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Introduction et objectifs de I'étude

Le phytoplancton et le microphytobenthos sont Base de la chaine alimentaire des
écosystemes marins. lls sont majoritairement codgpadorganismes photosynthétiques
unicellulaires pélagiques et benthiques. Habitoedlet, les différentes especes de
phytoplancton cohabitent ensemble pour former deserablages naturels. Cependant,
occasionnellement une ou quelques espéeces peummitial cet assemblage et provoquer des
efflorescenceqqui peuvent durer plusieurs semaines. Ces effleress sont dues a des
combinaisons entre des facteurs biotiques et agpies. Parmi ces facteurs, il y a les
processus hydrographiques, météorologiques, muniéls et la diminution de la mortalité
due a la baisse d'influence de facteurs externes. derniers peuvent étre des virus, des
parasites, des compétiteurs, la sédimentatiora pudldation (Graneli and Turner, 2006).

Certaines de ces efflorescences peuvent provogseeftets indésirables. Il peut s'agir
d’'une diminution de la concentration en oxygenend dégradation de la qualité de I'eau ou
de l'obturation des branchies des poissons ourdawrganismes marins ; on parle alors de
microalgues nuisibles. D’autres efflorescences petiétre constituées par des microalgues
toxiques et entrainer une contamination de leuéslgteurs. Lorsque le prédateur en fin de
chaine alimentaire est I'homme, ces efflorescenpesvoqueront, indirectement, des
intoxications alimentaires de divers types.

Sur les quelques 25,000 especes de phytoplanctotues (Falkowski et al., 2004),
une partie seulement est nocive (environ 300 espgueur les organismes marins d'une
maniere ou d’'une autre, et environ 80 de ces espm® connues pour étre des producteurs
de phycotoxines (Graneli and Turner, 2006).

Les phycotoxines marines sont des meétabolites sad@s produits par certaines
especes de microalgues eucaryotes ou procaryocdssmétabolites généralement inoffensifs
pour l'organisme producteur se concentrent par ilsbdu réseau trophique dans les
organismes consommateurs de phytoplancton toxidise.remontent ainsi la chaine
alimentaire jusqu'a intoxiquer les mammiféres siepés. Parmi les consommateurs, on
compte aussi bien des « micro-brouteurs » (zoopas¢ phytoplanctons hétérotrophes), des
mollusques bivalves filtreurs, des gastéropodedesupoissons herbivores qui a leur tour vont
contaminer leurs prédateurs.

Les mollusques bivalves filtreurs tels que lesrksiiCrassostrea gigas, Crassostrea
virginica, Ostrea edulis les moules Nlytilus eduli, les coquesCerastoderma edujeles
coquilles St Jacque$¢cten maximysont un réle majeur dans les écosystémes marins et
estuariens du fait de leur abondance et de lewepians le réseau trophique (filtration de

phytoplancton et proie) (Gosling, 2003; Smaal gt2§101). Cependant, certaines microalgues
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gue consomment les mollusques bivalves sont prodestde phycotoxines. Il est donc
nécessaire de connaitre leurs effets sur la répomgsiologique des mollusques, ainsi que
leur cinétique d’accumulation, de biotransformatgtrde détoxification dans ces mollusques,
afin d’évaluer les effets potentiels de ces compase le réseau trophique et sur la santé du
consommateur.

Les intoxications alimentaires, liées a la consotionade fruits de mer contaminés
par des phycotoxines, ont entrainé la mise en pilEcenesures de protection. Des seuils
sanitaires spécifiques a chaque groupe de phycmsxdnt ainsi été promulgués suite a la
mise en place de la directive européenne 91/492/@BRexe 1 (EFSA, 2009)). Lorsque ces
seuils sont atteints ou dépassés dans les chairmalesques bivalves, les zones de
production conchylicoles ou de péches récréatioas fermées et la vente des mollusques
bivalves concernés est interdite. Ces fermeturezdees de production conchylicoles ont un
impact direct sur la profession, en entrainantglrtes économiques, mais aussi indirect, en
envoyant une image négative de la filiere aupres densommateurs et de la grande
distribution.

