outcome, since the Minimum Lethal Dose for humans is 2 mg [35]. Surveillance is advisable to avoid

poisoning incidents and to understand the progress of this emergent phenomenon.
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Experimental Section

3.1. Sampling Points and Selected Species

TTX was reported in gastropods and sea-stars in many parts of the world [5-8,21,36—43]. Due to this
fact and also because we were searching for potential new vectors, fourteen benthic species were
selected, belonging to gastropods (Monodonta lineata, Monodonta turbinata, Gibbula umbilicalis,
Gibbula magus, Littorina littorea, Littorina saxatilis, Nucella lapillus, Ocenebra erinacea, Calliostoma
zizyphinum, Patella intermedia, Charonia lampas), bivalves (Mytilus galloprovincialis),sea-urchins
(Paracentrotus lividus) and sea-stars (Marthasterias glacialis). Samples were collected monthly at
various sampling sites distributed along the coast of continental Portugal (Figure 1): Almograve
(37°39'11.52"N; 8°48'09.18"W), Vila Nova de Milfontes (37°43'02.19"N; 8°47'34.40"W), Monte Clérigos
(37°20'06.92"N; 8°50'48.09"W), Porto Cbévo (37°53'33.19"N; 8°47'38.25"W), Sao Torpes
(37°58'53.56"N; 8°47'45.58"W), Sdo Martinho do Porto (39°30'18.29"N; 9°08'18.07"W), Aguda
(41°02'52.13"N; 8°39'13.19"W), Valadares (41°5'29.76"N; 8°39'27.05"W), Memdria (41°13'50.96"N;
8°43'18.09"W), Angeiras (41°15'50.01"N; 8°43'37.14"W), Po6voa do Varzim (41°22'41.61"N;
8°46'7.39"W), Esposende (41°29'5.19"N; 8°46'45.76"W) and Viana do Castelo (41°41'35.38"N;
8°50'56.70"W). Charonia lampas were purchased at local fish markets, being caught along the Angeiras
coast (41°15'49.06"N; 8°43'48.43"W). Organisms were collected in the intertidal area during low tide
and were transported to the laboratory and refrigerated as soon as possible. Whenever they were not
processed immediately, they were frozen at —20 °C. The number of samples collected and the average
number of specimens needed to set a composed sample are displayed in Table 2.4.

Table2.4 - Average number of specimens to set a composed sample and number of samples collected since July 2009 until the end of 2010.
Availability of animals is dependent on their geographical distribution and ecology.

Species Average Number of Animals
Number of Samples Collected
Collected to Set a Composed
from July 2009 till End 2010

Sample
Gibbula umbilicalis 34 100
Gibbula magus 1 90
Monodonta lineata 20 86
Monodonta turbinata 21 86
Nucella lapillus 13 15
Littorina littorea 2 10

Littorina saxatilis 4 15
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Ocenebra erinacea 4 4
Calliostoma zizyphinum 1 1
Patella intermedia 4 15
Charonia lampas 5 1
Mytilus galloprovincialis 7 30
Paracentrotus lividus 10 10
Marthasterias glacialis 8 1

3.2. Sample Treatment

Due to the small size of some species, and in order to have enough biomass for the extraction procedure
(1 g), all animals were treated in groups with the exception of Charonia lampas,Calliostoma zizyphinum
and Marthastherias glacialis. In Table 2 the number of animals needed to seta composed extractable
sample is displayed. Samples were extracted based on the methods of Shoji et al. and Ito et al. with
appropriate amendments to the type of sample [44,45] as follows. Gastropods were boiled in water for
30 min due to their hard consistency. All samples were dissolved in acetic acid (1%), then homogenized
with a mechanical crusher (1000 rpm, 5 min), (Silentcrusher M, Heidolph, VWR, Carnaxide, Portugal),
and ultrasonication (70 Hz, 3 min), (Vibra Cell, Sonic & Materials, Reagent 5, Porto, Portugal). The
extracts were then centrifuged at 4495 g for 20 min (Centrifugal-Legend RT, Sorvall). This procedure
was repeated twice, and the two supernatants were defatted with dichloromethane (v/v). Both layers
were collected and concentrated under reduced pressure (40 °C) in a rotary evaporator (Bichi) and
stored at —20 °C [44—48]. This method was used in the first 50 samples, and then the extraction method
was optimized in order to obtain cleaner extracts, based on the protocols of Jen et al. and Tsai et al.
[49,50]: 1 g of sample tissue was homogenized with a blender (A320R1, 700W, Moulinex) then
extracted in 3 mL of acetic acid (1%)/methanol with the help of a vortex mixer for 5 min (Top Mix 1118,
Fisher Bioblock Scientific) and ultrasonic bath, (5 min, 100 Hz) (RK100H, Bandelin SONOREX). A
double extraction was performed, extracts were centrifuged at 4495 g for 15 min at 4 °C (Centrifugal-
Legend RT, Sorvall), supernatants were combined and adjusted to a final volume of 7 mL. Then 1 mL
of the extract was cleaned through a C18 solid-phase extraction (SPE) cartridge (500 mg/3 mL volume
from Supelco, Bellefonte, PA, USA). The cartridges were previously conditioned with 6 mL of methanol,
followed by 6 mL of water (milliQ). The sample was eluted with 10 mL of 100% methanol and diluted
with the same solvent to a final volume of 12 mL. Finally, each sample was concentrated by drying and
re-suspended in 1 mL of methanol, and 100 uL were filtered through 0.45 um filters (UltraFree-MC
centrifugal devices, Millipore, Spain) before LC-MS/MS analysis [49,50]. All reagents used were

paranalysis grade from Merck®.
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3.3. LC-MS/MS Analysis
The LC-MS conditions were the same as reported by Rodriguez et al. [24]. Briefly, the analyses were
performed in high-performance liquid chromatography (LC) equipment consisting of a binary system of
LC-10ADVP pumps, an autoinjector (SIL-10ADVP) with degasser (DGU-14A), refrigerated rack, column
oven (CTO-10ACvp) and a system controller (SCL-10Avp) from Shimadzu (Kyoto, Japan). The LC
system was coupled to a 2000 QTRAPLC/MS/MS instrument from Applied Biosystems (Calrsbad, CA,
USA), formed by a hybrid quadrupole-linear ion trap mass spectrometer (MS), equipped with an
atmospheric pressured ionisation (API) unit, fitted with an electrospray ionisation source (ESI),
operating in the conventional mode of low energy of collision dissociation induced (CID) of MS/MS.
Nitrogen was produced by a Nitrocraft NC.c/mus generator from Air Liquide (Madrid, Spain).
The LC system operated with the ESI interface in positive ion mode using the following parameters:
curtain gas, 15 psi; collision-activated dissociation gas, 6 psi; lonSpray voltage, 4000 V; temperature,
450 °C; gas 1, 50 psi; gas 2, 50 psi; these parameters had been previously optimized using the TTX
standard (Calbiochem Corporation). For the equipment control, data processing and analysis, Analyst
software was used. Eluent (A) of the mobile phase was composed by formic acid (Merck, Madrid, Spain)
and ammonium formate (Sigma Aldrich, Madrid, Spain), both with a concentration of 10 mM in water,
and eluent (B) consisted of acetonitrile (Panreac Quimica, Barcelona, Spain) in water (95:5) with
ammonium formate (5 mM) and formic acid (2 mM). The gradient used started with 100% of mobile
phase (B), decreasing to 65% at minute 15, rising to 100% at minute 18 until the end of the run (25
min). An XBridge™ Amide column (i.d. 2.1 x 150 mm; 3.5 pm) with a guard cartridge (i.d. 2.1 x 10 mm)
from Waters (Cerdanyola del Vallés, Spain) was used to achieve the separation of TTX, and analogues
present in the samples. Column oven temperature was set at 25 °C and injection volume was 5 uL. The
MS was operated in multiple reactions monitoring (MRM) mode, analysing two product ions per
compound: one for quantification and the other for confirmation.
The mass spectrometer parameters were adjusted to obtain a signal of maximum intensity and stability.
For the MS optimization, the sample solution was directly infused in the electrospray source at a 0.2
mL/min flow rate with a syringe pump. The MS was operated in the positive ion mode using the product
ion scan with a cone gas, 40 V; capillary voltage, 2.8 kV; source temperature, 120 °C; desolvation
temperature, 350 °C; collision energy, 45 eV. Helium and nitrogen were used as collision and drying
gases, respectively [24].
To overcome the challenge of the lack of standards for TTX analogues [44,51-55] a sample of a
naturally-contaminated Charonia lampas and Lagocephalus sceleratus used in former works [21,24]
was injected in the LC-MS/MS, this way determining the respective retention times (RT) (Figure 2). The
following variants were aimed for: TTX, 4-epiTTX, 5,6,11-trideoxyTTX, monodeoxyTTX, 11-norTTX-6-
ol and 4-anhydroTTX. For the calibration curve, several dilutions from the TTX standard were
performed, from 50 ng/mL concentration to 2000 ng/mL. TTX and its derivatives were quantified, using

their peak areas to calculate amounts and using the curve obtained from TTX standard [56].
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3.4. UPLC-MS/MS Analysis
Samples were analysed in Ultra High Performance Liquid Chromatography equipment ACQUITY UPLC
system, coupled to a Xevo TQ MS mass spectrometer from Waters (Manchester, UK). The apparatus
is equipped with a multimode source ESI/APCI/ESCIi, a vacuum system composed of two air-cooled
Edwards Vacuum turbo molecular pumps evacuating the source and analyzer, one Varian rotary
backing pump. The nitrogen generator was a Nitrocraft NCicims from Air Liquide (Madrid, Spain).
Chromatographic separation and detection of TTX and its derivatives was achieved with a Waters
Acquity UPLC BEH Amide column (100 mm x 2.1, 1.7 ym), equipped with a 0.2 ym Acquity UPLC in-
line filter and column oven at 35 °C. The LC operated with eluent (A), consisting of 10 mM ammonium
formate (Sigma Aldrich, Madrid, Spain) and 10 mM formic acid (Merck, Madrid, Spain) in water. Eluent
(B) contained acetonitrile (Panreac Quimica, Barcelona, Spain) in water (95:5) with a final concentration
of 5 mM ammonium formate and 2 mM formic acid. The gradient programme used to elute the toxins
was 100% mobile phase (B) at the beginning, decreasing to 65% (B) after 7 min, then kept for 2 min
and back to 100% (B) over the next 0.5 min and finally kept 100% (B) for 1.5 min before the next
injection. Flow rate was 0.4 mL/min and injection volume was 5 pL.
The Xevo TQ MS mass spectrometer operated with the following optimized source-dependent
parameters (ESI source): capillary potential 2.7 kV, cone voltage 40 V, desolvation temperature 350
°C, desolvation gas flow 850 L/h N2, cone gas flow 50 L/h N2, source temperature 150 °C, collision gas
flow 20 V. Argon was used as the collision gas at 4.5 x 1072 mbar.
The mass spectrometer operated in MRM, detecting in positive mode, analysing two product ions per
compound: one for quantification and another for confirmation. The transitions employed were: TTX
and 4-epiTTX (m/z 320 > 302/162) and 5,6,11-trideoxyTTX (272 > 254/162), with retention times: TTX
(6,80 min), 4-epiTTX (6.50 min) and 5,6,11-trideoxyTTX (4.06 min). Quantification was undertaken with
the most abundant ion in the fragment spectra: 162 for TTX, 4-epiTTX and 5,6,11-trideoxyTTX. TTX
analogues in sample solutions were identified according to the daughter ion spectra of the analogues
reported in the literature [44]. For the calibration curve, several dilutions from the TTX standard
(Calbiochem Corporation) were performed, from 31.25 ng/mL concentration to 3000 ng/mL. TTX and
its derivatives were quantified using their peak areas to calculate amounts and using the curve obtained
from TTX standard [56].

Conclusions

In this work we used LC-MS/MS and UPLC-MS/MS to detect TTX and several analogues in three
autochthonous gastropod species of the Atlantic Portuguese continental coast. TTX, 4-epiTTX,
monodeoxyTTX and 5,6,11-trideoxyTTX were detected in Monodonta lineata, Gibbula umbilicalis and
Charonia lampas, being the most northern point of the Atlantic Ocean were these toxins were reported.

All these species are edible, raising the probability of human health hazards. Despite the low
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concentrations detected, ranging from 6.22 to 90.50 ng/g, it was clearly shown that TTX and analogues
should be monitored in the species reported positive, and in others that can potentially accumulate the

toxins and can be used as human food.
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Abstract: The prevalence of poisoning events due to harmful algal blooms (HABs) has

declined during the last two decades through monitoring programs and legislation,
implemented mainly for bivalves. However, new toxin vectors and emergent toxins pose a
challenge to public health. Several locations on the Portuguese coast were surveyed
between 2009 and 2010 for three distinct biotoxin groups [saxitoxin (PST), spirolide (SPX)
and okadaic acid (OA)], in 14 benthic species of mollusks and echinoderms. Our main goals
were to detect new vectors and unravel the seasonal and geographical patterns of these
toxins. PSTs were analyzed by the Lawrence method, SPXs by LC-MS/MS, and OA by LC-
MS/MS and UPLC-MS/MS. We report 16 new vectors for these toxins in the North Atlantic.
There were differences in toxin contents among species, but no significant geographical or
seasonal patterns were found. Our results suggest that legislation should be adjusted to
extend the monitoring of marine toxins to a wider range of species besides edible bivalves.

Keywords: New vectors; PST; okadaic acid; spirolides; North Atlantic
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Introduction

The occurrence of harmful algal blooms (HABs) has been increasing globally throughout the 20th
century [1]. Rising water temperature and eutrophication were pointed out as the most significant factors
in this increase [2]. HABs have a severe impact on the economy and human health, because
phycotoxins may travel along the food chain, contaminating edible shellfish, resulting in intoxication
incidents [3—7]. These phycotoxins can be classified as being either hydrophilic or lipophilic, with typical
molecular weights (MW) of 500 Da and 600 Da, respectively [8]. Besides commercially important
bivalves, other organisms, such as crustaceans, gastropods and fish, have been reported as phycotoxin
vectors [9-11]. HAB poisoning events have been sporadic worldwide during the past two decades. The
establishment of legislation, mostly for edible bivalves and monitoring programs are of extreme
importance for poisoning prevention [7,12,13].

Paralytic shellfish toxins (PSTs) are a group of alkaloids that cause Paralytic Shellfish Poisoning (PSP).
Intoxication events caused by these toxins result from the ingestion of contaminated shellfish [4,5].
These alkaloids are comprised of saxitoxin (STX) plus 57 analogs that bind specifically to site 1 of
voltage-gated Na* channels (Nav), causing paralysis. Currently, there is no antidote available.
Ventilation support plus fluid therapy are the only treatments available [14]. After the first report in the
USA in 1920, PSTs have been reported all over the globe [4,5]. The main producers of these
neurotoxins are several species of dinoflagellates (Alexandrium sp., Gymnodinium catenatum and
Pyrodinium bahamense var. compressum), as well as certain brackish and freshwater
cyanobacteria(Anabaena circinalis, A. lemmermannii, Aphanizomenon gracile, A. issatschenkoi,
Rivularia sp., Lynbya wolleii, Planktothrix sp. and Cylindrospermopsis raciborskii) [15-19]. The
European FoodSafety Authority (EFSA), proposes the use of toxicity equivalency factors (TEFs) as a
unit that integrates all PST analogues for their conversion to SXT equivalents [14]. Fourteen TEF values
have been calculated based on acute intra peritoneal (i.p.) toxicity in mice: NEO = 1; GTX; = 1; dc-STX
=1; GTXs=0.7; GTX3=0.6; GTX2 = 0.4; dc-NeoSTX = 0.4; dc-GTX;3 = 0.4; 11-hydroxy-STX = 0.3; dc-
GTX,=0.2; GTXs =0.1; GTXs = 0.1; C, = 0.1; C4 = 0.1 [14]. There are only 15 standards available as
certified material. In 2009, EFSA established the acute reference dose (ARfD) for PSTs as 0.5 pg STX
equivalents/kg body weight, due to the lack of repeated oral intake data of these toxins in humans and
animals [14]. The guideline limit value for PSTs is 800 ng SXT equivalents/g shellfish meat [20].
Spirolides (SPXs) belong to the group of the cyclic imines that includes other compounds, like
gymnodimines, pinnatoxins, pteriatoxins, symbioimines, prorocentrolides and spiro-prorocentrolides
[21,22]. These marine toxins have a cyclic imine group that is responsible for their neurotoxicity. SPXs
bind specifically to both the muscarinic and nicotinic acetylcholine receptors (MAChR and nAChR,
respectively) in the central and peripheral nervous system [23]. These biotoxins have acute toxicity by
i.p. and oral administration in mouse bioassays (MBAs); however, there have been no reports of
poisoning incidents [23,24]. SPXs have already been reported in microalgae and shellfish in Canada
[25-27], Scotland [28], USA [29], Norway [30], Italy [31], Denmark [21], France [32], Spain [33] and
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Chile [34]. Other cyclic imines seem to be confined to warmer waters of the Pacific Ocean, with reports
from Japan, China and New Zealand [23,35]. SPXs are produced by dinoflagellate species, such as
Alexandrium ostenfeldii and A. peruvianum [36]. The C group is the most toxic among SPXs and the
only one with certified material available [37]. There are no legislated limits for cyclic imines, due to the
lack of toxicological data [38].