En 1995, une intoxication alimentaire aux Pays-Baété associée a l'ingestion de
moules contaminées en provenance de Killary Harbearlrlande (McMahon and Silke,
1996). Bien que les symptdmes fussent typiquesedintoxication provoquée par des toxines
diarrhéiques, de type acide okadaique (AO) ou dipsigtoxine (DTX), et que le test souris
(Yasumoto et al., 1984) ait été positif, la concatimn en toxines diarrhéiques dans les
coquillages était bien en deca du seuil sanitéeux ans plus tard, il a été établi que ces
coquillages avaient été contaminés par une autxeeomarine, initialement nommée
"Killary-toxine" ou KT-3. Peu de temps apres, laite a été renommée azaspiracide (AZA)
afin de mieux refléter sa structure chimique (Satekal., 1998c). Depuis 1995, les AZA ont
été associés a des intoxications alimentaires et des symptdmes gastro-intestinaux. Ce
groupe de toxines, a cause de la similarité deswaptdmes avec ceux des intoxications par
des toxines diarrhéiques, a été associé aux phyinet diarrhéiques et a été signalé dans
plusieurs pays d’Europe occidentale, et égalemerdapon, Maroc et en Amérique (Alvarez
et al., 2010; Amzil et al., 2008; Furey et al., @0Klontz et al., 2009; Magdalena et al.,
2003a; Taleb et al., 2006; Twiner et al., 2008; kieet al., 2009; Vale et al., 2008).

Bien que la consommation de mollusques contamiaésep AZA ait causé plusieurs
problemes de santé publique, ce n'est qu'en 2083dga AZA ont été détectés pour la
premiere fois dans un échantillon de phytoplanctdProtoperidinium crassipgesun

dinoflagellé (James et al., 2003a). Toutefois, dasgion de savoir si cet organisme était le



producteur primaire d’AZA ou un prédateur capablacdumuler la toxine d'un autre
organisme s’est rapidement posée (Hess et al.,b20@8es et al., 2004c). En effeR.
crassipesest un dinoflagellé hétérotrophe (Gribble and Asde, 2006) capable d'accumuler
des phycotoxines présentes dans ses proies (Mikds €004b). De plus sa mise en culture
n'a pas été probante en termes de production d’AAmann et Krock, données non
publiées dans (Tillmann et al., 2009)). L'’hypothésetravail était donc qu’une proie &e
crassipessoit I'organisme producteur des AZA. Au cours d'wampagne, en 2007, en mer
du Nord, un dinoflagellé producteur d’AZA, a ét®élé pour la premiere fois au large de
'Ecosse. La souche a été provisoirement nommeée; O second isolement au large du
Danemark a donné une deuxieme souche nommée UTHKERkK( et al., 2008). Cet
organisme est producteur d’AZA1 et -2 (Figure 1ZFgure 13)in situ et aussi en culture
axénique (Krock et al., 2009; Tillmann et al., 2DQ%rganisme, un petit dinoflagellé (12-16
um de longueur et 7-11 um de largeur), apparteiamt nouveau genre, a été officiellement
décrit par (Tillmann et al., 2009) et nomigadinium spinosum

Fait intéressant, depuis la description morphologigle cette nouvelle espece, des
populations dAzadiniumont également été signalées au Mexique (HernaBdeetril et al.,
2010), en Argentine (Akselman and Negri, 2012),ltafie et en France (communication
personnelle, Siano et Nezan, Ifremer, France) etriemde (Salas et al.,, 2011). C’est
seulement dans ce dernier pays qu’une troisiemehsoproductrice d’AZAl et -2 a été
isolée.

En raison des épisodes d’intoxications alimentadies aux AZA, et de la toxicité des
molécules, I'Union Européenne a instauré commel samitaire : 160 pg d’AZA par kg de
chair de coquillages. La répartition de ces toxidass le monde, et le fait que I'organisme
semble étre largement répandu dans de nombreurgydéat que les organismes de sécurité
sanitaire doivent considérer ce groupe de toxim@snte une préoccupation mondiale. (rq :
une partie de I'état de l'art est dédiée aux AZAd@1, partie 1.2) et A. spinosun{Chap1,
partie 1.4) pour plus de détails).

L’lIrlande est le pays producteur de mollusques lbasle plus touché, en Europe et
dans le monde, par la contamination de ces molasqgar les AZA. Il est aussi le pays
porteur du projet ASTOX2 auquel se rattache chged.

En lIrlande l'aquaculture joue un réle important slaféconomie du pays, en
particulier dans les zones cotieres. Les princgpalgpeces de mollusques bivalves élevées
sont : les mouled\. edulig (en filiere ou draguées), I'huitre creuse gigag, I'huitre plate

(O. edulig, la palourde Tapes philippinarumet la coquille St Jacque®.(maximuys La
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mytiliculture irlandaise est au sixieme rang eumpgen Irlande, elle est le secteur ayant le
plus fort tonnage et le second secteur aquacok&edeta salmoniculture d’'un point de vue
economique. C’est aussi le secteur aquacole lefpttesment touché par les contaminations
aux AZA. En 2006, le secteur conchylicole présentaichiffre d’affaire (CA) d’environ 63
millions d’euros et employait environ 1700 persan(®@nonymous, 2007). En France selon le
comité national de la conchyliculture (CNC), la cbyliculture francaise se classe e
rang européen, derriere I'Espagne, avec une priotiughnuelle d’environ 200 000 tonnes de
coquillages, pour un chiffre d’affaire d’environ4illions d’euros. Le secteur se compose
d’'un peu plus de 4 500 exploitations qui emploientiron 20 000 personnes (soit 10 500
équivalents temps plein). L'ostréiculture (2 654reprises, 130 000 tonnes d’huitres, CA 630
millions d’euros) et la mytiliculture (65 000 torsde moules, CA 120 millions d’euros) sont
les deux principaux secteurs de production de regllas bivalves en France. Tout comme
I'lrlande, le secteur conchylicole Frangais estta@ipar des contaminations mettant en cause
des phycotoxines. En effet, trois groupes de taxirte type diarrhéique, paralysante et
amnésiante (Chapl, partie 1.1) sont régulieremegseptes sur les coétes francaises;
cependant, la France est encore peu concernéeapaontamination de ces mollusques
bivalves par les AZA. Une seule zone de productmnBretagne Nord, a jusqu’a présent fait
I'objet d’une période de fermeture, aprés I'accuatioh d’AZA, au-dela du seuil sanitaire,
dans des pétonclef\équipecten operculadisau cours de l'automne 2006 (Amzil et al.,
2008).

Le projet ASTOX2 a été mis en place pour soutengdcteur conchylicole irlandais,
face aux problémes engendrés par les contaminatmegitives des lieux de productions, et
ce depuis la découverte des AZA en 1995. Le paifjetde trois sujets bien distincts :

1 [I'évaluation de la toxicité des AZA ;

2 la gestion des zones de production conchylicotiestquestions de sécurité sanitaire, a
travers I'étude de la contamination et de la dditation des mollusques bivalves, la
production durable de standards d’AZA pour lesaégade surveillance, la validation
et 'amélioration des méthodes analytiques déjatamtes ;

3 I'étude du transfert des AZA dans le réseau trophigt la découverte de nouveaux
organismes producteurs d’AZA.

Peu de données sont actuellement disponibles dokicité des AZA, a cause de la
faible quantité de toxines purifiées disponibles wilisables pour réaliser des tests
toxicologiques. De plus, en raison d'un manque daendes épidémiologiques, la quasi-

totalité des informations concernant la toxicolodges AZA a été obtenue a partir d’études



vitro et in vivo. Beaucoup de ces efforts de recherche ont étgédivers I'évaluation du
risque engendré par la consommation de mollusqoeminés, et vers l'identification des
cibles moléculaires des AZA. Malgré de nombreusesles réalisées, ces cibles restent
actuellement encore inconnues. Le manque de doisnéds toxicologie des AZA requiert la
production d’AZA1 a 3, pour améliorer les connaigss sur I'effet des AZA régulés, mais
aussi l'isolement de nouveaux analogues, pour évéddur toxicité. Cependant, les structures
complexes des phycotoxines marines ne permettentipa production efficace par voie de
synthese. Des sources d'origine naturelle sont dmm@ralement nécessaires pour leur
production (Perez et al., 2010). De plus, en cecqacerne les AZA, l'isolement des toxines a
jusqu’'a présent été réalisé uniquement a partirnddlusques bivalves naturellement
contaminés (Kilcoyne et al., 2012; Perez et all(2(®Batake et al., 1998c). Cette procédure
réclame de la main-d'ceuvre et du temps, et abgémiéralement a des rendements et a des
guantités de toxines purifiées relativement faib&spendant elle est souvent nécessaire pour
la production de matériels de référence et d’ansegle toxines issus du métabolisme des
mollusques bivalves (Perez et al., 2010). En plégallaborieuse, ce mode d’obtention des
toxines requiert des taux de contamination tregésledu milieu naturel. La production de
toxines, a partir de cultures de dinoflagellés qaeis, est possible, durable et requiert
généralement moins d'étapes de purification, do @& leur matrice biologique moins
complexe (Laycock et al., 1994; Loader et al., 200ifes et al., 2003; Torigoe et al., 1988).
Cette production de métabolites, a partir de miguees, nécessite le développement, a grande
échelle, d'une méthode de production adaptée @diosme, suivie d’'une procédure de
récupération de la biomasse, a partir de grandsmed de culture, d’'une procédure
d’extraction du métabolite d’intérét et d’'une méthale purification de I'extrait brut (Molina
Grima et al., 2003).