Okadaic acid (OA) and its derivatives, dinophysistoxin-1 and 2 (DTX-1, DTX-2), are responsible for
Diarrheic Shellfish Poisoning (DSP). This group of neurotoxins is composed of polyethers that inhibit
type 1 and 2A serine/threonine phosphatases [39]. OA and its analog, DTX-1, are also tumor promoters
[40]. DSP incidents have been reported all over the globe [41-44]. Several species of phytoplankton
have already been reported as causing DSP, particularly from the genera Phalacroma, Prorocentrum
and Dinophysis [45—-49]. The accepted limit established in Europe is 160 ng OAequivalents/g shellfish
meat [20].

The occurrence of emergent toxins and new vectors in the Atlantic Ocean brings new challenges for
monitoring programs. It is necessary to fill the lack of knowledge and improve monitoring programs in
order to minimize risks to human health. Close monitoring, in conjunction with reliable detection
methods, helps to reduce the number of poisonings. Benthic organisms are generally poorly studied
regarding their role as potential vectors for marine toxins, with the exception of bivalves [3—
5,7,13,26,37]. Several benthic species were surveyed in this study, including gastropods (sea-snails,
sea-slugs and limpets), bivalves (mussels) and echinoderms (starfishes and sea-urchins). We have
chosen these patrticular species, because most of them are edible and we strongly believe that the
human health risk is underestimated. In addition, all of them play an important role in benthic food-
chains. Our aims were to unravel new vectors of PST, OA and SPX, to study the existence of seasonal,
geographical and interspecific patterns of toxin accumulation. Table 2.5 shows the species sampled in

this work and their trophic level, edibility and monitoring status.

Table2.5 - Average number of specimens to set a composed sample and nhumber of samples collected since July 2009 until the end of 2010.
Availability of animals is dependent on their geographical distribution and ecology.

Species Trophic level Edibility Monitored References
Gibbula sp. Grazer Yes No [20,50]
Monodonta sp. Grazer Yes No [20,50]
Littorina sp. Grazer Yes No [20,50]
Patella intermedia Grazer Yes No [20,51]
Paracentrotus lividus Grazer Yes No [20,52]
Echinus esculentus Grazer Yes No [20,53]
Aplysia depilans Grazer No No [20,54]
Mytilus galloprovincialis Filter feeder Yes Yes [20,51]
Nucella lapillus 1st level Predator Yes No [20,51]
Marthasterias glacialis 2nd level Predator No No [20,51]
Charonia lampas 3rd level Predator Yes No [20,55]
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Results and Discussion

2.1. PSTs

In 104 samples analyzed, we obtained 51% positive results. A sample was considered positive when
the toxin levels detected were above the limit of detection (LOD); however, 30.2% of these samples
were below the limit of quantification (LOQ) for SXT and its analogs (Figure 2.10). Regarding
gastropods, bivalves and echinoderms, most of the positive results occurred in the late spring-summer
season. In the general linear model, significant differences were not detected for any of the fixed factors:
sampling site (F11,00 = 1.9; p = 0.08) or species (Fo92 = 1.8; p = 0.09). These results can be explained
by the high resemblance between species average values, although there were differences in their
dispersion. It should be noted that the average PST concentration was in general very low (Figure 2.11).
The percentage of analogs in each group screened (Figure 2.12) shows that the most toxic groups,
carbamate (STX, NEO, GTX1, GTX2, GTX3 and GTX4) and decarbamoyl (dcSTX, dcGTX1, dcGTX2,
dcGTX3 and dcGTX4), were always present in all species [14]. The former group was the most
common, since 67% of the positives have carbamate forms, constituting 50%—83% of the PSTs’ total
content. The decarbamoyl group contributes from 50% to 67% of the total toxin content in the majority
of the positive samples. The less toxic N-sulfo-carbamoyl group (C1, C2, C3, C4, GTX5 and GTX6)

was only detected in 33% of the positive samples, reaching a maximum of 20% of the total PST content.
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Figure 2.12 - PST profiles in each group screened.

In all the species, positives were below the limit implemented in Europe [20]. In comparison with recent
work performed on the Portuguese coast [4], the present toxin profile detected was wider, showing a
higher prevalence of the most potent analogs. However, the detected concentrations were lower. There
was no previous data available regarding PSTs on the Portuguese coast in taxa other than bivalves
[13,56]. PST metabolism in bivalves is very complex, since some species show the ability to convert
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low toxic forms to high toxic ones, therefore presenting different toxin profile than the producers [57—
59]. Gastropods are known for their ability to accumulate PSTs and having low depuration rates and,
thus, being quite dangerous to humans, since they remain toxic for long periods of time. Most poisoning
events due to gastropod ingestion have been reported in Eastern Asia [9,11]. Regarding bivalves, M.
galloprovincialis has 67% of its PSTs as dcSTX, with the remainder being GTXz3 (Figure 3). This profile
could be due either to a high carbamoylase activity or feeding on more toxic dinoflagellate species [9],
in contrast to a previous work [13], which showed mussels with a toxin profile enriched in the less toxic
groups. There is evidence that GTX analogs can be converted into SXT in shellfish, due to the action
of bacteria [60], and mediated by glutathione (GSH) [61]. This could be the reason why the mussel
predator, N. lapillus, has 25% of SXT. Nevertheless, grazer gastropods can also acquire PSTs directly
[62]. This is the case with Monodonta sp., G. umbilicalis and A. depilans, with the latter showing a higher
toxin content (50% STX). Gibbula umbilicalis had 30% of NEO, and in Monodonta species, the
carbamate group was absent (Figure 3). Charonia lampas is a scavenger and a predator, so it most
probably acquired PSTs indirectly. In comparison with other works, the levels found in this species were
low [63]. Although PSTs have already been detected in echinoderms, namely in starfish [64,65], the
report of PSTs in sea-urchins is a hovelty. Comparing the toxin content of both species, M. glacialis had
84% of its toxin content as carbamate analogs, whileP. lividus had 50%, which could be due to a dietary
effect. Asakawa et al. (1997) [64] found higherconcentrations of PSTs in the starfish Asterias amurensis;
however, in this work, we detected a higher diversity and concentration of the carbamate group.

Our data show six new PST vectors among the species screened: four gastropods (G. umbilicalis, N.

lapillus, Monodonta sp. and A. depilans) and two echinoderms (P. lividus, M. glacialis).

2.2. OA

A total of 51% of 55 samples were positive for OA (>LOD), with 14.3% of these below LOQ. No analogs
were detected. Most of the positives (61.5%), as well as the higher concentrations detected in the late
spring-summer season (Figure 2.13). The average concentration found for each species ranged
between 0.58 ng/g fw (in C. lampas) and 175.71 ng/g fw (N. lapillus). Statistically significant differences
for sampling site were detected, although they were close to the limit of statistical significance (Fg a3 =
2.4; p = 0.049). This was possibly due to the fact that OA had a greater proportion of positive results
and higher toxin concentration. It is possible that a greater sampling effort for PSTs and SPX could
result in significant p-values for the sampling site as well. For species, clear significant differences were
found (Fs 43 = 2.4; p< 0.001).
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Figure 2.13 - Okadaic acid (OA) positive results (ng/g fw) for all sampled groups of organisms: (A) bivalves; (B) echinoderms; (C) gastropods.
Y-axis in logarithmic scale. Limit value (LV) established in Europe is 160 ng OA equivalents (eq)/g shellfish meat (s.m.).

The majority of significant differences in pairwise comparisons between species appeared in this group
of toxins. Differences were due to two major groups; those that have the lowest average OA values (Six
species—C. lampas, G. umbilicalis, M. lineata, M. turbinata, P. lividus, P. intermedia) versus those that
have the highest average values (three species—M. glacialis, M. galloprovincialis, N. lapillus) (see

Figure 2.14 and Table 2.6). Interestingly, the species with highest average OA values arelinked through
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the food chain, with M. galloprovincialis being predated by N. lapillus and both by M. glacialis (Figure
2.15) [51]. We show five first reports of OA in G. umbilicalis, N. lapillus, Monodonta sp., P. lividus and
M. glacialis. These results suggest the need for a revision of marinetoxin monitoring policies in order to
consider the inclusion of groups other than bivalves. In addition, the highest concentration detected did

not occur in bivalves, but in the edible gastropod, N. lapillus.
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Figure 2.14 - Box and whisker plots of OA concentrations (ng/g fw) found in each species (C. la.- C. lampas; G. um.- G. umbilicalis; M. ga.-
M. galloprovincialis; M. gl.- M. glacialis; M. li.- M. lineata; M. tu.- M. turbinata; N. la.- N. lapillus; P. in.- P. interm

Table2.6 - Species’ OA concentration pairwise comparisons using post hoc Tukey test.

Species pairwise comparisons z p
N. lapillus—C. lampas 3.3 0.03
M. glacialis—G. umbilicalis 3.8 <0.01
M. galloprovincialis—G. umbilicalis 5.2 <0.001
N. lapillus—G. umbilicalis 4.7 <0.001
M. lineata—M. glacialis -3.6 <0.01
M. turbinata—M. glacialis -34 0.02
P. lividus—M. glacialis -5.6 <0.001
P. intermedia—M. glacialis -5.5 <0.001
M. galloprovincialis—M. lineata 4.8 <0.001
N. lapillus—M. lineata 4.6 <0.001
M. galloprovincialis—M. turbinata 4.1 <0.01
N. lapillus—M. turbinata 4.0 <0.01
P. lividus—M. galloprovincialis -7.1 <0.001
P. intermedia—M. galloprovincialis -6.4 <0.001
P. lividus—N. lapillus -6.4 <0.001
P. intermedia—N. lapillus -5.9 <0.001

P. intermedia—P. lividus -0.6 <0.001

79



FCUP | 80
Section Il

Figure 2.15 - Trophic relation between M. galloprovincialis, N. lapillus and M. glacialis.

Two samples exceeded the 160 ng OA equivalents/g limit [20]: N. lapillus collected in July 2010 in
Memoéria with 429.41 ng/g fw and M. galloprovincialis collected in September 2010 from the same site
with 198.17 ng/g fw. Our average OA levels detected were similar to other reports on the Portuguese
coast [13]. We detected OA in January, which seemed to be unusual [13], but this could be explained

by our wider range of species screened.

2.3. 13-Desmethyl Spirolide C

In 55 samples analyzed, 38.2% of the results were positive for 13-desmethyl Spirolide C (Figure 2.16).
A sample was considered positive when the toxin levels detected were above the LOD. Concentrations
ranged between 0.49 ng/g fw and 3.86 ng/g fw. Approximately half (48%) of the positive results occurred
in the late spring-summer season. Concentrations were also higher in this period (Figure 2.16).
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Figure 2.16 - SPX positive results (ng/g fw) for all sampled groups of organisms.
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Regarding SPX toxin concentrations, significant differences were found for between species, but not
for sampling sites. Here, as for OA, differences in pairwise comparisons were due to the same
differentiated groups, with the exception of the species C. lampas and P. intermedia, as shown in Figure
2.17. Both species showed a large dispersion (see Table 2.7). We have shown five first reports for this
biotoxin in G. umbilicalis, N. lapillus, Monodonta sp., M. glacialis and P. intermedia. It is important to
point out that this is not only the first report of SPX in these species, but also on the Portuguese coast.

SPX showed a wide range of dispersion, not only geographical, but also in terms of vectors.
SPX
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Figure 2.17 - Box and whisker plots of SPX concentration (ng/g fw) found in each species (C. la.- C. lampas; G. um.- G. umbilicalis; M. ga.-
M. galloprovincialis; M. gl.- M. glacialis; M. li.- M. lineata; M. tu.- M. turbinata; N. la.- N. lapillus; P. in.- P. interm

Table2.7 - Species’ SPX concentration pairwise comparisons using post hoc Tukey test.

Species pairwise comparisons z p
M. glacialis—G. umbilicalis 4.3 <0.001
M. galloprovincialis—G. umbilicalis 3.2 0.02
M. lineata—M. glacialis -3.9 <0.01
M. turbinata—M. glacialis -3.5 0.01
P. lividus—M. glacialis -4.2 <0.001
P. lividus—M. galloprovincialis =31 0.04

2.4. Toxins Concentrations Found: Comparison between Species and Sampling Sites

The results of the MANOVA test show that there were clear significant differences between species
(Fs.42 = 2.4; p< 0.001) and small differences between sampling sites (Fs42 = 1.7; p = 0.04). These were,
in general, the same results as those from the analysis for each individual toxin. In the pairwise
multivariate comparisons performed with the Hotelling test, generally, the species that showed more
significant differences regarding toxin concentrations were M. glacialis, M. galloprovincialis and N.
lapillus. The previous Tukey tests showed a similar pattern, i.e., the same pairs of species showedthe
most significant differences (see Table 2.8). With respect to sampling site, differences between sites

were, as expected, from the test for individual toxins, mainly due to OA (Table 2.8). However, if the
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sampling effort was more balanced, differences between sampling sites could also be detected for
PSTs and SPX. Memodria was the most intensively sampled site and showed more differences in this
test. It should be noted that the species with the highest toxin concentrations are linked by the food-
chain. Mytilus galloprovincialis is predated by both N. lapillus and M. glacialis, while the latter also preys
on N. lapillus [51,66]. The advantage of this multivariate test is that our data support the possibility of

bioaccumulation of toxins along the food chain, taking into account all toxins together.

Table2.8 - Pairwise comparisons between factor levels of sampling site and species, using the three groups of toxins as dependent factors.

PairwiseComparitson D
C. lampas—P. intermedia 0.01
G. umbilicalis—M. glacialis <0.001
G. umbilicalis—M. galloprovincialis 0.03
G. umbilicalis—N. lapillus <0.01
P. intermedia—M. glacialis <0.001
P. intermedia—M. galloprovincialis 0.02
P. intermedia—N. lapillus <0.001
M. lineata—M. glacialis 0.01
M. turbinata—M. glacialis <0.01
M. galloprovincialis—P. lividus <0.001
P. lividus—M. glacialis 0
P. lividus—N. lapillus
Angeiras—Memoria 0.03
Memoéria—Porto Cévo 0.01
Memoria—Viana do Castelo 0.03
Memoaria—Almograve 0.01

Experimental Section

3.1. Selected Species and Sampling Points

In this study, we were searching for unconventional vectors of marine toxins, so we surveyed several
benthic species. We focused our sampling on edible species, but also other species that play an
important role in the food-chain: gastropods (Monodonta lineata, Monodonta turbinata,
Gibbulaumbilicalis, Gibbula magus, Littorina littorea, Littorina saxatilis, Nucella lapillus, Patella
intermedia, Aplysia depilans, Charonia lampas), bivalves (Mytilus galloprovincialis), sea-urchins

(Paracentrotus lividus, Echinus esculentus) and starfish (Marthasterias glacialis).
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Animals were collected monthly from several locations along the northern and southern Portuguese
coast (Figure 2.18) from July 2009 till the end of 2010. Samples of Charonia lampas were purchased
in local markets from the same areas. Organisms were collected from the intertidal area during low
tides and were transported to the laboratory in refrigerated containers. If they were not processed
immediately, they were frozen at —20 °C. The number of samples collected and average number of
specimens needed to set a pooled sample are detailed in Table 2.9.

Figure 2.18 - Location of the sampling points on the Atlantic Portuguese coast: 1: Viana do Castelo; 2: Esposende; 3: P6voa do Varzim; 4:
Angeiras; 5: Memoria; 6: Valadares; 7: Aguda; 8: Sdo Martinho do Porto; 9: Sao Torpes; 10: Porto Coévo; 11: Monte Clérigos; 12:

Table2.9 - Average number of specimens comprising a pooled sample and number of samples collected since July 2009 till 2010. Availability
of animals is dependent on their geographical distribution and ecology.