Dans ce contexte, cette thése présente trois dbjedtl) la mise au point d’'une
procédure d’'analyse des AZA et le développementadaroduction d’AZA a une échelle
pilote, a partir de cultures en continvAd’'spinosum(2) I'étude de l'influence des facteurs
environnementaux et nutritionnels sur la croissatda production toxinique A. spinosum
(3) une fois la culture &. spinosumnmaitrisée, I'étude de I'accumulation, de la détizeifion

et de la biotransformation des AZA par les moutssutilisant différentes approches.

Le chapitre 1 est consacré a un état de l'art dans les domattiémdes

précédemment cités. C’est-a-dire une analyse dHérafites toxines connues pouvant
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contaminer les mollusques bivalves (toxines liptgshiamphiphiles et hydrosolubles). Dans
ce chapitre les AZA sont étudiés en détails (diation, structure chimique et analogues,
voies de biotransformation connues, toxicologisagité humaine et procédures d’analyse). Le
genreAzadiniumainsi que les facteurs environnementaux et nutriids qui peuvent affecter

la croissance et la production toxinique des dag#llés ont aussi été étudiés en détail. Cette
étude a été complétée par I'analyse des difféqgmtsessus de production des dinoflagellés,
de récolte de microalgues et d’extraction d’AZA e echelle pilote. La derniére partie de
cette étude bibliographique a porté sur les intemas entre les phycotoxines et les
mollusques bivalves, en étudiant les mécanismef§ltdation, les effets des microalgues
toxigues sur les mollusques et sur I'accumulatibfa elétoxification des phycotoxines dans

les mollusques bivalves filtreurs.

Le chapitre 2 comporte deux parties distinctes. La premiére aestsacrée au
développement d’'une méthode d'analyse, pour lardétation des AZA dans les cultures
d’A. spinosumen mettant I'accent sur la formation des méthystsre d’AZA (des artéfacts
formés lors de l'extraction et du prétraitementl'dehantillon). La seconde présente les
travaux réalisés sur la culture en contiawne échelle pilote, 4. spinosunafin d’évaluer la
faisabilité de la production d’AZA et de mettre@uint les procédures de récolte, d’extraction

et d’'isolement & mettre en place pour la produatié&ZAl et -2 purifiés.

Le chapitre 3 s’intéresse a I'impact des facteurs environnemenet nutritionnels
sur la croissance et la production toxiniqué\.dspinosum Les expériences menées en
cultures « batch » ou en continu ont porté suetts de la salinité, de I'intensité lumineuse,
de la température et de l'aération, pour ce quiceore les facteurs environnementaux.
Concernant les facteurs nutritionnels, les effetslad composition de différents milieux de
culture, de leur concentration, des différentescsid’azote et de phosphore utilisées ainsi

que de leur ratio ont été testés.

Le chapitre 4 comporte quatre parties distinctes. La premiese omnsacrée a
I'isolement d’'une nouvelle soucheAd’spinosumen Irlande, et a la mise en évidence du lien
direct existant entre la présencédspinosundans le milieu et I'accumulation d’AZA par les
moules. Une fois ce lien établi, une seconde étlid&resse a la cinétique d’accumulation et
de détoxification des AZA, ainsi qu'au devenir desines dans les moules nourries akec

spinosum La troisieme étude a été menée pour étudier fie$sed’A. spinosumsur le



comportement alimentaire des moules. L'évaluatigiividuelle de I'activité alimentaire, des
taux de filtration, d’'ingestion et d’absorption & @ffectuée sur des moules soumises a un
régime toxique A. spinosumou a un régime non-toxiqués@chrysisaff. galbana(T-Is0)).

Une quatrieme et derniere étude a évalué expéraieenént la capacité des moules a
accumuler AZA1 et -2 sous forme dissoute, et a @fes profils toxiniques obtenus, ainsi
qgue la distribution des toxines dans les différarssus de la moule, avec ceux de moules

exposees A. spinosum
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1.1. Classification et organismes producteurs

En milieu marin, les phycotoxines sont principaleimgroduites par les dinophycées
(les dinoflagellés) ; les bacillariophycées (lesatoinées), mais aussi par les
prymnésiophycées, les raphidophycées, et les cygméps (les cyanobactéries).

Ces toxines sont classifiées soit en fonction de $ructure chimique (Tableau 1),
soit en fonction des symptémes qu’elles produistez 'homme, lors de la consommation
de fruits de mer contaminés. Elles incluent lesxitiationsparalysantes(IPFM, intoxication
paralysante par les fruits de mer = PSP, paradytalfish poisoning)diarrhéiques (IDFM,
intoxication diarrhéique par les fruits de mer = H)SDiarrhetic shellfish poisoning),
amneésiantes(IAFM, intoxication amnésiante par les fruits dems ASP , amnesic shellfish
poisoning),neurotoxiques (INFM, intoxication neurologique par les fruits deer = NSP,
neurotoxic shellfish poisoning), ainsi que d'auttesines encore non caractérisées. Une
classification en fonction des propriétés physihoniques des toxines a été choisie dans
cette synthése bibliographique.