Number of pooled samples

collected Average number of animals
Species collected to set a pooled
from July 2009 till end 2010 sample
Gibbula umbilicalis 34 100

Gibbula magus 1 90
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Monodonta lineata 20 86
Monodonta turbinata 21 86
Nucella lapillus 13 15
Littorina littorea 2 10
Littorina saxatilis 4 15
Patella intermedia 4 15
Charonia lampas 5 1
Mytilus galloprovincialis 7 30
Paracentrotus lividus 10 10
Marthasterias glacialis 8 1
Echinus esculentus 2 1
Aplysia depilans 1 1

3.2. Sample Preparation

3.2.1. Paralytic Shellfish Toxin (PST) Extraction

Samples were extracted following the Lawrence et al. method [67]. Animals were dissected and
homogenized with a blender (A320R1, 700 W, Moulinex) in pooled groups in order to obtain 1 g of
extractable tissue, with the exception of Charonia lampas, Marthasterias glacialis, Echinus esculentus
and Aplysia depilans, which were treated individually. The homogenized tissue was extracted with 3
mL 1% acetic acid (Merck, Portugal) using a vortex mixer for 5 min (Top Mix 1118, Fisher Scientific,
Portugal), then heated in a boiling water bath for 10 min, remixed on a vortex mixer and placed in ice
for 5 min. The resulting mixture was sonicated (1 min, 70 Hz, Vibra Cell, Sonic & Materials, USA) and
subsequently centrifuged at 4495xg for 10 min at 4 °C (Centrifugal-Legend RT, Sorvall). Then, 2 mL of
1% acetic acid was added to the centrifuge tube containing the solid residue, mixed well on a vortex
mixer and centrifuged again (4495 g/10 min/4 °C). The supernatant solution was collected pooled into
the same tube that contained the first portion of extract and finally diluted to 5 mL with 1% acetic acid.
An aliguot (1 mL) of the crude extract was passed through a C18 solid-phase extraction (SPE) cartridge
(500 mg/3 mL volume from Supelco, Bellefonte, PA, USA), previously conditioned with 10 mL methanol
(Fisher Scientific, Leics, UK), followed by 10 mL water (MilliQ). Toxin was absorbed onto the column
and eluted at a flux of 0.4 mL/min using 2 mL of ultrapure water. The pH was adjusted to 6.5 using 0.2
M NaOH (Sigma Aldrich, Portugal). The eluents were evaporated to dryness (Acid-resistant Centrivap
Concentrator, Labconco, MO, USA) and dissolved in 0.5 mL of 0.03 M acetic acid. The extracts were
passed through 0.45 pum filters (Ultrafree-MC centrifugal filter devices from Millipore, Spain) and pre-
oxidized before HPCL-FLD analysis. The extracts were oxidized with hydrogen peroxide and periodate
(Panreac Quimica, Spain). Peroxide oxidation consisted of mixing 25 pL of 10% hydrogen peroxide in
water (v/v) with 250 yL 1 M NaOH and 100 pL of sample. The solution was then mixed on a vortex
mixer and rested at room temperature for 2 min. Then 20 yL of acetic acid was added. At this point, the

solution was homogenized and 25 yL was injected into the HPLC system. Peroxide oxidant solution
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was prepared daily. Periodate oxidation consisted of mixing 100 yL sample with 100 pL of deionized
water and 500 uL periodate oxidant. The solution reacted for 1 min at room temperature before the
addition of 5 pL of acetic acid. Periodate oxidant was prepared daily by mixing 5 mL of 0.03 M periodic
acid with 5 mL of 0.3 M ammonium formate and 5 mL of 0.3 M sodium phosphate dibasic. The pH of
the final solution was adjusted to 8.2 with 1 M NaOH.

3.2.2. Lipophilic Toxins Extraction

The protocol from Otero et al. (2010) [68] was followed for the extraction of okadaic acid (OA),
dinophysistoxin (DTX-1 and DTX-2) and spirolides (13,19-didesmethyl SPX C; 13-desmethyl SPX C).
Animals were dissected and homogenized with the help of a blender (A320R1, 700 W, Moulinex) in
pooled groups in order to obtain 1 g of extractable tissue, with the exception of Charonia lampas,
Marthasterias glacialis, Echinus esculentus and Aplysia depilans. In these cases, each animal
wastreated separately. The 1 g of homogenized tissue was extracted with 3 mL of methanol (Fisher
Scientific), then centrifuged during 10 min at 2932 g at 4 °C (Centrifugal-Legend RT). This procedure
was repeated twice, and the supernatants combined and concentrated to dryness (Acid-resistant
Centrivap Concentrator, Labconco). Residues were then re-suspended in 10 mL of water (MilliQ) and
partitioned twice against dichloromethane (Merck). The organic layers (20 mL) were reserved and
concentrated by drying and re-suspended in 1 mL of methanol. Then 500 uL was concentrated to
dryness, re-suspended in 100 uL of methanol and filtered through a 0.45 um filter (UltraFree-MC
centrifugal devices, Millipore) before LC-MS/MS analysis.

3.3. Sample Analysis

3.3.1. PSP HPLC-FLD Conditions

The conditions were the same as reported by Rodriguez et al. (2010) [69]. Briefly, the analyses were
performed using high-performance liquid chromatography with fluorescence detection (HPLC-FLD)
equipment (Waters 2695), consisting of a pump (Waters 515) and a column (SupelcosilTM LC-18, 5
um, 15 x 4.6 mm, Sigma Aldrich) kept at 35 °C. Empower software (Waters, Manchester, UK) was used
to control the process. Toxins were detected with a Waters 2475 fluorescence detector, with excitation
set to 340 nm and emission to 395 nm. Injection volume was 25 pL. Eluent (A) of the mobile phase was
composed by 0.1 M of ammonium formate (Sigma Aldrich). Eluent (B) was composed by 0.1 M of
ammonium formate in 5% of acetonitrile (Panreac Quimica). Both eluents had their pH adjusted to 6
with 1 M acetic acid. The gradient started with 5% of mobile phase (B) for the first 5 min, then increasing
to 70% up to min 9, then decreasing to 0% in min 11 and stayed in 0% till the end of the run (15 min).
The flow rate was 1 mL/min. For toxin detection and determination, standards of SXT, decarbamoyl
gonyautoxin 2 and 3 (dcGTX. and dcGTXs) and decarbamoylsaxitoxin (dcSXT) combined (Mix 1),
gonyautoxin 2 and 3 (GTX. and GTX3z), gonyautoxin 5 (GTXs) and sulfo-carbamoyl saxitoxin 1 and 2

(C1 and C,) combined (Mix 1) were pre-oxidized with hydrogen peroxide and neosaxitoxin (NEO),
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gonyautoxin 1 and 4 (GTX; and GTX4) combined (Mix Ill) were oxidized with periodate. Standards were
obtained from NRC Certified Reference Material Program (Institute for Marine Biosciences, Halifax,
Canada). The three mixtures of standards were diluted 10-fold in water (MilliQ), a calibration curve was
made with subsequent dilutions in water with five points for each mixture. Concentrations ranging from
6 ng/mL to 257 ng/mL for Mix I, from 8 ng/mL to 354 ng/mL for Mix Il and from 6 ng/mL to 290 ng/mL
for Mix Ill. Every calibration solution was made daily for each set of analysis. PSTs were identified by
comparison of oxidation products of the standards retention times. PSTs were quantified by direct
comparison of peak areas with the calibration curves. Quantified levels for each analog must be
converted in STX 2HCI equivalents ng/g, using applied TEFs for each analog [14]. Retention times
were: dcGTXz3 (3.75 and 4.05 min), C1,2 (5.2 min), dcSTX (7.06 and 7.92 min), GTX2:3 (9.17 min), GTXs
(20.6 min), SXT (11.8 min) and NEO (8.05 min) (Figure 2.19). Due to the complexity of the samples
and to overcome the matrix effect, non-oxidized samples of each species were injected in the HPLC.
Blanks were prepared daily. The limits of detection (LOD) and quantification (LOQ) for the HPLC-FLD
are displayed in Table 2.10.
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Figure 2.19 - Chromatograms of the PSTs standards and a positive sample forM. glacialis,hydroxylated toxins are oxidized with periodate
and non-hydroxylated toxins with peroxide. (A) Standards injected with periodate oxidation, peak GTX;4(1) and GTX;4(3) are secondary
oxidation products of GTX; 4. Peaks NEO(1) and NEO(3) are secondary oxidation products of NEO. (B) Standards injected with peroxide
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oxidation. (C) Chromatogram of a positive sample in M. glacialis injected with periodate oxidation. (D) Chromatogram of a positive sample in
M. glacialis injected with peroxide oxidation.

Table2.10 - Limits of detection (LODs) and quantification (LOQs) of the method for each toxin (expressed in ng/mL).

Toxin LOD LOQ
dcGTXz23 2.7 8
C1,2 3 11
dcSTX 0.2 6
GTX2,3 15 9
GTXs 0.4 8
SXT 0.4 7
GTX14 3 9
NEO 1.2 8

3.3.2. Lipophilic Toxins LC-MS/MS Conditions

The LC-MS/MS conditions were the same as reported in Otero et al. (2011) [70]. Briefly, the analyses
were performed with high-performance liquid chromatography (LC) equipment (Shimadzu, Kyoto,
Japan) consisting of a binary system of LC-10ADVP pumps, an autoinjector (SIL-10ADVP) with
degasser (DGU-14A), refrigerated rack, column oven (CTO-10ACvp) and a system controller (SCL-
10Avp). The LC system was coupled to a hybrid quadrupole-linear ion trap mass spectrometer (MS)
(2000 QTRAPLC/MS/MS, Applied Biosystems, Carlsbad, CA, USA), equipped with an atmospheric
pressure ionization unit (API) and fitted with an electrospray ionization source (ESI). The equipment
operated in the conventional mode of low energy of collision induced dissociation (CID) of MS/MS.
Nitrogen was produced by a Nitrocraft NC.ciws generator from Air Liquide (Madrid, Spain). The LC
system operated with the ESI interface using the following parameters: curtain gas, 15 psi; collision-
activated dissociation gas (CAD), 6 psi; lonSpray voltage, 4000 V; temperature, 450 °C; gas 1, 50 psi;
gas 2, 50 psi. Analyst software was used to control the whole process. Toxins separation was performed
with a BDS-Hypersil-C8 column (i.d. 2 x 50 mm; 3 ym) and a guard cartridge (i.d. 10 x 2.1 mm) from
Thermo (Waltham, MA, USA). Column oven temperature was set at 25 °C. Injection volume of 5 pL.
Eluent A of the mobile phase was composed of 50 mM formic acid (Merck, Madrid, Spain) and 2 mM
ammonium formate (Sigma Aldrich, Madrid, Spain) in water. Eluent B consisted of acetonitrile (Panreac
Quimica, Barcelona, Spain) in water (95:5) with ammonium formate (2 mM) and formic acid (50 mM).
The gradient started with 30%—-90% of mobile phase (B) for 8 min, then maintained at 90% until min 11,
decreasing to 30% over 0.5 min and maintained during 5.5 min until the end of the run. Flow rate was
0.2 mL/min. The mass spectrometer was operated in multiple reaction monitoring (MRM), detecting in
positive and negative modes. Two product ions were analyzed per compound, one for quantification
and another for confirmation. The transitions employed were: OA and DTX-2 (m/z 803.5 > 255.5/113.5),
DTX-1 (m/z 817.5 > 255.5/113.5), 13,19-didesmethyl SPX C (m/z 678.5 > 660.5/430.5), 13-desmethyl
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SPX C (m/z 692.5 > 674.4/444.4). Retention times were: OA (8.2 min), DTX-1 (9.7 min), DTX-2(8.7
min), 13,19-didesmethyl SPX C (4 min) and 13-desmethyl SPX C (5.6 min). For the calibration curve,
eight different concentrations of the standard (Laboratorios Cifga, Spain) were injected in duplicate:
OA/DTX-1/DTX-2 from 1 ng/mL to 200 ng/mL; SPX from 0.5 ng/mL to 200 ng/mL (Figure 2.20). All
toxins were quantified, using their peak areas to calculate amounts and using the curve obtained from
each standard. The LOD and LOQ of the LC-ESI-CID-MS/MS for each toxin were: OA/DTX-1/DTX-2
(4/10 ng/mL) and SPX (0.1/0.5 ng/mL). Due to technical reasons, the LC-MS/MS device was not
available, so the analyses for DSP’s proceeded in a UPLC-MS/MS (50 samples of 55).
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Figure 2.20 -Mass chromatograms of the LC-ESI-CID-MS/MS obtained under multiplereaction monitoring (MRM): (A) extracted ion
chromatogram (XIC) of OA standard (200 ng/mL), m/z 803.5 > 255.5/113.5; (B) XIC of 13-desmethyl SPX C standard (200 ng/mL), m/z 692.4
> 674.4/444.4; (C) XIC of a positive sample for OA in N. lapillus (m/z 803.5 > 255.5/113.5); (D) XIC of a positive sample for 13-desmethyl SPX
Cin N. lapillus (m/z 692.4 > 674.4/444.4).

3.3.3. Lipophilic Toxin UPLC-MS/MS Conditions

Samples were analyzed according to Otero et al. (2011) [70] with the ultra-high performance liquid
chromatography equipment, ACQUITY UPLC system, coupled to a Xevo TQ MS mass spectrometer
from Waters (Manchester, UK). The apparatus was equipped with a multimode source ESI/APCI/ESCi,
a vacuum system with two air-cooled Edwards Vacuum turbo molecular pumps and one Varian rotary
backing pump. The nitrogen generator was a Nitrocraft NCLC/MS from Air Liquide (Madrid, Spain).
Chromatographic separation and detection of OA and its derivatives was performed with a Waters

Acquity UPLC BEH Cis column (100 mm x 2.1, 1.7 ym) with an in-line 0.2 um Acquity UPLC filter. The
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column oven was set at 30 °C. Eluent A consisted of water, and eluent B contained acetonitrile (Panreac
Quimica, Spain) and water (95:5). Both eluents contained 2 mM ammonium formate (Sigma Aldrich,
Spain) and 50 mM formic acid (Merck, Spain). The gradient program used to elute the toxins started
with 30% mobile phase B for 3 min, increasing to 90% B over 1.5 min, then kept stable for 1 min and
reducing to 30% of B over the next 0.1 min and finally kept for 2 min before the next injection. The flow
rate was 0.4 mL/min, and the injection volume was 5 pL. The Xevo TQ MS mass spectrometer operated
with the following optimized source-dependent parameters (ESI source): capillary potential 2.5 kV, cone
voltage 20 V, desolvation temperature 350 °C, desolvation gas flow 850 L/h N2, cone gas flow 50 L/h
N2, source temperature 120 °C and collision gas flow 20 V. Argon was used as the collision gas at 4.5
x107% mbar. The mass spectrometer operated in MRM, detecting in negative mode, analyzing two
product ions per compound, one for quantification another for confirmation. The transitions employed
were the same used in the LC-MS/MS device; retention times were 2.91 min for OA, 3.08 min for DTX-
2 and 3.52 min for DTX-1. For the calibration curve, several dilutions of the standards (Laboratorios
Cifga) from 1 ng/mL to 200 ng/mL were set (Figure 2.21). OA and its derivatives were quantified using
their peak areas to calculate amounts and using the curve obtained from each standard. The LOD and
LOQ of the method were: 3.7/6.4 ng/mL (OA), 6/10 ng/mL (DTX-1) and 1.6/5.4 ng/mL (DTX-2).

(A) (B)

o 00, _ 2p

00— | TIC of -MRM

] TIC of - MEM { miz B03.5>112.5

{ miz 80351125 4 Max.4.04 1 10"
3 1 Max. 7.39 2 10 1
il il

] B

! f! {

1] T T T T T T T T T T T + Time ] T T TETTeT T SRR EEEES =, A RALE B T ~ Time
1.00 200 300 o 200 60D 1.D0 200 A0 4100 S0 (411

Figure 2.21 - Mass chromatograms of the UPLC-MS/MS obtained under MRM operation: (A) total ion chromatogram (TIC) of OA standard
200 ng/mL, m/z 803.5 > 255.5/113.5; (B) TIC of a positive sample for OA in M. glacialis, m/z 803.5 > 255.5/113.5

3.4. Statistical Analyses

Analyses were performed using R (version 2.14.1) software. In order to test for differences in toxin
content for each group of toxins, a general linear mixed model was fitted using toxin concentration as
the dependent variable and species and sampling site as additive fixed factors. Seasonal patterns were
visually observed in our data distribution (see results), but because the selected dates did not represent
the whole possible seasonal effects, the sampling date was included in the model as a random factor.
For those fixed factors that showed significant differences, pairwise comparisons between levels were
made with the post hoc Tukey test. Normality was tested on model residuals with the Shapiro test.
When needed, data were normalized by transformation with the Box-cox function. In order to test for
differences in toxin content for all toxins together, MANOVA tests were performed using toxin
concentration as the dependent variable. Species and sampling site were analyzed as fixed factors in

separate models. Hotelling tests were performed for pairwise comparisons between the levels of factors
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that showed significant differences. Data were tested for normality with a multivariate Shapiro test and
normalized with the Box-cox function when needed [71]. Some of the datasets analyzed here contain
unbalanced numbers of samples per factor level (see Table 5). This might compromise the accuracy of
linear models with complicated factor structures and should be taken into account when interpreting the

significance values reported in the tables.

Conclusions

In this work, we surveyed the Atlantic continental coast of Portugal for unconventional vectors of three
groups of biotoxins—PSTs, OA and SPX. Using HPLC-FLD, LC-MS/MS and UPLC-MS/MS techniques,
we were able to detect SPX for the first time on the Portuguese coast and also new vectors for this
group of biotoxins. We report 16 new vectors for these toxins in the North Atlantic. The values obtained
for some species, such as starfish, M. glacialis, and the gastropod, N. lapillus, suggest that toxin transfer
along the food chain probably occurred via mussels. There was no significant evidence of geographical
patterns in terms of toxin content among the selected species. However, these differences might be
found with a stronger sampling effort. The detection of new vectors, particularly those that are potentially
used as food resources, suggests that monitoring of marine toxins should be extended to species other
than bivalves in order to limit human health risks. The same could be considered for regulated toxins
limits, which are usually calculated for edible bivalves, since our study showed that these toxins are
bioaccumulated in upper levels of the food chain. We hope that this work contributes towards the

establishment of new legislation, especially for cyclic imines.

Acknowledgments

This work was partially funded by the Project MARBIOTECH (reference NORTE-07-0124-FEDER-
000047) within the SR & TD Integrated Program MARVALOR—Building research and innovation
capacity for improved management and valorization of marine resources, supported by the Programa
Operacional Regional do Norte (ON.2—-O Novo Norte) and by the European Regional Development
Fund, by the INTERREG 1V projects Atlantox, Pharmatlantic, FCT project PesT-C/MAR/LA0015/2011,
UP through 1JUP projects and FEDER cofunded-grant: From Ministerio de Ciencia y Tecnologia, Spain:
AGL2012-40485-C0O2-01. MS acknowledges FCT, FSE and MCTES for co-funding
SFRH/BD/73269/2010, Vitor Ramos, Joa Paulo Machado and Jonathan Wilson.

References

1. Hallegraeff, G.M. Algal blooms are not a simple toxic broth. Search1993, 24, 179.

91



10.

11.

12.

FCUP
Section Il
Glibert, P.M.; Anderson, D.; Gentien, P.; Granéli, E.; Sellner, K. The global, complex phenomena
of harmful algal blooms. Oceanography2005, 18, 136-147.

Kat, M. The Occurence of Prorocentrum Species and Coincidental Gastrointestinal lliness of
Mussel Consumers. In Toxic Dinoflagellate Blooms; Taylor, D.L., Seliger, H.H., Eds.; Elsevier:
New York, NY, USA, 1979; pp. 215-220.

Rodrigues, S.M.; de Carvalho, M.; Mestre, T.; Ferreira, J.J.; Coelho, M.; Peralta, R.; Vale, P.
Paralytic shellfish poisoning due to ingestion of Gymnodinium catenatum contaminated
cockles—Application of the AOAC HPLC official method. Toxicon2012, 59, 558-566.

Meyer, K.F.; Sommer, H.; Schoenholz, P. Mussel poisoning. Am. J. Prev. Med.1928, 2, 365—
394.

Steward, |.; Seawright, A.A.; Shaw, G.R. Cyanobacterial Poisoning in Livestock, Wild Mammals
and Birds—An Overview. In Cyanobacterial Harmful Algal Blooms: State of Science
andResearch Needs; Hudnell, H.K., Ed.; Springer: New York, NY, USA, 2008; pp. 613—-637.

Vale, P.; Antonia, M.; Sampayo, M. Esters of okadaic acid and dinophysistoxin-2 in Portuguese
bivalves related to human poisonings. Toxicon1999, 37, 1109-1121.

Gerssen, A.; Pol-Hofstad, I.E.; Poelman, M.; Mulder, P.P.; van den Top, H.J.; de Boer, J. Marine
toxins: Chemistry, toxicity, occurrence and detection, with special reference to the Dutch
situation. Toxins2010, 2, 878—904.

Deeds, J.R.; Landsberg, J.H.; Etheridge, S.M.; Pitcher, G.C.; Longan, S.W. Non-traditional
vectors for paralytic shellfish poisoning. Mar. Drugs2008, 6, 308—348.

Gainey, L.S.J.; Shumway, S. A compendium of the responses of bivalve molluscs to toxic
dinoflagellates. J. Shellfish Res.1988, 7, 623-628.

Shumway, S.E. Phycotoxin-related shellfish poisoning: Bivalve molluscs are not the only
vectors. Rev. Fish. Sci. 1995, 3, 1-31.

Correia, F.S. Um caso raro de intoxicacdo alimentar colectiva. Bol. Inst. Super. Hig.
DoutorRicardo Jorge 1946, 3, 216-221.

92



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

FCUP

Section Il
Vale, P.; Botelho, M.J.; Rodrigues, S.M.; Gomes, S.S.; Sampayo, M.A.D. Two decades of
marine biotoxin monitoring in bivalves from Portugal (1986—2006): A review of exposure
assessment.
Harmful Algae 2008, 7, 11-25.

Alexander, J.; Benford, D.; Cockburn, A.; Cravedi, J.P.; Dogliotti, E.; Di Domenico, A.;
Fernandez-Cruz, M.L.; Fink-Gremmels, J.; First, P.; Galli, C.; et al.Scientific opinion of the panel
on contaminants in the food chain on a request from the European commission on marine
biotoxins in shellfish—Saxitoxin Group. EFSA J.2009, 1019, 1-76.

Codd, G.A. Cyanobacterial toxins: Occurrence, properties and biological significance. Water
Sci.Technol. 1995, 32, 149-156.

Clemente, Z.; Busato, R.H.; Oliveira Ribeiro, C.A.; Cestari, M.M.; Ramsdorf, W.A.; Magalhaes,
V.F.; Wosiack, A.C.; Silva de Assis, H.C. Analyses of paralytic shellfish toxins and biomarkers

in a southern Brazilian reservoir. Toxicon2010, 55, 396—-406.

Carmichael, W.W.; Evans, W.R.; Yin, Q.Q.; Bell, P.; Moczydlowski, E. Evidence for paralytic
shellfish poisons in the freshwater cyanobacterium Lyngbya wollei (Farlow ex Gomont) comb.
nov.

Appl. Environ. Microbiol. 1997, 63, 3104-3110.

Ballot, A.; Fastner, J.; Wiedner, C. Paralytic shellfish poisoning toxin-producing cyanobacterium

Aphanizomenon gracile in northeast Germany. Appl. Environ. Microbiol. 2010, 76, 1173-1180.

Sivonen, K.; Jones, G. Cyanobacterial Toxins. In Toxin Cyanobacteria in Water: A Guide to
TheirPublic Health Consequences, Monitoring and Management; Chorus, I., Bartram, J., Eds.;
WHO E& FN Spon: London, UK, 1999; pp. 41-111.

European Commission. Regulation (EC) No. 853/2004 of the European Parliament and of the
Council of 29 April 2004 laying down specific hygiene rules for food of animal origin. Available

online: http://eur-lex.europa.eu (27 December 2010).

Mackinnon, S.L.; Cembella, A.D.; Burton, I.W.; Lewis, N.; LeBlanc, P.; Walter, J.A. Biosyntheis
of 13-desmethyl spirolid C by the dinoflagellate Alexandrium ostenfeldii. J. Org. Chem.2006, 71,
8724-8731.

93



24.

25.

26.

27.

28.

29.

30.

31.

32.

FCUP | 94
Section Il
MacKinnon, S.L.; Walter, J.A.; Quilliam, M.A.; Cembella, A.D.; LeBlanc, P.; Burton, LW,
Hardstaff, W.R.; Lewis, N.I. Spirolides isolated of the danish strains of the toxigenic
dinoflagellate Alexandrium ostenfeldii. J. Nat. Prod.2006, 69, 983-987.

Munday, R. Toxicology of Cyclic Imines: Gymnodimine, Spirolides, Pinnatoxins, Pteriatoxins,
Prorocentrolide, Spiro-Prorocentrimine, and Symbioimines. In Seafood and Freshwater
Toxins:Pharmacology, Physiology and Detection, 2nd ed.; Botana, L.M., Ed.; CRC Press (Taylor
andFrancys Group): Boca Raton, FL, USA, 2008; pp. 581-594.

Rhodes, L.; Smith, K.; Selwood, A.; McNabb, P.; van Ginkel, R.; Holland, P.; Munday, R.
Production of pinnatoxins by a peridinoid dinoflagellate isolated from Northland, New Zealand.
Harmful Algae 2010, 9, 384-389.

Hu, T.; Curtis, J.M.; Walter, J.A.; Wright, J.L.C. Characterization of biologically inactive
spirolides E and F: Identification of the spirolide pharmacophore. Tetrahedron Lett.1996, 37,
7671-7674.

Hu, T.; Curtis, J.M.; Oshima, Y.; Quilliam, M.A.; Walter, J.A.; Watson-Wright, W.M.; Wright,
J.L.C. Spirolides B and D, two novel macrocycles isolated from the digestive glands of shellfish.
J. Chem. Soc. Chem. Commun.1995, 20, 2159-2161.

Hu, T.; Burton, LW.; Cembella, A.D.; Curtis, J.M.; Quilliam, M.A.; Walter, J.A.; Wright, J.L.
Characterization of spirolides a, ¢, and 13-desmethyl ¢, new marine toxins isolated from toxic
plankton and contaminated shellfish. J. Nat. Prod.2001, 64, 308-312.

John, U.; Cembella, A.D.; Hummert, C.; Elbrachter, M.; Groben, R.; Medlin, L.K. Discrimination
of the toxigenic dinoflagellate species Alexandrium tamarense and Alexandrium ostenfeldii in

co-occuring natural populations from Scottish coastal waters. Eur. J. Phycol.2003, 38, 25-40.

Anderson, D.M.; Kulis, D.M.; Keafer, B.A.; Gribble, K.E.; Marin, R.; Scholin, C.A. Identification
and enumeration of Alexandrium spp. from the Gulf of Maine using molecular probes. Deep
SeaRes. Il 2005, 54, 2467-2490.

Aasen, J.A.B.; MacKinnon, S.L.; LeBlanc, P.; Walter, J.A.; Hovgaard, P.; Aune, T.; Quilliam,
M.A. Detection and identification of spirolides in Norwegian shellfish and plankton. Chem.
Res.Toxicol. 2005, 18, 509-515.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

FCUP

Section Il

Ciminiello, P.; Dell’Aversano, C.; Fattorusso, E.; Magno, S.; Tartaglione, L.; Cangini, M.;

Pompei, M.; Guerrini, F.; Boni, L.; Pistocchi, R. Toxin profile of Alexandrium ostenfeldii

(Dinophyceae) from the Northern Adriatic Sea revealed by liquid chromatography-mass
spectometry. Toxicon2006, 47, 597-604.

Amzil, Z.; Sibat, M.; Royer, F.; Masson, N.; Abadie, E. Report on the first detection of
pectenotoxin-2, spirolide a and their derivatives in French shellfish. Mar. Drugs2007, 5, 168—
179.

Villar Gonzalez, A.; Rodriguez-Velasco, M.L.; Ben-Gigirey, B.; Botana, L.M. First evidence of
spirolides in Spanish shellfish. Toxicon2010, 48, 1068-1074.

Alvarez, G.; Uribe, E.; Avalos, P.; Marifio, C.; Blanco, J. First identification of azaspiracid and
spirolides in Mesodesma donacium and Mulinia edulis from Northern Chile. Toxicon2010, 55,
638-641.

Seki, T.; Satake, M.; Mackenzie, A.L.; Kaspar, H.F.; Yasumoto, T. Gimnodimine, a new marine
toxin of unprecedented structure isolated from New Zealand oysters and the dinoflagellate,
Gymnodinium sp.Tetrahedron Lett. 1995, 36, 7093—7096.

Touzet, N.; Franco, J.M.; Raine, R. Morphogenetic diversity and biotoxin composition of

Alexandrium (Dinophyceae) in Irish coastal waters. Harmful Algae 2008, 7, 782—-797.

Otero, P.; Alfonso, A.; Alfonso, C.; Araoz, R.; Molgo, J.; Vieytes, M.R.; Botana, L.M. First direct
fluorescence polarization assay for the detection and quantification of spirolides in mussel
samples. Anal. Chim. Acta2011, 701, 200-208.

Alexander, J.; Benford, D.; Boobis, A.; Ceccatelli, S.; Cravedi, J.P.; di Domenico, A.; Doerge,
D.; Dogliotti, E.; Edler, L.; Farmer, P.; et al. Scientific Opinion on marine biotoxins in shellfish—
Cyclic imines (spirolides, gymnodimines, pinnatoxins and pteriatoxins). EFSA J.2010, 8, 1628—
1887.

Bialojan, C.; Takai, A. Inhibitory effect of a marine sponge toxin, okadaic acid, on protein
phosphatases. Biochem. J.1988, 256, 283—-290.

Maneiro, E.; Rodas, V.L.; Costas, E.; Hernandez, J.M. Shellfish consumption: A major risk factor
for colorectal cancer. Med. Hypotheses2008, 70, 409-412.

95



43.

44,

45,

46.

47.

48.

49.

50

51.

52.

53.

FCUP
Section Il
Elgarch, A.; Vale, P.; Rifai, S.; Fassouane, A. Detection of diarrheic shellfish poisoning and
azaspiracid toxins in moroccan mussels: Comparison of the LC-MS method with the commercial
immunoassay kit. Mar. Drugs2008, 6, 587-594.

Garcia, C.; Truan, D.; Lagos, M.; Santelices, J.P.; Diaz, J.C.; Lagos, N. Metabolic transformation
of dinophysistoxin-3 into dinophysistoxin-1 causes human intoxication by consumption of O-
acyl-derivatives dinophysistoxins contaminated shellfish.J. Toxicol. Sci. 2005, 30, 287-296.

Scoging, A.; Bahl, M. Diarrhetic shellfish poisoning in the UK. Lancet1998, 352, 117.

Yasumoto, T.; Oshima, Y.; Yamaguchi, M. Occurrence of a new type of shellfish poisoning in
tohoku district. Bull. Jpn. Soc. Sci. Fish.1978, 44, 1249-1255.

MacKenzie, L.; Beuzenberg, V.; Holland, P.; McNabb, P.; Suzuki, T.; Selwood, A. Pectenotoxin
and okadaic acid-based toxin profiles in Dinophysis acuta and Dinophysis acuminata from New
Zealand. Harmful Algae2005, 4, 75-85.

Hu, T.M.; Curtis, J.M.; Walter, J.A.; Wright, J.L.C. Identification of DTX-4, a new water-soluble
phosphatase inhibitor from the toxic dinoflagellate Prorocentrum lima. J. Chem. Soc.
Chem.Comm. 1995, 5, 597-599.

Caroppo, C.; Congestri, R.; Bruno, M. On the presence of Phalacroma rotundatum in the
southern Adriatic Sea (Italy). Aquat. Microb. Ecol.1999, 17, 301-310.

. Jorgensen, K.; Andersen, P. Relation between the concentration of Dinophysis acuminata and

diarrheic shellfish poisoning toxins in blue mussels (Mytilus edulis) during a toxic episode in the
Limfjord (Denmark), 2006. J. Shellfish Res.2007, 26, 1081-1087.

Spatharis, S.; Dolapsakis, N.P.; Economou-Amilli, A.; Tsirtsis, G.; Danielidis, D.B. Dynamics of
potentially harmful microalgae in a confined Mediterranean Gulf—Assessing the risk of bloom
formation. Harmful Algae2009, 8, 736—743.

Crothers, J.H. Common topshells: An introduction to the biology of Osilinus lineatus with notes
on other species in the genus. Field Stud.2001, 10, 115-160.

Knox, G.A. Hard Shores. In The Ecology of Seashores; Kennish, M.J., Ed.; CRC Press: Boca
Raton, FL, USA, 2001; pp. 20-86.

96



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

FCUP
Section Il
Lemée, R.; Boudouresque, C.F.; Gobert, J.; Malestroit, P.; Mari, X.; Meinesz, A.; Menager, V.;
Ruitton, S. Feeding behaviour of Paracentrotus lividus in the presence of Caulerpa taxifolia
introduced in the Mediterranean Sea. Oceanol. Actal995, 19, 245-253.

Forster, G.R. The ecology of Echinus esculentus L. Quantitative distribution and rate of feeding.
J. Mar. Biol. Assoc. UK 1959, 38, 361-367.

Carefoot, T.H. Aplysia: Its biology and ecology. Oceanogr. Mar. Biol. Annu. Rev.1987, 25, 167—
284.

Lin, S.J.; Hwang, D.F. Possible source of tetrodotoxin in the starfish Astropecten scoparius.
Toxicon 2001, 39, 573-579.

Vale, P. Hydrolysis of hydroxybenzoate saxitoxin analogues originating from
Gymnodiumcatenatum. Food Chem. 2011, 125, 1160-1165.

Ogata, T.; Kodama, M.; Fukuyo, Y.; Inoue, T.; Kamiya, H.; Matsuura, F.; Sekiguchi, K.;
Watanabe, S. Studies on paralytic shellfish poisoning in ofunato bay. 1. The occurrence of
protogonyaulax spp in Ofunato Bay, in association with the toxification of the scallop
Patinopecten yessoensis. Bull. Jpn. Soc. Sci. Fish. 1982, 48, 563-566.

Montojo, U.M.; Sakamoto, S.; Cayme, M.F.; Gatdula, N.C.; Furio, E.F.; Relox, J.R.; Sato, S.;
Fukuyo, Y.; Kodama, M. Remarkable difference in accumulation of paralytic shellfish poisoning
toxins among bivalve species exposed to Pyrodinium bahamense var. compressum bloom in
Masinloc bay, Philippines. Toxicon2006, 48, 85-92.

Sekiguchi, K.; Sato, S.; Kaga, S.; Ogata, T.; Kodama, M. Accumulation of paralytic shellfish
poisoning toxins in bivalves and an ascidian fed on Alexandrium tamarense cells. Fish. Sci.2001,
67, 301-305.