Tableau 1. Les principales phycotoxines marines, leur source, leur lipophilicité, leur formule chimique brute, leur

masse molaire et le type d’intoxication qu’elles provoquent (les intoxications paralysantes (IPFM), diarrhéiques
(IDFM), amnésiantes (IAFM), neurotoxiques (INFM).

Groupe de L . . S Mas;e .

toxine Abréviation Organisme producteur Lipophilicité Formule molaire Intoxication
g mol*

Acide AD-DA*  Pseudo-nitzchia spp Hydrophile  GsHaNO 311 IAFM

domoique TN T T T
Acide Aax Dinophysis spp., . .

okadaique _ A9O%  proracentrumspp. | Hpophlle GO o4 oFv
Azaspiracide AZA  Azadinium spinosum Lipophile C7H71NO3, 841 IDFM

T Karenia brevis . .

Brevetoxineb  BTX  Chatonellaspp. | Hpophile  GoftnOut 894 N
Ciguatoxine-P CTX  Gambierdiscus toxicus Lipophile GsoHssO016 1061 INFM
Gymnodimine GYM  Karenia selliformis Lipophile GsoH4sNO, 507 INFM
Palytoxine PLTX  Ostreopsis spp. Amphiphile  G,gH,,3N30s4 2677 INFM

"""" ot i o oy Dinophysisspp., o

Pecténotoxine-2  PTX ___Prorocentrumspp. | Hpophlle ~ GrhOw &8 o
Pinnatoxine PnTX Vulcanodinium rugosum Lipophile Cy1Hg1NOg 711 INFM
Prorocentrolide PCL Prorocentrum spp. Lipophile GeHgsNOs 5 979 INFM

Alexandrium spp.,
Saxitoxine STX Gymnodinium catenatum, Hydrophile GoHi17N;O, 299 IPFM

___________________________________ Pyrodinium bahamense
Spirolide SPX  Alexandrium ostenfeldii Lipophile Cy1Hg1NO; 691 INFM

Protoceratium reticulatum,
Yessotoxine YTX  Lingulodinium polyedrum, Amphiphile  GsHg:01S, 1140 IDFM

Gonyaulax spinifera
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*Abréviation anglaise

1.1.1. Les toxines Lipophiles

1.1.1.1. L’'acide okadaique

L’acide okadaique (AO) (Figure 1) est une toxinardi€ique, qui a été initialement
isolée de I'épongelalichondria okadai, qui lui a donné son nom (Tachibana et al., 1981),
mais qui a aussi été identifiée dans des mollusquagaminés, suite a une série
d’intoxications au Japon, en 1976 (Yasumoto et B78). Dans les années 1980, les
intoxications ont été associées a des prolifératide Dinophysis fortii (Yasumoto et al.,
1980), un dinoflagellé duquel a été isolé un anatode I'AO, la dinophysistoxine-1 (DTX1)
(Figure 1). Le méme composé a été trouvé par ke sldns des mollusques responsables
d'intoxications diarrhéiques en Europe (Kumagaalet1986), auquel s’est ensuite ajouté la
DTX2, son principal analogue (avec un rapport diemv1/3) (Hu et al., 1992) (Figure 1).

Toxine R1 R2 R3 R4 R5 R6
OA H H CH; H H H
DTX1 H H CHs CHs H H
DTX2 H H H H CH; H
DTX3 H acyle * * * H
Diol-ester diol-ester H/acyle * * * H
DTX4 diol-ester H * * * H
DTX5 diol-ester H * * * H
27-0-acyle H H CH; H H acyle

Figure 1. Structure de I'acide okadaique et de la dinophysistoxine-1 ainsi que de leurs dérivés et analogues, *

signifie que le groupement est identique au composé parent AO, DTX1, DTX2 (Larsen et al., 2007).

L’AO et la DTX sont produits par deux genres deoflegellés : le genrBinophysis
(ex :D. acutaetD. acuminata et le genrd’rorocentrum(ex : P. limaet P. belizeanum
Jusqu’a présent, 'AO a été principalement trouwrélapon et en Europe, mais on l'a

trouvé aussi aux Etats-Unis (Maranda and Shimi®87), en Amérique du Sud (Mufioz et
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al., 1992), aux Philippines (Marasigan et al., J0&tlrécemment dans le golfe du Mexique
(Swansson in (Rossini and Hess, 2010)), supposentépartition mondiale de cette toxine et
donc des espéces productrices.

Chimiquement, 'AO se caractérise par une fonctmmde carboxylique et trois
assemblages de cycles spiro-cétone. L'AO et les DEX-2 peuvent résister a une large
gamme de pH : de Iégerement acide a fortementl@s&pnns addition d'acide, ces composés
sont plutét stables a la chaleur, jusqu’a envird@°C (McCarron et al., 2008) et sont donc
résistants a la cuisson. Cependant, une faibletig@geut étre rejetée par les mollusques dans
les eaux de cuisson et ainsi réduire leur toxiditéCarron et al., 2008). En outre, ces travaux
récents suggerent que ces toxines ne peuventngadédtuites de fagon significative dans les
sucs gastriques, a cause de I'effet tampon dedaihae (McCarron et al., 2008).

L’AO et les DTX possedent differents analoguesyge tester. Jusqu’a présent ils ont
été isolés a partir d@. limaetP. belizeanunet ont été nommés DTX4, -5, etc. (Figure 1) (Hu
et al., 1992; Yasumoto et al., 1989). Une foigdilpar les mollusques, I'AO est rapidement
métabolisé (Vale, 2007). Les mollusques métabdlis&® en formant des esters d’AO et de
DTX, par des liaisons avec des acides gras (awaunidel groupe C7-OH) (Figure 1). Les
esters initialement identifiés dans les mollusgéaesent des dérivés de la DTX1 et leur
toxicité décrite comme étant similaire aux compog@sents (Yasumoto et al., 1985).
Maintenant, un ensemble d’esters d’acide gras, Bgetrois structures de base (AO, DTX1,
DTX2), a été décrit et est communément nommé DP&3.la suite, un ester d'acide gras au
niveau du groupe C27-OH de la DTX1 a été rappaatesdine €éponge (Britton et al., 2003),
et récemment, des esters mixtes avec des diolsyaau du groupement carboxyle en C1, et
des acides gras, au niveau du C7-OH, ont égalemdigntsignalés dans les mollusques
(Torgersen et al., 2008a). Comme il existe de mleki ligands possibles (diols C5 a C9,
acides gras C14 a C22) pour les différents groupsnE1, C7, C27), il y a une multitude
d’analogues d’AO et de DTX possibles. Cette multude composés, potentiellement
présents dans les coquillages lors de contamirgti@md la détermination de la teneur en
toxines difficile. Cette complexité est a ajouterlaa difficulté d'estimer la toxicité de
'ensemble des analogues présents dans un écbanétl ainsi d’évaluer le risque pour
I’'hnomme (Rossini and Hess, 2010).

Les esters dacides gras d’AO et de DTX s’oxydeatilément parce qu’ils
contiennent des doubles liaisons. N'importe leqlésl esters présentés ci-dessus (esters des
groupements carboxy en C1 ou OH en C7) peut étteotygé par I'addition d’'une base forte
(NaOH 0,3M dans une solution de méthanol a 76°@daet 10 & 40 min), ce qui permet
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I'analyse des structures de base. Cette caraggéesten combinaison avec la stabilité des
composés d'origine (OA, DTX1 et -2), a été largemerilisée pour déterminer
quantitativement la concentration équivalente dunmosé d'origine présent dans un
échantillon donné de mollusques contaminés (Lad,e1989).

La toxicité de I'AO et de la DTX1, estimée aprégation par voie intrapéritonéale
(IP) & des souris ou par évaluatiom vitro de leur capacité inhibitrice de la protéine
phosphatase, est comparable, alors que la DTX20e&t50% moins toxique que I'AO (Aune
et al., 2007). Une étude portant sur les effetseders tels que la DTX3 sur souris, aprés
injection IP, a démontré que les esters agissaiente maniere similaire. Une récente étude
sur les intoxications enregistrées suggere quedtss de I'AO et de la DTX semblent avoir
une toxicité équivalente aux composés dont ils sesus (EFSA, 2008; Torgersen et al.,
2005).

1.1.1.2. Les Brévétoxines

Les brévétoxines (BTX) sont des toxines de typeydiber, produites par le
dinoflagelléKarenia breviset les raphidophycéek genreChattonellaspp..K. brevisa eu un
certain nombre d'appellations et a été précédemmappelé Gymnodinium brevis
Gymnodinium brevet Ptychodiscus brevide dernier nom ayant donné son nom PbTx a ce
groupe de toxines.