Asakawa, M.; Takagi, M.; lida, A.; Oishi, K. Studies on the conversion of paralytic shellfish

poison (Psp) components by biochemical reducing agents. Eisei Kagaku1987, 33, 50-55.
Oshima, Y. Chemical and Enzymatic Transformation of Paralytic Shellfish Toxins in Marine
Organisms. In Harmful Marine Algal Blooms; Lassus, P., Arzul, G., Erard, E., Gentien, P.,

Marcaillou, C., Eds.; Lavoisier Intercept Ltd.: Paris, France, 1995; p. 475.

Noguchi, T. Marine toxins. Nippon Suisan Gakkaishi2003, 69, 895-909.

97



65.

66.

67.

68.

69.

70.

71.

72.

73.

FCUP
Section Il

Nagashima, Y.; Arakawa, O.; Shiomi, K.; Noguchi, T. Paralytic Shellfish Toxins in a Trumpet
Shell. Charonia lampas from Spain. In Harmful and Toxic Algal Blooms; Yasumoto, T., Oshima,
Y., Fukuyo, Y., Eds.; Intergovernmental Oceanic Comission of UNESCO: Sendai, Japan, 1996;
pp. 425-427.

Asakawa, M.; Nishimura, F.; Miyazawa, K.; Noguchi, T. Occurrence of paralytic shellfish poison
in the starfish Asterias amurensis in Kure Bay, Hiroshima Prefecture, Japan. Toxicon1997, 35,
1081-1087.

Lin, S.J.; Tsai, Y.H.; Lin, H.P.; Hwang, D.F. Paralytic toxins in Taiwanese starfish
Astropectenscoparius.Toxicon 1998, 36, 799-803.

Brusca, R.C.; Brusca, G.J. Invertebrates, 2nd ed.; Sinauer Associates, Inc.: Sunderland, MA,
USA, 2002.

Lawrence, J.F.; Niedzwiadek, B.; Menard, C. Quantitative determination of paralytic shellfish
poisoning toxins in shellfish using prechromatographic oxidation and liquid chromatography with
fluorescence detection: Collaborative study. J. AOAC Int.2005, 88, 1714-1732.

Otero, P.; Alfonso, A.; Alfonso, C.; Vieytes, M.R.; Louzao, M.C.; Botana, A.M.; Botana, L.M.
New protocol to obtain spirolides from Alexandrium ostenfeldii cultures with high recovery and
purity. Biomed. Chromatogr.2010, 24, 878—886.

Rodriguez, P.; Alfonso, A.; Botana, A.M.; Vieytes, M.R.; Botana, L.M. Comparative analysis of
pre- and post-column oxidation methods for detection of paralytic shellfish toxins. Toxicon2010,
56, 448-457.

Otero, P.; Alfonso, A.; Alfonso, C.; Rodriguez, P.; Vieytes, M.R.; Botana, L.M. Effect of
uncontrolled factors in a validated liquid chromatography-tandem mass spectrometry method
guestion its use as a reference method for marine toxins: Major causes for concern. Anal.
Chem.2011,83, 5903-5911.

Guisande, C.G.; Vaamonde, A.L.; Barreiro, A. Tratamiento de datos con R, Statistica y SPSS;
Diaz de Santos: Madrid, Spain, 2011; p. 978.



FCUP | 99
Section Il



FCUP
Section Il

New Invertebrate Vectors of Okadaic Acid from the North Atlantic Waters - Portugal

(Azores and Madeira) and Morocco

Marisa Silva 12, Inés Rodriguez ®, Aldo Barreiro *2, Manfred Kaufmann?4®, Ana Isabel Neto 2° ,

Meryem Hassouani ’/, Brahim Sabour 7, Amparo Alfonso 3, Luis M. Botana 3, Vitor Vasconcelos
1,2*

1 Department of Biology, Faculty of Sciences, University of Porto, Rua do Campo Alegre, Porto 4619-
007, Portugal; E-Mails: marisasilval7@gmail.com (M.S.); aldo.barreiro@gmail.com (A.B.)

2 Interdisciplinary Center of Marine and Environmental Research—CIMAR/CIIMAR, University of Porto,
Rua dos Bragas, 289, 4050-123 Porto, Portugal

% Department of Pharmacology, Faculty of Veterinary, University of Santiago of Compostela, 27002
Lugo, Spain; E-Mails: ines.rodriguez.filgueiras@usc.es (I.R.); amparo.alfonso@usc.es (A.A.);
Luis.Botana@usc.es (L.M.B.)

4 University of Madeira, Marine Biology Station of Funchal, 9000-107 Funchal, Madeira Island, Portugal;
E-Mails: mkaufmann@ciimar.up.pt(M.K.)

> Department of Marine Biology, University of Azores, 9501-801 Ponta Delgada, Azores, Portugal; E-
Mails: aneto@uac.pt (A.I.N.)

6 Center of Interdisciplinary Marine and Environmental Research of Madeira - CIIMAR-Madeira, Edif.
Madeira Tecnopolo, Caminho da Penteada, 9020 — 105 Funchal, Madeira, Portugal

’Phycology Research Unit — Biotechnology, Ecosystems Ecology and Valorization Laboratory. Faculty
of Sciences ElI Jadida, University Chouaib Doukkali, BP20 EI Jadida, Morocco; E-Mails:

hassouani@hotmail.com (M.H.); sabour.b@ucd.ac.ma (B.S.)

Abstract: Okadaic acid and its analogues are potent neurotoxic polyethers that cause
the diarrheic shellfish poisoning syndrome through the ingestion of contaminated shellfish
by humans. This group of toxins is worldwide disseminated but the frequency of poisoning
incidents has declined in the last 20 years due to legislation and monitoring programs
implemented for bivalves. During the summers of 2012 and 2013 we collected a total of
101 samples of 23 different species of benthic and subtidal organisms such echinoderms,
crustaceans, bivalves and gastropods from the Madeira Island, S&o Miguel Island (Azores
archipelago) and the Moroccan northwestern coast. Samples were analyzed by UPLC-
MS/MS. Our main objective was to detect new vectors for these biotoxins. We report 9
new vectors for these toxins in the North Atlantic: Astropecten aranciacus, Arbacia lixula,
Echinaster sepositus, Holothuria sanctori, Ophidiaster ophidianus, Onchidella celtica,

Aplysia depilans, Patella spp., Stramonita haemostoma. There were differences in toxin
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contents among species. Despite the low concentrations detected, the levels of toxins
found in especial in edible species indicate the importance of this kind of studies.
Monitoring routines should be extended to comprise a wider number of vectors other than

bivalves for of okadaic acid and its analogues.

Keywords: Okadaic Acid; New vectors; Madeira Island; S&o Miguel Island; Morocco.

Introduction

Diarrheic shellfish poisoning (DSP) is a syndrome caused by the ingestion of organisms contaminated
with the neurotoxic polyether group of Okadaic acid (OA) and its analogs, dynophysistoxin 1 and 2
(DTX1, DTX2) (Figure 2.22). These diarrheic shellfish toxins (DST) were first isolated from two sponge
species: Halichondria okadai and H. melanodocia [1,2], and are mainly produced by dinoflagellates of
the genera Dynophysis, Phalacroma and Prorocentrum [3-5]. Regarding the mechanism of action,
these toxins are strong inhibitors of serine/threonine phosphatases, especially type 1 and 2A with
particular high affinity to 2A [6,7]. This inhibition results in the increase of the phosphorylation of a
number of proteins leading to significant cell alterations, being OA and DTX1 also reported as tumor

promotors [8].
Albeit being first reported in Japan, poisoning incidents occur all over the world, and the most common

route of intoxication is via ingestion of contaminated fish and shellfish [9-12]. These phycotoxins are
heat and frost resistant, and taste and odor of the contaminated organisms remains unchanged [13-
15]. DSP is known for its serious gastrointestinal symptoms, from chills to diarrhea, and the severity of

the intoxication depends on the amount of toxin that the patient was exposed to [16].

Toxin R? R? R3
OA CHs H H
DTX1 CHs CH3 H
DTX2 H H CHs

Figure 2.22 - Chemical structures of OA, DTX1&2.
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Given their global incidence, DSTs are regulated worldwide and mice studies together with
epidemiologic ones led to the establishment of the Lowest Observed Effect Level (LOEL) of 50 ug OA
equivalents/person [17]. Currently the toxic equivalent factors (TEF) have been established, (Table
2.11), and the limit value for the European Union is 160 ug OA equivalents/ kg shellfish meat (SM)
[17,18]. Regarding detection methods, the European Food Safety Agency (EFSA) recommends the use
of analytical techniques such as LC-MS/MS [17]. Also, latter in 2011, this recommendation was
reinforced by the European Commission (EC), suggesting that this technigue should be established as
reference method for DST detection until 31 December 2014 [19]. Analytical procedures avoid ethical
issues comparatively to the use of mice, also they are able to identify several toxins in a mixture with
high degree of sensitivity.

Table2.11 - Toxic equivalent factors for OA and its analogs.

Toxin TEF Ref

OA 1 [17]
DTX1 1 [17]
DTX2 0,6 [17]

Prior investigation demonstrated that DSTs can be found in unusual vectors along the food-chain,
considering that monitoring for this group of toxins exclusively in bivalves is simplistic and
underestimates the risk to public health [20]. This argument is reinforced by the evidence that OA is
bioaccumulated through the food-web [20]. In this work we surveyed the Portuguese islands of Madeira
(Madeira archipelago) and Sao Miguel (Azores archipelago), and the northwestern Moroccan coast for
new vectors, through intertidal and SCUBA diving harvesting. We collected 23 species of benthic
organisms including gastropods (sea-snails, sea-slugs and limpets), bivalves (mussels), crustaceans
(barnacles) and echinoderms (starfishes, sea-urchins and sea-cucumbers). The decision of the
selection of these species is related to the fact that most of them are edible and are commercially
important species (Table 2.12). ). Inedible species were also sampled for their importance in the food
chain. We believe that our data contribute to the development and updating of legislation regarding the

monitoring procedures of these toxins in order to better protect public health.
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Table2.12 - Species sampled and their trophic level, average number of specimens comprising a pooled sample (AvNr) and number of
samples collected (NrPSamples) on Madeira Island in September 2012, Sao Miguel Island, Azores, in June 2013 and Morocco in July 2013,

_ Trophic Sampling Nr P AVN _
Species ) Edible Ref
level Site(s) Samples r Status
Astropecten 2 |evel )
] Madeira 1 2 No No [21]
aranciacus predator
Aplysia depilans Grazer Morocco 3 1 No No [22]
o Madeira/Azores/
Arbacia lixula Grazer 9 4 No No [23]
Morocco
_ 3 level _
Charonia lampas Madeira/Morocco 3 1 Yes No [24]
predator
Cerithium
Grazer Morocco 1 40 Yes No [25]
vulgatum
Diadema .
) Grazer Madeira 2 1 No No [26]
africanum
Echinaster 2nd level )
) Madeira 1 3 No No [27]
sepositus predator
Gibbula
o Grazer Morocco 3 100  Yes No [28]
umbilicalis
Holothuria(Platype Deposit
i Morocco 4 1 Yes No [29,30]
rona)sanctori feeder
Marthasterias 2 |evel Madeira/Azores/
o 8 1 No No [31]
glacialis predator Morocco
Monodonta lineata Grazer Morocco 86 Yes No [28]
Mytilus spp. Filter feeder Morocco 30 Yes Yes [32]
Onchidella celtica Grazer Morocco 50 No No [33]
Ophidiaster N )
o Detritivorous Madeira/Azores 5 1 No No [27]
ophidianus
Pattela aspera Grazer Madeira 15 Yes No [31]
Patella spp. Grazer Morocco 12 Yes No [31]
Pattela candei Grazer Azores 10 Yes No [31]
Paracentrotus Madeira/Azores/
o Grazer 7 1 Yes No [34]
lividus Morocco
Pollicipes )
o Filter feeder Morocco 3 35 Yes No [31]
pollicipes
Sphaerechinus
) Grazer Azores 4 1 Yes No [35]
granularis
Umbraculum )
Grazer Madeira 1 1 No No [36]
umbraculum
Stramonita 2nd level Madeira/Azores/
5 15 No No [37]
haemostoma predator Morocco
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Results and Discussion

In this work, a total of 101 samples were collected from three different sampling sites: Madeira Island
(25 samples) in September 2012, Sdo Miguel Island, Azores (37 samples), in June 2013 and the
northwestern Moroccan coast (39 samples) in July 2013 (Figure 2.23).

Several species belonging to distinct taxa were collected, comprising starfish (A. aranciacus, E.
sepositus, M. glacialis, O. ophidianus), sea-urchins (A. lixula, D. africanum, P. lividus, S. granularis),
sea-cucumber (H.sanctori), crustaceans (P. pollicipes), bivalves (Mytillus spp.) and gastropods (A.
depilans, C. vulgatum, C. lampas, G. umbilicalis, M. lineata, O. celtica, Patella spp., P. candei, P.

tenuistenuis, P. aspera, S. haemostoma, U. umbraculum).

2 |
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Figure 2.23 - Location of the sampling points: (A) Sdo Miguel island coast, Azores archipelago: 1- Cruzeiro; 2- Mosteiros; 3- Etar; 4- S&o
Roque; 5- Lagoa; 6- Caloura; (B) Madeira island coast: 1- Reis Magos; 2- Canical; (C) ) Northwestern Moroccan coast: 1- Casablanca
Corniche; 2- El Jadida Haras; 3- El Jadida S&ada,; 4- Sidi Bouzid; 5- Mrizika; 6- Oualidia.

OA and its analogues were screened in the three sampling sites, being a total of 19% of samples with
guantifiable OA contents for OA (>LOQ), but neither DTX1, DTX2 were detected (Figure 2.24). DTX3
was also screened but was below the limit of detection of the equipment. The majority of them (73.7%),
as well as the highest concentrations detected were in the Moroccan coast, followed by Madeira Island
(21.1%). This might be due to the fact that both sampling sites are at the same latitude. For S&o Miguel

Island (Azores) only one measurable sample was detected in the starfish O. ophidianus.
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Figure 2.24 - OA (ug/Kg fw) for all sampled groups of organisms in Azores, Madeira and Morocco. Numbers correspond to different sampling
locations in Morocco: 1- Casablanca Corniche; 2- Sidi Bouzid; 3- El Jadida Sa&da; 4- Mrizika; 5- Oualidia.

Average concentrations detected were all below the current limit implemented in the European
legislation — 160 ug OA equivalents/ kg Shellfish meat [17], and ranged from 0.368 ug/kg fresh weigh
(fw), in P. lividus, to 7.157 pg/kg fw in Mytilus spp.

Regarding statistics, the first step of the gamma hurdle model was a Generalized Linear Model (GLZ)
performed with the data of presence/absence of OA, using Binomial distribution error.

This model was applied separately to each geographical location. The results of the model's analysis
of deviance as well as the coefficients rescaled to a logistic probability [0,1] are shown in Table
2.13.“Organism” did not result to be a significant factor, probably due to the low number of samples with
guantifiable OA contents, except in Morocco. In Morocco, the highest probability corresponded to the
bivalve, whereas all other organisms had very low probabilities of containing OA. The second part of
the model, with the gamma error distribution, analyzes the variation in OA concentration, among those
samples showing quantifiable results. This analysis was not possible to be performed in Azores
because there was one single sample containing OA. The factor “Organism” was significant both in
Madeira and Morocco (Table 2.14). In Madeira, were OA appeared only in sea urchin and star fish, the

latter contained in average, around three times more OA (1.58 versus 0.45, Table 2.14). In Morocco,
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the bivalves contained much more OA than all the other organisms, being the closest one the sea start,

with in average approximately 1 forth of bivalve OA content (4 versus 1.15, Table 2.14).

Due to the oligotrophic waters of Madeira and Azores archipelagos bivalves are not common being

gastropods and echinoderms a good alternative for the monitoring of OA and its derivatives in both

archipelagos.

Table2.13 - Results of the binomial regression model for OA occurrence with “organism” as factor.

Analysis of deviance

Location factor X2 df P
Organism 3.9 3 0.28
) Rescaled model coefficients: sea urchin
Madeira
= 0.16; star fish = 0.71; gastropod = 1.6
x 108; limpet = 1.6 x 108
Organism 2.1 3 0.56
Rescaled model coefficients: sea urchin
Azores
= 4.3 x 10'%; star fish = 1; gastropod =
0.5; limpet = 0.5
Organism 19.8 7 <0.01
Rescaled model coefficients: bivalve =
1; crustacean = 1 x 10°"7; sea urchin =
Morocco 1 x 107" star fish = 3.2 x 1079

gastropod = 1.1 x 10°9; limpet = 1.1 x 10
9 sea snail = 6.4 x 10 sea cucumber
= 1.1x%x10°

Table2.14 - Results of the gamma regression model for OA occurrence with organism as factor.

Analysis of deviance

Location factor X2 df P
Organism 5.4 1 <0.05
Madeira Rescaled model coefficients: sea urchin
= 0.45; star fish = 1.58
Organism 12.8 5 <0.05
Rescaled model coefficients: bivalve =
Morocco 4; star fish = 1.15; gastropod = 0.44;

limpet = 0.12; sea snail = 0.15; sea
cucumber = 0.1

We report 9 new vectors for OA in the species A. aranciacus, A. lixula, A. depilans, E. sepositus, H.

sanctori, O. celtica, O. ophidianus, Patella spp., S. haemostoma. Also, importantly we detected OA in

the eggs of S. haemostoma suggesting that this toxin can be transferred to the offspring. These kind of
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cases have already been reported, as an example in Takifugo rubripes larvae that are protected by

maternal Tetrodotoxin [38].

Experimental Section

Selected Species and Sampling Sites

The coasts of the Portuguese islands Madeira (Madeira archipelago), Sado Miguel (Azores archipelago)
and the northwestern coast of Morocco, where surveyed for non-traditional vector species for Okadaic
Acid and its analogs. Several edible and non-edible species were selected (n=23), to search for
potential new vectors and also the prevalence of the screened biotoxins in the food web: gastropods
(Patella tenuis tenuis, Patella aspera, Stramonita haemostoma, Umbraculum umbraculum, Charonia
lampas, Patella candei, Patella spp., Aplysia depilans, Monodonta lineata, Cerithium vulgatum, Gibbula
umbilicalis,Onchidellaceltica), crustaceans (Pollicipes pollicipes), bivalves (Mytillusspp.), starfish
(Astropecten aranciacus, Ophidiaster ophidianus, Marthasterias glacialis, Echinaster sepositus), sea-
cucumber (Holothuria (Platyperona) sanctori), sea-urchins (Paracentrotus lividus, Arbacia lixula,
Sphaerechinus granularis, Diadema africanum). Benthic organisms were harvested from the intertidal
areas during the low tide and by scuba diving expeditions: the Madeira Island was surveyed in
September 2012 S&o Miguel Island, Azores, and the Moroccan coast were sampled in June and July
2013 respectively, with the sampling sites: Reis Magos (32°39°16.21”N; 16°49°05.29"W) and Canical
(32°44°20.08"N; 16°44’17.55"W)(Figure 2). Sdo Miguel Island, Azores, and the Moroccan coast were
sampled in June and July 2013 respectively. Sampling sites for Azores are shown in Figure 3: Cruzeiro
(37° 5031.19"N; 25° 41'33.61"W), Mosteiros (37°53'25.57”N; 25°49'14.72"W), and Etar (37°44°'19.31”
N; 25°39'38.84” W), Sdo Roque (37°45'15.35"N; 25°38'31.60"W), Lagoa (37°44'42.38"N; 25°
19°.47"W), Caloura (37°42'49.34"N; 25°29'54.54”W). In Figure 4 shows the Moroccan sampling sites:
Casablanca corniche (33°36’01.2”°N; 7°39’57.5"W), El Jadida Haras (33°14°42.0"N; 8°28’37.5"W), El
Jadida Saada (33°14'42.4°N; 8°32'26.9"W), Sidi Bouzid (33°13'57.1"N; 8°33'20.9’"W), Mrizika
(32°57'21.8"N; 8°46'53.2"W), Oualidia (32°43'55.8"N; 9°02'57.6"W). Two samples of Patella tenuis
tenuis and P. aspera were purchased on local markets in Madeira, being caught in the northern coast
of the island (32° 51°17.02”’N; 17° 01’54.02"W). Organisms were transported to the laboratory in

refrigerated containers. Samples were frozen at —20 °C, if they were not processed immediately.

Sample extraction and hydrolysis procedure

The Otero et al. (2010) extraction protocol was followed [39]. The recuperation rate of the method was
calculated with a 95% recovery of OA. Briefly, shells were removed when necessary and then animals
were homogenized with a blender (A320R1, 700 W, Moulinex) in pooled groups in order to obtain 1 g

of tissue, with the exception of Ophidiaster ophidianus, Paracentrotus lividus, Sphaerechinus
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granularis, Umbraculum umbraculum, Diadema africanum, Holoturia (Platyperona) sanctori,
Charonialampas, Marthasterias glacialis, Aplysia depilans. In these cases, each animal was treated
separately since they had enough extractable biomass. Homogenized tissue — 1 g - was processed
with 3 mL of methanol (Fisher Scientific), then centrifuged during 10 min at 2932 g at 4 °C (Centrifugal-
Legend RT). This procedure was repeated twice, and the supernatants combined and concentrated to
dryness (Acid-resistant Centrivap Concentrator, Labconco). Afterwards, residues were re-suspended
in 10 mL of water (MilliQ) and doubly partitioned with dichloromethane (Merck). Aqueous layer was
discarded and the organic layers (20 mL) were concentrated by drying and re-suspended in 1 mL of
methanol. After that 500 uL was concentrated to dryness, re-suspended in 100 pyL of methanol and
filtered through a 0.45 um filter (UltraFree-MC centrifugal devices, Millipore). In order to detect and
guantify the total content of OA and DTXs, 20 pL of methanolic extract were brought to a final volume
of 1 mL. This dilution was hydrolysed with 125 pyL 2.5 M NaOH, the mixture was homogenized and
heated at 76°C for 40 min. Then cooled to room temperature and neutralised with 125 pl 2.5 M HCI and
homogenised in the vortex [40]. The extract was filtered with 0.45 pm filter and injected 5 pL in the LC

column.

Sample Analysis

Analyses were performed using a 1290 Infinity ultra-high-performance liquid chromatography system
coupled to a 6460 Triple Quadrupole mass spectrometer (Agilent Technologies, Waldbronn, Germany).
Toxin separation was performed with an AQUITY UPLC BEH C18 column (2.1x100mm, 1.7 pum,
Waters). Column oven was set at 40 °C, samples in the autosampler were cooled to 4 °C and injection
volume was 5 pL. Eluent A consisted in 100% water and B acetonitrile (Panreac Quimica, Barcelona,
Spain) in water (95:5), both containing 50 mM formic acid (Merck, Madrid, Spain) and 2mM ammonium
formate (Sigma Aldrich, Madrid, Spain). The gradient started with 30%-70% of mobile phase (B) until 3
min, then maintained in 70% B until 4.5 min and decreasing to 30% over 0.1 min and maintained during
1.99 min until the end of the run. Flow rate was 0.4 mL/min.

MS detection was performed using an Agilent G6460C triple quadrupole mass spectrometer equipped
with an Agilent Jet Stream ESI source (Agilent Technologies, Waldbronn, Germany). Source conditions
were optimized to achieve the best sensitivity for all compounds. A drying gas temperature of 350 °C
and a flow of 8 L/min, a nebulizer gas pressure of 45 psi (Nitrocraft NCLC/MS from Air Liquid), a sheath
gas temperature of 400 °C and a flow of 11 L/min were used. The capillary voltage was set to 4000 V
in negative mode with a nozzle voltage of 0 V and 3500 V. The fragmentor was 260 V and the cell
accelerator voltage was 4 for each toxin in this method. The collision energy, optimized using
MassHunter Optimizer software, was 52 and 60 eV for OA and DTX2 and 53 and 66 eV for DTX1. The
mass spectrometer was operated in multiple reaction monitoring (MRM), detecting in negative mode.

Two product ions were analyzed per compound, one for quantification and another for confirmation.
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The transitions employed were: OA and DTX2 (m/z 803.5 > 255.2/113.2), DTX1 (m/z 817.5 >
255.2/113). Retention times were: OA (3.94 min), DTX1 (4.46 min), DTX2 (4.09 min). For the calibration
curve, eight different concentrations of the standard (Laboratorios Cifga, Spain) were injected in
triplicate: OA/DTX1/DTX2 from 1.56 ng/mL to 100 ng/mL (Figure 2.25). All toxins were quantified, using
their peak areas to calculate amounts and using the curve obtained from each standard. The LOD and
LOQ for OA/DTX1/DTX2 were 0.0936 and 0.312 pg/Kgrespectively.
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Figure 2.25-Mass chromatograms of the UPLC- MS/MS obtained under multiple reaction monitoring (MRM) in negative mode. (A) Total ion
chromatogram (TIC) of OA standard (100 ng/mL), m/z 803.5 > 255.2/113.2, DTX2 standard (100 ng/mL), m/z 803.5 > 255.5/113.5 and DTX1
standard (100 ng/mL), m/z 817.5 > 255.2/113. (B) TIC of a sample with quantifiable OA contents in Mytillus spp. (m/z 803.5 > 255.5/113.5)

Statistical Analyzes

The influence of the factors sampling site (Morocco, Madeira and Azores islands) and organism type in
the OA occurrence was analyzed using Generalized Linear Models (GLZ). The dependent variable was
the concentration of OA in the organisms flesh (ug kg?). The organisms were grouped according to
their most distinctive taxonomical degree, which was not necessarily species, since in some cases, very
similar species were sampled at the same time. So the levels of the factor organism were: bivalve, sea

cucumber, sea urchin, sea star, sea snail and limpet. The data set consists in OA concentrations found
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in pooled samples from each organism. There is one single data per pooled sample, being the pools
constituted by similar numbers of organisms, for each organism level (see methods). The data set could
be considered as a zero — inflated data set, with variance larger than the mean. These models are
usually handled with Poisson or negative binomial distributions [41]. However, we can use neither of
these distributions because our data are continuous. Instead, we used the approach of gamma hurdle
models [42], which performs the analysis in two steps: first, the analysis of presence/absence of the
toxin (managed with a binomial or negative binomial distribution) and second, on these data showing
measurable concentrations of OA, a GLZ with gamma distribution. Besides the analysis including
“sampling site” and “organism” as factors, another analysis considering only organism as factor was
performed, for which new organism levels that only occurred in a single sampling site were included:
mussel, barnacle, sea cucumber and sea hare.

All the models were performed with R software [43], package stats function gim.

Conclusions

In this work we used the UPLC-MS/MS technique for the screening of non-described vectors for
Okadaic acid and its derivatives in the northwestern Moroccan coast, the Madeira and Sdo Miguel
Islands (Madeira and Azores archipelagos respectively). We detected OA in a total of 9 new vectors
among the 23 screened species: echinoderms (A. aranciacus, A. lixula, E. sepositus, H. sanctori, O.
ophidianus) and gastropods (O. celtica, A. depilans, Patella spp., S. haemostoma). We also detected
OA in the progeny of S. haemostoma, suggesting that this biotoxin could be transferred to the offspring.
Regarding species uptake, mussels were the organisms with higher uptake tendency, followed by
gastropods and echinoderms. Since the scarcity of mussels in Madeira and Azores archipelagos,
gastropods and echinoderms can be a good alternative for the monitoring of this group of toxin.
Although the detected values are below the limit value currently implemented in the European Union, it
is important to extend the monitored organisms beyond bivalves to learn more about the trophic transfer
of these toxins and OA seasonal dynamics to better calculate human health risk in these poorly studied

areas.
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Abstract: Ciguatera fish poisoning (CFP) is a syndrome caused by the ingestion of fish contaminated
with Ciguatoxins (CTXs). These phycotoxins are produced mainly bydinoflagellates that belong to the
genus Gambierdiscus that are transformed in more toxic forms in predatory fish guts, and are more
present in the Indo-Pacific and Caribbean areas. It is estimated that CFP causes per year more than
10,000 intoxications worldwide. With the rise of water temperature and anthropogenic intervention, it is
important to study the prevalence of CFP in more temperate waters. Through inter- and subtidal
sampling, 22 species of organisms were collected, in Madeira and Azores archipelagos and in the
northwestern Moroccan coast, during September of 2012 and June and July of 2013. A total of 94
samples of 22 different species of bivalves, gastropods, echinoderms and crustaceans where analyzed
by Ultra Performance Liquid Chromatography-Mass Spectometry-lon Trap-Time of Flight (UPLC-MS-
IT-TOF) and Ultra Performance Chromatography- MassSpectrometry (UPLC-MS). Our main aim was to
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detect new vectors and ascertain if there were some geographical differences. We detected for the first
time putative CTXs in echinoderms, in two starfish species—M. glacialis and O. ophidianus. We
detected differences regarding uptake values by organisms and geographical location. Toxin amounts
were significant, showing the importance and the need for continuity of these studies to gain more
knowledge about the prevalence of these toxins, in order to better access human health risk.
In addition, we suggest monitoring of these toxins should be extended to other vectors, starfish being a

good alternative for protecting and accessing human health risk.

Keywords: Ciguatera; New vectors; Madeira Island; S&o Miguel Island; Morocco.

Introduction

Ciguatoxins (CTXs) are lipophilic compounds that result from the biotransformation in finfish of
precursor gambiertoxins produced by dinoflagellates from the genus Gambierdiscus [1-3].
Geographically, CTXs are typical for the tropical and sub-tropical regions of the Atlantic (C-CTX),
Indian (I-CTX) and Pacific (P-CTX) Oceans [1,4-8]. Both the structure and potency of CTXs appear to
be geographically determined, in resemblance to Maitoxin that shares the same producer, and to date
more than 30 CTX analogues have been described [3-5,7,9-13].

CTXs are polyethers with rigid structure, formed by rings 13—14 fused by ether linkages (Figure
2.26) [2].These potent biotoxins are odorless, tasteless, heat resistant and lipid soluble, so they are not
destroyed by cooking processes [7]. Regarding action mechanism, CTXs bind to non-selective, non-
voltage activated ion channels, causing their opening, leading to the increase of intracellular calcium
levels to toxic concentrations [14]. In terms of symptomatology, during the acute period in the first 24 h
gastrointestinal problems such as diarrhea, nausea, abdominal pain and vomiting appear. In addition,
cardiovascular complications can occur. Neurologic symptoms that can emerge from within a few hours
to two weeks after exposure, like paresthesias, dysesthesias, and hyperesthesias [15].

Ciguatera fish poisoning (CFP) is the most common type of intoxication syndrome, even in non-
endemic areas, due to the large quantity of fish exports, and this makes it a worldwide concern [16].
The most common route of intoxication is through ingestion of contaminated fish, being estimated
10,000 to 50,000 intoxications per year [4,17]. Recent reports document the presence of CTXs as
farnorth as the Mediterranean [18]. In addition, high abundance of Gambierdiscus cells are not visible
as blooms, as in other harmful algal bloom species, and this hinders the process of monitoring and

managing of these blooms [19].
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Figure 2.26 - Structures Caribbean (C) and Pacific (P) CTX-group toxin. The epimers, P-CTX-2 (52-epi P-CTX-3), P-CTX-4A (52-epi P-CTX-
4B) and C-CTX-2 (56-epi C-CTX-1) are indicated in parenthesis.

The common vectors for these phycotoxins are finfish, some mollusks (e.g., turban snail, Lunella
cinerea, and in giant clams, Tridacna gigas), achieving higher concentrations in top predatory fish like
groupers (Family: Serranidae), barracuda (Family: Sphyraenidae) and snapper (Family: Lutjanidae)
[20]. Regarding the regulatory status in the European Union (EU), EFSA proposes the use of toxicity
equivalency factors (TEFs), based on their acute intraperitoneal LD50 in mice, determining eleven
values: P-CTX-1 = 1, P-CTX-2 = 0.3, P-CTX-3 = 0.3, C-CTX-2 = 0.3, P-CTX-3C = 0.2, 2,3-dihydroxy
PCTX-3C = 0.1, 51-hydroxy P-CTX-3C =1, P-CTX-4A = 0.1, C-CTX-1 = 0.1 and P-CTX-4B = 0.05. In
the same scientific opinion on CTXs, EFSA claims that a concentration of 0.01 pyg P-CTX-1
equivalents/kg of fish as expectable not to exert effects in sensitive individuals. In addition, due to very
few reported cases for CTX occurrences European markets no limits nor ARfD (acute reference dosage)
have been established until now, nor advisement regarding analytical methodologies to use [1].
Nevertheless, Commission Regulation (EC) nr 854/2004stated mandates that checks have to be made
to ensure that fishery products containing CTX are forbidden to enter the market [21]. Other countries
like the United States of America, have safety levels (<0.1 pg/kg C-CTX-1 equivalents and <0.01 pg/kg
P-CTX-1 equivalents), other countries opted for more radical measures, like Japan that banned the
importation of some fish species reported as CFP vectors (e.g., barracuda) [1,22]. The aim of our work
was to search for new vectors, to better access the human health risk.

We screened the Madeira Island (Madeira archipelago), Sdo Miguel Island (Azores archipelago), and

the Moroccan coast by scuba diving expeditions and intertidal harvesting of 22 edible and
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inediblespecies. The inedible species were collected due to their importance in the food chain. We hope
that our work contributes to the development and establishment of monitoring procedures as well as

legislation in the EU to better protect consumers and public health.