Elles appartiennent a la méme famille de polyétiopre les yessotoxines et les
ciguatoxines. Deux types d'abréviations sont coarant utilisées (BTX et PbTx), conduisant
parfois a confusion. Il y existe deux structuresbdse (Figure 2), une de type A (groupe
BTX-A), avec 10 cycles polyéthers conjugués, et dagype B (groupe BTX-B), avec 11
cycles polyéthers conjugués. Le groupe BTX-A comgrkes analogues PbTx-1, -7 et -10,
tandis que le groupe BTX-B comprend les analogdx#f, -3, -5, -6 et -9. La structure de
la PbTx-4 n'a jamais été confirmée, et PbTx-8 estniefact d'extraction, produit lors de
I'isolement la toxine (Baden et al., 2005) (FigRye
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Brévétoxines

Brévétoxines-A Brévétoxines-B

Brévétoxine -2, R = -CyC(=CH,)CHO
Brévétoxine -3, R = -CHC(=CH,)CH,OH
Brévétoxine -8, R = -C,COCH,CI
Brévétoxine -9, R = -CHCH(CH;)CH,OH

Brévétoxine -1, R = -CHC(=CH,)CHO
Brévétoxine -7, R = -C(=CH,)CH,OH
Brévétoxine -10, R = -C}€H(-CH;) CH,OH

Figure 2. Les deux groupes de brévétoxines et quelques exemples de leurs analogues

La PbTx-2 est l'analogue principal produit pér brevis Il représente l'analogue
majoritairement trouvé dans l'eau de mer lors diésrescences d&. brevis Cependant, il
est rapidement transformé en une toxine 10 fois pdique : la PbTx-3 (dihydro-PbTx-2),
qui est la toxine principalement retrouvée dansal@®sols formés durant les efflorescences
de K. brevis(Pierce et al., 2005). La présence de brévétoxanestialement été décrite aux
Etats-Unis et dans le golfe du Mexique, mais catleant par la suite également été trouvées
dans les eaux néo-zélandaises (Mackenzie et &5)1Bien que les intoxications liées a la
consommation de mollusques soient connues depuislieu du 19eme siecle, I'élucidation
de la structure compléte des BTX n'a été possib&edyrant les années 1980 (Alam et al.,
1982; Lin et al., 1981; Shimizu et al., 1986). Harige, K. brevisest un organisme qui a été
décrit pour sa capacité a former des efflorescepmmsquant la coloration des eaux en rouge

(« eaux rouges »). Les effets de cette algue senitois ordres: une exposition aux aérosols
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conduit (1) a une irritation cutanée, (2) a desbfgnmes respiratoires et une accumulation de
la toxine dans les mollusques qui engendre (3}rdebles neurotoxiques.

Les brévetoxines produites piEr brevis sont des composés tres lipophiles. Certains
métabolites présents dans les coquillages ont wactese Iégerement plus hydrophile, en
raison de biotransformations conduisant a des @é&roonjugués cystéiques (Plakas et al.,
2004; Wang et al., 2004). (Bourdelais et al., 2006) isolé deK. brevis un composé
intéressant: la brévénale. Ce composé est un peaupotentiel des brévétoxines. Mais, il a
ete demontré qu’il inhibe completement I'action tedvétoxines sur les canaux sodiques et
gu’il n'est pas toxique pour les poissons, corgragnt aux BTX (Bourdelais et al., 2004).
(Truxal et al., 2010) ont également isoléKlbrevisles tamulamides A et B, des polyéthers
qui peuvent étre en compétition avec la PbTX3, dauliaison avec le site récepteur des
synaptosomes du cerveau du rat, mais qui n‘'ondjedfet toxique sur le poisson ou sur les
voies respiratoires des vertébrés (test pulmondiremouton). La synthése totale de la
brévétoxine-A a été réalisée par (Nicolaou et H98) et la méme équipe avait réalisé
auparavant la synthese totale de la brévétoxindig(aou, 1996).

Fait intéressant, une autre espec&deenia K. mikimotoj produit d’autres toxines de

type polyéther, les gymnocines A et B (Satake.e28D2; Satake et al., 2005).

1.1.1.3. Les ciguatoxines et composés associés

Les toxines associées aux empoisonnements cigyatérilors de la consommation de
poissons, comprennent plusieurs groupes de compdd@se si I'acide okadaique, la
palytoxine et d'autres composés peuvent étre immpbgdans certains cas de contamination
‘multi-toxines’ on ne les traitera pas dans ce dnap

Les ciguatoxines (CTX, Figure 3), le gambierole lat maitotoxine (MTX)
appartiennent a des groupes de composés produits gamoflagelléGambierdiscus toxicus.
Ce dinoflagellé a été découvert par (Yasumoto .et18l77) et a été décrit par (Adachi and
Fukuyo, 1979). Il est responsable des intoxicataimeentaires, par consommation de chairs
de poissons contaminées par la ciguatera. Ceperdlantres dinoflagellés du genre
Gambierdiscusproduisent des toxines affiliées aux CTX et MTXxs(IG. pacificus G.
polynesiensi®t G. australisproduisent des « CTX-like » et « MTX-like » et@e yasumotoi
produit des « MTX-like »).
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Figure 3. La ciguatoxine, CTX1B

La MTX est relativement stable en milieu alcalinaismpeu stable en milieu acide
(Murata et al.,, 1989). C'est un polyéther polyhydié (Figure 4) possédant deux
groupements sulfate d’ester. Elle est amphiphitmcdsoluble dans I'eau, le méthanol et le
diméthyl-sulfoxyde. La MTX est ainsi parmi les pétlgers les plus hydrophiles, ce qui limite
sa migration dans la chaine alimentaire, en neacoineint que les poissons herbivores.