Results and Discussion

In this work, a total of 94 samples were analyzed for CTX plus its analogues from 14 sampling points
distributed in three different locations: Madeira Island, S&o Miguel Islandand along the northwestern
Moroccan Coast (Figure 2.27). Twenty-two species of benthic organisms, including bivalves (mussels),
gastropods (sea-snails, sea-slugs and limpets), echinoderms (starfishes, sea-urchins and sea-
cucumbers) and crustaceans (barnacles) were collected. The decision to sample these particular
species was linked to the fact we wanted to screen edible and commercially important species and
inedible species for their importance in the trophic chain. The number of samples collected and average

number of specimens needed to set a pooled sample are detailed (Table 2.15).
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Figure 2.27 - Location of the sampling points: (A) S&o Miguel island coast, Azores archipelago: 1, Cruzeiro; 2, Mosteiros; 3, Etar; 4, Sdo
Roque; 5, Lagoa; and 6, Caloura. (B) Madeira island coast: 1, Reis Magos and 2, Canigal. (C) Northwestern Moroccan coast: 1, Casablanca
Corniche; 2, El Jadida Haras; 3, El Jadida Sdada; 4, Sidi Bouzid; 5, Mrizika; and 6, Oualidia..
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Table2.15 - Species sampled and their trophic level, average number of specimens comprisinga pooled sample (AvNr) and number of
samples collected (NrP Samples) on Madeira Island in September 2012, S&o Miguel Island, Azores, in June 2013 and Morocco in July 2013
and their edibility. Availability of animals is dependent on their geographical distribution and ecology.

NrP
Species Trophic Level Sampling Site(s) AvNr Edible Ref.
Samples
Aplysia depilans Grazer Morocco 3 1 No [23]
Arbacia lixula Grazer Madeira/Azores/Morocco 9 4 No [24]
) 3rd level )
Charonia lampas Madeira/Morocco 3 1 Yes [25]
predator
Cerithium vulgatum Grazer Morocco 40 Yes [26]
Diadema africanum Grazer Madeira 2 1 No [27]
) ) 2nd level )
Echinaster sepositus Madeira 1 3 No [28]
predator
Gibbula umbilicalis Grazer Morocco 100 Yes [29]
Holothuria(Platyperona)sanctori ~ Deposit feeder Morocco 1 Yes [30,31]
. o 2nd level )
Marthasterias glacialis Madeira/Azores/Morocco 8 1 No [32]
predator
Monodonta lineata Grazer Morocco 5 86 Yes [29]
Mytilus spp. Filter feeder Morocco 4 30 Yes [33]
Onchidella celtica Grazer Morocco 1 50 No [34]
Ophidiaster ophidianus Detritivorous Madeira/Azores 5 1 No [28]
Pattela aspera Grazer Madeira 2 15 Yes [32]
Patella spp. Grazer Morocco 4 12 Yes [32]
Pattela candei Grazer Azores 3 10 Yes [32]
Paracentrotus lividus Grazer Madeira/Azores/Morocco 7 1 Yes [35]
Pollicipes pollicipes Filter feeder Morocco 3 35 Yes [32]
Sphaerechinus granularis Grazer Azores 4 Yes [36]
Umbraculum umbraculum Grazer Madeira 1 No [37]
] 2nd level ]
Stramonita haemostoma Madeira/Azores/Morocco 5 15 No [38]
predator

After sample extraction, the CTXs profile was determined in each sample by Ultra Performance Liquid
Chromatography- Mass Spectometry (UPLC-MS) method. Initially, samples were screened by UPLC-
MS in Selected lon Monitoring (SIM) mode for 20 CTXs analogues described in the literature (Table

2.16) and in seven samples some suspicious peak was detected, all of them from starfish.

Table2.16 - Screened CTX's UPLC-MS in Positive Mode.

Compound Name Mass Polarity
I-CTX-3 and I-CTX-4 1157.6 Positive
Unknown CTX 1143.6 Positive
Caribean-CTX 1141.7 Positive
C-CTX-1127 1127.6 Positive
CTX-1B 1111.6 Positive
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Compound Name Mass Polarity
54-deoxy-CTX-1B

52-epi-54-deoxy-CTX-1B 1095.6 Positive
M-CTX-4A and M-CTX-4B 1079.6 Positive
MTX small 1060 Positive
2,3-OH-CTX-3C .
M-CTX-3C methylacetal 1055.6 Positive
2-OH-CTX-3C and M-CTX-3C 1041.6 Positive
Analogs CTX 1040.6 Positive
51-OH-CTX-3C 1039.6 Positive
49-epo-CTX-3C and CTX-3C 1023.6 Positive
Unknown CTX 1159.6 Positive

Afterwards, the scan of each sample was carefully analyzed, checking the characteristic mass pattern
fragmentation of CTX; that is, the formation of sodium and ammonium adducts and losses of water. In
this sense, Figure 2.28 shows the SIM and the spectrum of CTX-3C standard. The mass spectrum from
Figure 2.28B showed the ion CTX3C [M"H]*'m/z 1023.5, and the water losses m/z 1005.5 associated
with [M"H™H.O]* and m/z 987.5 due to second water lost [M"H™2H2O]". In addition, the sodium adduct
[M*Na]*m/z 1045.7 is also detected.
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Figure 2.28 - Selected lon Monitoring (SIM) chromatogram (A) and mass spectrum (B) of standard CTX-3C. SIM obtained by UPLC-MS/MS
and spectrum obtained by UPLC-MS-IT-TOF.

Through this analysis, three CTX analogues were detected. From SIM data of samples, m/z 1111.5 was
found and from scan mass mode (m/z 800—1300) of samples, two molecules with m/z 1109.5 and m/z
1123.5 were found. The mass spectrum of these molecules (Figure 2.29) shows the typical
fragmentation pattern of CTX-like compounds, with several losses of water and adducts of ammonium
and sodium. The mass spectrum in Figure 2.29A shows two intense masses, one ((M"H]*) at m/z 1111.5
and other ([M*Na]*) at m/z 1133.5. Moreover, five losses of water were observed while the ammonium
adduct did not appear, probably due to its low intensity. Therefore CTX-1B, m/z 1111.5, could be
proposed, although not confirmed due to the absence of a standard. The mass spectrum in Figure 2.29B
shows an intense mass ([M*NH4]*) at m/z 1116.6 associated with ammonium adduct from m/z 1109.5.
The other three masses shown in the spectrum correspond to one, two and three losses of water at m/z
1099.6 and 1073.5 and 1055.5, respectively, from m/z 1109.5 molecule. The mass spectrum in Figure
2.29C shows an ion at [M*H]'m/z 1123.5 and two intense masses, [M*NH4]"at m/z 1140.5 and [M*Na]*
at m/z 1145.5. In addition, the four losses of water and the potassium adduct of m/z 1123.5 were also

detected in the spectrum.
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Figure 2.29 - MS2 spectrum of CTX analogue at m/z 1111.5 [M*H]" (A); CTX analogue at m/z 1109.5 [M*H]* (B); and CTX analogue m/z
1123.5 [M*H]* (C). Spectra obtained by Ultra Performance Liquid Chromatography-Mass Spectometry-lon Trap-Time of Flight UPLC-MS-IT-
TOF.

Once the presence of CTX analogues was identified, the toxin amount was quantified (Table 2.17). In
order to calculate concentrations of CTX analogues, it was assumed that related analogues would give
a similar response to that of CTX-3C, because of this, and since there is an absence of correspondence
with EFSAs, TEFs results will be expressed in ug CTX-3C equivalents/Kg. Therefore, the calibration
curve was done with CTX-3C standard. The quantification of these toxins was carried out using SIM
acquisition in positive mode. For CTX-3C standard, a good seven-point calibration curve with range
between 18.75-600 ng/mL was obtained (R2 = 0.999). The limit of detection (LOD) was 1.125 ug/Kg
and the limit of quantification (LOQ) was 3.75 ug/Kg.

Table2.17 - Presumed CTX detected in UPLC-MS (FW-Fresh weight).

Sample Location Species 1111 1123 1109
(Mg CTX/Kg Fw) (ug CTX/Kg Fw) (ug CTX/Kg Fw)
341 #1 Madeira  O. ophidianus  21.55 7.24
341 #2 Madeira  O. ophidianus  46.49 29.80
411 #2 Azores M. glacialis <LOQ <LOQ
412 Azores O. ophidianus  19.73
424 Azores O. ophidianus  124.04 30.90

426 #1 Azores M. glacialis 7.92
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435 Azores O. ophidianus  58.78 4.40

Only 7.45% of the 94 samples analyzed were quantifiable for CTX. All of the measurable samples
were one of two starfish species, O. ophidianus and M. glacialis, from Portuguese territory. This is the
first report of CTX in echinoderms. Average concentrations detected ranged from 4.40 ug CTX-3C
equivalents/Kg fresh weigh (fw), to 124.04 ug CTX-3C equivalents/Kg fw in O. ophidianus, if it
werepossible to apply EFSAs, TEFs both would be above the U.S. American safety level (<0.1 ug/kg
C-CTX-1 equivalents and <0.01 pg/kg P-CTX-1 equivalents) [22]. Regarding statistics, the first step of
the gamma hurdle model was a GLZ performed with the data of presence/absence of CTX with Binomial
distribution of the error. The results of the model's analysis of deviance are shown in Table 2.18, as well
as the coefficients rescaled to a logistic probability (0,1). Sampling site had no significant effect. Among
sampling sites, the coefficients showed the lowest probability of occurrence in Morocco, and the highest
in Madeira. The second part of the model, which considers the variation in CTX concentration, analyzed
with a Gamma distribution of the error among those samples showing positive results, did not show
significance of sampling site as factor either, although its p value was closer to significance (Table 2.18).
Looking at model coefficients, it is clear that the largest concentrations found occurred in Azores Islands,
and lowest in Morocco (zero). This differs from the probability results of the presence/absence data.

The analysis performed with starfish species as factor (Table 2.19) showed significant
differences inboth the presence/absence and the analysis of the positives (differences in putative CTX
concentrations), conclusively, O. ophidianus had both higher probability of showing a positive result,
and significantly higher amounts of toxin per body mass. This can be explained by to their distinct feeding
habits, since O. ophidianus is a detritivorous acquiring CTX from the sediment bed, against the predatory
ones from M. glacialis. In addition, Llewellyn (2010) suggested that the rise of water temperature,
derived by climate change, can increase the incidence of CFP in Papua New Guinea from 35-70 per
thousand people in 1990 to 160-430 per thousand people in 2050 [39]. In addition, it is known that the
rise of water temperature can influence the growth rate of the producers [40], toxin production as well
as the uptake rate of the vectors [41,42], and that could be the main reason of the differences between
sampling sites, though Morocco and Madeira are at the same latitude. Nevertheless, the main species
that we detected quantifiable amounts of CTX is absent in Morocco. Since Madeira and Azores
archipelagos present oligotrophic waters, making these ecosystems poor in bivalves, the red starfish
(O. ophidianus) presents a possible alternative as key species for CTX monitoring. We have to interpret
the results from our models carefully, since the actual number of data is low. This may affect the non-
significance of the models from sampling sites (Table 2.18) where the differences found might become
significant by simply adding more data. However, the models using species as factor (Table 2.19) reveal

a strong pattern that is not affected by the small number of data.
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Table2.18 - Results of the gamma hurdle model for CTX occurrence with sampling site as factor.
Analysis of Deviance
Model Factor Va df p
. . Site 2.9 2 0.23
Binomial - . .
E Rescaled model coefficients for Site: Intercept (Azores) = 0.36; Madeira = 0.78; Morocco = 4
rror X 10°8
Site 5.5 2 0.06
Gamma Error Rescaled model coefficients for Site: Intercept (Azores) = 229; Madeira = 1.39; Morocco =
0.004
Table2.19 - Results of the gamma hurdle model for CTX occurrence with starfish species as factor.
Analysis of Deviance
Model Factor X2 df p
: ) Species 8.5 1 <0.01
Binomial Error . . -
Rescaled model coefficients: Intercept (M. glacialis) = 0.11; O. ophidianus = 0.98

Organism 9.7 1 <0.01
Rescaled model coefficients: Intercept (M. glacialis) = 9.4; O. ophidianus = 57.7

Gamma Error

Our results add new information to this topic, we can say, to the best of our knowledge, that this is the
first report of putative CTX in starfish. It is also noteworthy that significant amounts of this group of toxins
were detected at the bottom of the trophic chain. We hope this contribute towards the establishment of

legislation, as well as the promotion of the monitoring of these toxins in the EU.

Experimental Section

Selected Species and Sampling Sites

The coasts of the Portuguese islands Madeira (Madeira archipelago), Sado Miguel (Azores archipelago)
and the northwestern coast of Morocco, were surveyed for non-traditional vector species for
Ciguatoxins. Several edible and non-edible species were selected (n = 22) to search for potential new
vectors and also the prevalence of the screened biotoxins in the food web: gastropods (Aplysia depilans,
Cerithium vulgatum, Charonia lampas, Gibbula umbilicalis, Monodonta lineata, Onchidella celtica,
Patella tenuis tenuis, Patella aspera, Patella candei, Patella spp., Stramonita haemostoma,
Umbraculum umbraculum), crustaceans (Pollicipes pollicipes), bivalves (Mytilus spp.), starfish
(Echinaster sepositus, Marthasterias glacialis, Ophidiaster ophidianus), sea-cucumber (Holothuria
(Platyperona) sanctori), sea-urchins (Arbacia lixula, Diadema africanum, Paracentrotus lividus,
Sphaerechinus granularis). Benthic organisms were harvested from intertidal areas during low tide and
by scuba diving expeditions: the Madeira Island was surveyed in September 2012, and S&o Miguel

Island, Azores, and the Moroccan coast were sampled in June and July 2013, respectively. Sampling
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sites are displayed in Table 2.20. Two samples of Patella tenuis tenuis and P. aspera were purchased
in local markets in Madeira, being caught in the northern coast of the island (32°51'17.02" N;
17°01'54.02" W). Organisms were transported to the laboratory in refrigerated containers. Samples were

frozen at —20 °C, if they were not processed immediately.

Table2.20 - Sampling Sites and respective geographical coordinates, surveyed during September of 2012 and June and July of 2013.

Date Location Sampling Site Geographic Coordinates
) Reis Magos 32°39'16.21" N; 16°49'05.29" W
September 2012 Madeira Island _
Canical 32°44'20.08" N; 16°44'17.55" W
Cruzeiro 37° 50'31.19" N; 25° 41'33.61" W
Etar 37°44'19.31" N; 25°39'38.84" W
Y Sé&o Roque 37°45'15.35" N; 25°38'31.60" W
June 2013 Séo Miguel Island _
Mosteiros 37°53'25.57" N; 25°49'14.72" W
Lagoa 37°44'42.38" N; 25°19".47" W
Caloura 37°42'49.34" N; 25°29'54.54" W
Casablanca corniche 33°36'01.2" N; 7°39'567.5" W
El Jadida Haras 33°14'42.0" N; 8°28'37.5" W
El Jadida Saada 33°14'42.4" N; 8°32'26.9" W
July 2013 Morocco Coast L i
Sidi Bouzid 33°13'57.1" N; 8°33'20.9" W
Mrizika 32°57'21.8" N; 8°46'53.2" W
Oualidia 32°43'55.8" N; 9°02'57.6" W
Reagents

Acetonitrile and methanol were supplied by Panreac (Barcelona, Spain). All solvents employed
inthis work were high performance liquid chromatography or analytical grade and the water was distilled
and passed through a water purification system (Milli-Q, Millipore, Madrid, Spain). Formic acid was
purchased from Merck (Darmstadt, Germany). Ammonium formate was from Fluka (Sigma-Aldrich,
Madrid, Spain).

A synthetic standard of CTX-3C was provided by Dr. Masahiro Hirama. The methodology
appliedfor the synthesis was described for the first time in 2001 and improved in 2004 [43,44].

Sample extraction

The Otero et al. (2010) extraction protocol was followed [45]. The efficiency of the method was studied
by analyzing the extracts discarded in each stage of the protocol. Data showed no loss of toxin in each
step. The results agree with the efficiency achieved in the method previously described (>95% for
P-CTX-1B) [46]. Animals were dissected and homogenized with a blender (A320R1, 700 W, Moulinex,
Lisbon, Portugal) in pooled groups in order to obtain 2 g of tissue, with the exception of Aplysia depilans,
Charonia lampas, Diadema africanum, Holothuria (Platyperona) sanctori, Marthasterias glacialis,
Ophidiaster ophidianus, Paracentrotus lividus, Sphaerechinus granularis, and Umbraculum

umbraculum. In these cases, each animal was treated separately since they had enough extractable
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biomass. The homogenized tissue was cooked for 20 min at 70 °C, then homogenized with 8 mL of
Methanol/Hexane (3:1), sonicated (1 min, 70 Hz, Vibra Cell, Sonic & Materials, Newtown, CT, USA),
and subsequently centrifuged at 4000 rpm for 20 min. The upper hexane layer was discarded, and the
lower methanol phase was filtered through a 0.45-um filter (Millipore Ultrafree-MC centrifugal filter units,
Bedford, MA, USA). The resulting filtered was diluted into methanol water (50:50). Thereafter Solid
Phase Extraction (SPE) was performed using C18 SPE cartridges (500 mg/3 mL volume from
Supelco,Bellefonte, PA, USA). Cartridges were previously conditioned with 4 mL of milliQ water, then
samples were loaded and washed with 65% Methanol, and finally samples were eluted in 80% Methanol.
Thereafter, samples were mixed with 4.2 mL of 1 M NaCl and 6.7 mL of Chloroform and centrifuged for
4 min at 2000 rpm (Centrifugal-Legend RT, Sorvall, Waltham, MA, USA). The upper methanolic layer
was discarded and the lower organic layer was evaporated to dryness in a rotary evaporator (Bichi,
Flawil, Switzerland) and dissolved in 4 mL chloroform. For reducing matrix interference, another cleanup
procedure was done with Silica Sep-Pak cartridges (Waters, Milford, CT, USA). After loading the sample
cartridges were conditioned with chloroform, samples were washed with chloroform and eluted 90% of
chloroform. Extract was concentrated to dryness and then re-suspended in methanol. In Figure 2.30 is
displayed the totality of the purification procedure. Before UPLC-MS analysis, positive samples were
confirmed and the exact mass was obtained by UPLC-MS-IT-TOF.

Cooked 20 min, 70°C
Homogenise 8 mL MeOH:Hexane (3:1)
Sonicated 1 min

Centrifuge and discard hexane layer
C18 SPE
Condition Load Wash 6.5 mL Elute 8 mL
4 mLH,0 sample 65% MeOH 80%MeOH

Add 4.2 mL NaCl 1M and 6.7 mL CHCl,
Homogenise, centrifige and discar a agueous phase —

Evaporate organic phase and redissolve in 4 mL CHCl,

Silica SPE
Load
sample

Concentrated to dryness
Redisolve in 200 pL MeOH

UPLC-MS
analysis

Elute 8 mL
CHCI,:MeOH
(9:1)

Condition
4 mL
CHCl,

Figure 2.30- CTX purification scheme.
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UPLC-MS conditions
For the analysis, a 1290 Infinity ultra-high-performance liquid chromatography (UHPLC) system coupled
to a 6460 Triple Quadrupole mass spectrometer (both Agilent Technologies, Waldbronn, Germany) was
used. Chromatographic separation was performed at 35 °C, the injection volume was
5 uL and flow rate of 0.4 mL/min using a column AQUITY UPLC BEH C18 (2.1 x 100 mm, 1.7 um,
Waters, Manchester, UK). The nitrogen generator is a Nitrocraft NCLC/MS from Air Liquid (Madrid,
Spain). Mobile phases A and B were water and acetronitrile:water (95:5), respectively, both acidified
with 50 mM formic acid and 2mM ammonium formate. Chromatographic separation was performed by
gradient elution starting with 50% B for 2.5 min, then increasing to 100% B for 4.5 min., this condition
was hold for 4.5 min and reducing afterward to 50% B over 0.1 min. This proportion was maintained for
2.4 min, until the next injection to equilibrate the system. The electrospray (ESI) source of 6460 mass
spectrometer was operated with the following values of source-dependent parameters: gas temperature,
350 °C; gas flow, 8 L/min; sheath gas temperature, 400 °C; sheath gas flow, 11 L/min, nebulizer, 45 psi;
capillary voltage, and 4000 V; and nozzle voltage 0 V. All analyses were performed in MS scan and
selected ion monitoring (SIM).
For CTX-3C standard, a six-point calibration curve among the range 37.5-600 ng/mL was done. The

limit of detection (LOD) was 1.125 ug/Kg and a limit of quantification (LOQ) was 3.75 ug/Kg.

UPLC-MS-IT-TOF conditions

The UPLC system, from Shimadzu (Kyoto, Japan) consists of two pumps (LC-30AD), autoinjector (SIL-
10AC) with refrigerated rack, degasser (DGU-20A), column oven (CTO-10AS) and a system controller
(SCL-10Avp). The system is coupled to an IT-TOF-MS system with an electrospray ionization (ESI)
interface (Shimadzu, Kyoto, Japan). The nitrogen generator is a Nitrocraft NCLC/MS from Air Liquid
(Spain). The separation was performed with an ACQUITY UPLC Phenyl-Hexyl column (2.1 x 100 mm,
1.7 um particle size, Waters, Spain). Mobile phases A and B were water and acetronitrile:water (95:5),
respectively, both acidified with 50 mM formic acid and 2 mM ammonium formate. Chromatographic
separation was performed by gradient elution starting with 50% B for 2.5 min, then increasing to 100%
B for 4.5 min., this condition was hold for 4.5 min and reduced afterward to 50% B over 0.1 min. This
proportion was maintained 2.4 min. until the next injection to equilibrate the system. The mobile phase
flow rate was 0.4 mL/min, the injection volume was 5 pL and the temperature was maintained at 35 °C.
The MS method was operated in positive mode with the following ESI source conditions: nebulizing gas
flow, 1.5 L/min, heat block temperature and CDL temperature, 200 °C and detector voltage, and 1.65

kV. The molecules were analyzed using an ion accumulation time of 10 ms.
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Statistical Analyzes

The influence of the factors Sampling site (Morocco, Madeira and Azores islands) and organism typein
the CTX occurrence was analyzed using Generalized Linear Models (GLZ). The dependent
variablewas the concentration of CTX in the organisms flesh (ug CTX-3C equivalents/Kg). Because
only thestarfish yielded positive results, primarily, we performed an analysis considering only the
starfish data, using sampling site as factor. The dataset consists of CTX concentrations found in
individual samplesfrom each organism. There is one single data per pooled sample, being the pools
constituted by similarnumbers of organisms. The data set could be considered as a zero—inflated
dataset, with variance largerthan the mean. These models are usually handled with Poisson or
negative binomial distributions [47]; however, we can use neither of these distribution because our
data are continuous. Instead, we used theapproach of gamma hurdle models [48], which performs the
analysis in two steps: first, the analysis ofpresence/absence of the toxin (managed with a binomial or
negative binomial distribution) and second, on these data showing positive concentrations of CTX, a
GLZ with gamma distribution. Besides theanalysis including sampling site as factor, we performed
another analysis considering starfish speciesas factor. All the models were performed with R software

[49], package stats (), function glm.
Conclusions

The primary aim of this work was to search for new vectors for CTX in the Portuguese islands and the
northwestern coast of Morocco using UPLC-IT-TOF-MS and UPLC-MS/MS techniques. From 22
surveyed species, we detected CTX in two species of starfish: M. glacialis and O. ophidianus. In addition,
the quantifiable results were all in Portuguese territory, being Sdo Miguel Island (Azores), the location
with greater propensity to find these biotoxin groups. This is an important finding since it is, to the best
of our knowledge, the first report of these toxins in echinoderms ever. We detected three analogues,
CTX-1B and two unnamed derivatives, in concentrations that ranged from 4.40 to 124.04 ug CTX-3C
equivalents/Kg fw, especially in the red starfish, O. ophidianus. Since this species has detritivorous
feeding habits, this could be the main explanation for considerable difference with regard to accumulated
amounts, comparing to the predatory spiny starfish (M. glacialis). Regarding Ciguatera monitoring,
starfish present themselves as a good alternative, though more studies should be done in order to
understand correlation of CTX uptake between echinoderms and predatory fish, to better evaluate

human health risk.
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General discussion

In this thesis were screened several groups of legislated and emergent toxins, analyzing
a total of 33 different species of benthic organisms in the Portuguese coast, islands and
northwestern Moroccan coast (Table 3.1). Our prime aim was to search for new vectors
of these toxins, but also to try to unravel geographical patterns and the prevalence of

emergent toxins in temperate waters.

Table 3.1. Tested species versus detected toxins (TTX- Tetrodotoxin; PSTs — Parallytic Shellfish toxins; OA- Okadaic
Acid; CI — Cyclic Imines; CTX- Ciguatoxins).

TTX PSTs OA Cls CTX
Monodonta X X X X
lineata
M. turbinata X X X
Gibbula X X X
umbilicalis
Nucella lapillus X X
Patella X
intermedia
Patella spp. X
Onchidella X
celtica

Charonia lampas X

Aplysia depilans X X

Stramonita X

haemostoma

Marthasterias X X X X
glacialis

Ophidiaster X X
ophidianus

Echinaster X

sepositus
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Astropecten X
aranciacus
Paracentrotus X X
lividus
Arbacia lixula X
Holothuria X
sanctori

Emergent toxins pose a challenge to monitoring programs and legislation in temperate
waters (Paper 1), for being a novelty in these ecosystems, therefore is pertinent that
international collaboration occur to obtain reference material to assist in optimizing
screening methods (analytical and molecular), so that the detection is fast and reliable.
Collaboration with the Health sector is relevant not only to provide medical staff
awareness and information, but also to implement epidemiologic studies, to understand
the degree of impact of these biotoxins in coastal areas. It is also relevant, the
adjustment of good monitoring practices and updated legislation for better protection of
consumers, since these emergent toxins have higher potential for lethality in comparison
with legislated ones, (with exception of the ClI group who needs further research
regarding this issue).
The optimization of detection methods is crucial regarding biotoxins monitoring, since
they have huge impact in human economy and health. In this thesis, we worked with
several different matrices which posed some analytical challenges (Paper 2), more
precisely, due to overlapping phenomena between toxin peaks and matrix ones. The
method, PCOX, is extremely sensitive, and toxin free matrix is used to prepare the
calibration solution to overcome the matrix effect and also to facilitate data interpretation.
Two matrices, gastropod and starfish, cloaked the GTX1,4 peak. This issue was
surpassed by refinement of oxidation technique of conversion of these toxins into NEO
to be able to quantify reliably the masked toxins. We present a faster and economical
protocol that facilitates the interpretation and quantification o PSPs in new matrices.
In this thesis several monitoring surveys were performed, in order to screen emergent
and legislated toxins:
- Tetrodotoxin (TTX) is potent marine neurotoxin, typical from warm ecosystems,
has probable bacterial origin and was reported in several taxa not close related

[1-3]. Since the opening of the Suez Canal the majority of poisoning incidents
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occurred in Asia, were Fugo (puffer fish), a TTX-bearer, is considered a delicacy.
The opening of this artificial corridor provided the migration of toxic alien species
from the Red Sea to the Mediterranean, raising the number of poisoning incidents
in that region, the majority of them caused by misidentification of the alien
specimens like the elongated puffer (Lagocephalus sceleratus) [4,5]. TTX was
reported for the first time in October 2008 in the temperate waters of the Atlantic,
through a nonfatal poisoning incident, caused by ingestion of a trumped shell
(Charonia lampas) harvested in the southern Portuguese Coast [6].

In Paper 3, thirteen sampling sites along the Portuguese Coast were surveyed
between the September 2009 and November of 2010, and 14 benthic species
were screened for this group of toxins. As a result of this survey we detected TTX
and its analogs in three species with concentrations ranging between 0.006 to
0.090 pg/g. Apart from the low concentration detected, compared with the
values detected by Rodriguez et al. 2008 [6] (highest value detected 1004.00
pg/g fw) the major novelties of this work were:

The report of this group of toxins in two new species of gastropods (G.
umbilicalis and M. lineata), and also the most northern point of detection of
TTX plus derivatives till date in the temperate waters of the Atlantic Ocean. .
Also, since TTX has probable bacterial origin, bivalves could not be the most
effective choice as indicator species for monitoring purposes, since the producers
of this emergent toxin are not suspended in the water column. This is a major
issue, since there’s a lack of safety measures regarding this biotoxins, the
only guiding value belongs to the Japanese Ministry of Health and Welfare
[7]. This kind of studies should be continued and encouraged to gather more
information for better protect human health.

-The Saxitoxin group (PSTs) as well as the Okadaic Acid (OA) group, are
legislated biotoxins and due to established monitoring practices and legislation,
poisoning incidents have been scarce in the last two decades [8-10]. In this work
(Paper 4 and 5) data showed a total of 16 new vectors: for PSTs in G. umbilicalis,
N. lapillus, Monodonta sp., A. depilans, P. lividus and M. glacialis; for OA in G.
umbilicalis, N. lapillus, Monodonta sp., P. lividus and M. glacialis, A. aranciacus,
A. lixula, A. depilans, E. sepositus, H. sanctori, O. celtica, O. ophidianus, Patella
spp. and S. haemostoma; data also showed that OA can be a bioaccumulation

phenomenon along the food-chain.

140



FCUP
Section Il

Though for PSTs concentrations detected were all below the limit value
established by EFSA (800 ng SXT equivalents/g shellfish meat) [10], the toxin
profile detected was wider with prevalence of more toxic analogs comparing to
recent work published till that date [11].

Our work regarding legislated phycotoxins showed that monitoring these toxins
based in bivalves alone can be reductive and misleading, since there are
evidences of bioaccumulation along the food-chain. We hope that our work can
encourage more studies to better understand the trophic chain transfer
phenomenon to assess the human health risks.

The Cyclic Imine (Cl) group was also surveyed in this thesis, composed by
several phycotoxins characterized by the presence of a cyclic imine group
responsible for its neurotoxicity [12]. Though these biotoxins have acute
neurotoxicity by oral administration in MBA, poisoning incidents were not
recorded till date [12-14]. Albeit all the efforts for the refinement and optimization
of methods of detection regarding this group [15,16], there is a need of
epidemiological studies to learn about the potential chronical toxicity of these
phycotoxins, in order to establish good monitoring practices and legislation.

The major contribute of this work was the report of Cls for the first time in the
Portuguese Coast in 5 benthic species: G. umbilicalis, N. lapillus, Monodonta sp.,
M. glacialis and P. intermedia. Concentrations detected ranged from 0.49 ng/g fw
and 3.86 ng/g fw for 13-desmethyl-SPX C, we hope that our data aids bridging
the lack of toxicological data respecting this group.

Ciguatoxins (CTXs) are responsible for the Ciguatera fish poisoning syndrome,
caused after the ingestion of top level predatory fish [17]. These toxins are
common in warm ecosystems and the first report of them in the temperate waters
of the Atlantic remarks the year of 2010 [18]. In our work (Paper 6) we surveyed
two Portuguese Islands (Madeira and Sao Miguel (Azores archipelago)) and the
Moroccan northwestern coast in a total of 14 sampling points for 22 benthic
species. Our results show the detection of three CTXs analogs in two starfish
species: M. glacialis and O. ophidianus in the Portuguese islands. Average
concentrations detected ranged from: 4.40 uyg CTX-3C equivalents/Kg fw, to
124.04 ug CTX-3C equivalents/Kg fw. This discovery represents a major advance
towards CTXs knowledge, since so far was thought that this group of toxins had
finfish as its only vectors. Also, echinoderms present themselves as fine
candidates for CTXs monitoring programs, since bivalves are not common in the

oligotrophic waters of the Portuguese archipelagos.
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Our work show that there is much to be done to unravel the dynamics and human health

risk assessment regarding emerging toxins. Also, the legislation should be updated with

respect to monitored toxins, since new vectors have been reported and monitoring

practices based on bivalve mollusks alone may underestimate the real risk to public

health.
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General Conclusions

The data showed in this work indicates that regarding monitoring procedures when it

comes to an indicator species, the evaluation of human health risk based only in bivalves

is reductive. Of a total of 33 screened vectors, the major conclusions are:

TTX and its derivatives were detected for the first time in two endemic gastropod
species from the Portguese Coast: Gibbulla umbilicalis and Monodonta lineata.
The most northern report of TTX in the Atlantic ocean till that date was Angeiras
and concentrations ranged between 6.22 to 90.50 ng/g.

Six new vectors were reported for the Saxitoxin group, four in gastropods (G.
umbilicalis, N. lapillus, Monodonta sp. and A. depilans) and two echinoderms
(P. lividus, M. glacialis), all detected values were below the limit value
recommended by EFSA.

We optimized the protocol for PSTs detection, overcoming the challenge of
overlapping toxin peaks with natural fluorescent matrices.

We reported fourtheen new vectors for OA in: G. umbilicalis, N. lapillus,
Monodonta sp., Patella spp., S. haemostoma, O. celtica, P. lividus, M. glacialis,
A. aranciacus, A. lixula, A. depilans, E. sepositus, H. sanctori, O. ophidianus.
Detected values ranged from 0.37 ng/g to 429.41 ng/g, beeing the highest
concentration detected in N. lapillus a gastropod predator of mussels.

OA results sugest that the biomagnification phenomenon along the trophic
chain occurs and legislation and monitoring practices should be revised and
updated.

In this work we report the first detection of Cls in the Portuguese Coast,
concentrations ranged between 0.49 ng/g fw and 3.86 ng/g fw, and five new
vectors were detected: G. umbilicalis, N. lapillus, Monodonta sp., M. glacialis
and P. intermedia.

Ciguatoxins were detected for the first time in echinoderms, in two species of
starfish (O. ophidianus and M. glacialis) with concentrations ranging from: 4.40
ng/g fw and 124.04 ng/g fw.

Starfish represent themselves as a potential indicator species for CTXs
monitoring though more studies have to be made in order to understand the
correlation between echinoderms and predatory fish to better access human
health risk.

A total of 29 new vectors were detected, for emergent toxins and legislated ones in

several species of benthic organisms. This results show the importance of these kind of
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studies, data show changes in the ecosystems. New toxins are entering the food-chain,
giving extra defenses to benthic organisms, and still we don’t know the consequences
for the ecosystems and human health. New toxin routes, especially edible ones show
that monitoring routines based only in bivalves are inefficient and don’t calculate the real
risk for human health.
We hope that our contribution is the beginning to develop tighter monitoring routines and

most importantly to help in drafting new legislation for the protection of public health.
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