Les gambierols et les ciguatoxines sont des padyétbeaucoup plus lipophiles, qui
vont donc remonter dans la chaine alimentaire, irti &’accumuler dans les poissons
piscivores.

L’'analogue de la ciguatoxine, la P-CTX-4B (Figudeedt un des composés primaires
produits paiGambierdiscus toxicusnicroalgue retrouvée dans le Pacifique. Il senéde un
précurseur de la P-CTX-1 (Figure 3), toxine is@égartir de la chair de muréene (Murata et
al., 1990). Cette derniere est la toxine majoetaient retrouvée (elle représente plus de 90%
de la toxicité (Legrand et al.,, 1992; Lewis et dl991)) dans les poissons piscivores,
contaminés dans le Pacifique (Lewis et al., 1990rd¥a et al., 1990; Murata et al., 1989; Poli
et al., 1997; Satake et al., 1998a; Satake €1397a; Satake et al., 1993).

19



Chapitre 1 — Etat de l'art

Gambierol

HO.

0 3 O, Me
Me ™ Me Me H Maitotoxine H O >
Me S Sy OH
HO H O
HQ
(o] OH H
HO, _ Me_ M Me K A20sSQ "\—1 oM N oM I on o]
OH Me Me 0 0 OH TO : [N S @ H
Me. 10 o] o o OH OH Q  wymOH
I ~07; O gt EegH DXt gihe 7% H
1 OH Me OSONa OH HoH OHOHER HE HOH HoHAH-H | OH
HO OH HO Y (6) H H
OH oH OH OH

Figure 4. Les toxines reliées a la ciguatera, le précurseur de la ciguatoxine la P-ciguatoxine-4B (P-CTX-4B), le

gambierol et la maitotoxine

Ces toxines peuvent avoir un effet sur le consorauraméme a faible dose, ce qui a
nécessité la mise au point de méthodes d’analygsesénsibles, capables de détecter de tres
faibles doses de ces composés dans les chairsistomm (0,1 pug kba plusieurs pg/kg).
Pour cette raison, il y existe peu de méthodes elletnent disponibles qui soient
suffisamment sensibles pour la détection de caadexet dans le monde, il n'y a que peu de
groupes capables d’analyser ces ciguatoxines (Ri&a08).

La préférence d&. toxicuspour les eaux chaudes a été demontrée (Chateat-Beg
al., 2005). Ainsi, la présence de ciguatoxines pesir le moment limitée aux latitudes
tropicales et subtropicales. Cependant, la présefuante de cas de ciguatera aux Canaries
(Caillaud et al., 2010) et en Grece (Aligizaki ahikolaidis, 2008) indique que leur
distribution dans le monde pourrait bien s’étendaxs les années a venir. Jusqu'a présent la
ciguatera est globalement répartie entre les odéaien, Pacifique et la mer des Caraibes et
contamine principalement les poissons. Toutefoisatrg cas ont été recensés apres

consommation de coquillages contaminés en Nou@dlédonie (Baumann et al., 2010).

1.1.1.4. Les imines cycliques

Les imines cycliques comportent plusieurs groupesamposés : les gymnodimines,

les spirolides, les pinnatoxines et les ptériategjries acides pinnaiques, les halichlorines, les
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prorocentrolides et les symbio-imines (Figure 5y @ al., 1995; Lu et al., 2001; Seki et al.,
1995; Takada et al., 2001; Uemura et al., 1995).

Ces composés sont caractérisés par la présencaendiarocycle. Une caractéristique
commune de la structures de ces composeés estlaysssence d’'une imine hexa- ou hepta-
cycligue. Ces imines cycliques contribuent a Raigibiologique de ces composés. En effet,
l'ouverture de ces cycles entraine la perte deidactvité (ex: les spirolides (Hu et al.,
1996)).

Les imines cycliques présentent une neurotoxiciique chez la souris : elle conduit
a une mort rapide dans les minutes qui suiventiiagstration de la toxine par voie IP, d’ou
I'appellation de ces imines cycliques « toxinesctioa rapide », ce qui correspond a la
traduction de la terminologie anglo-saxonne ‘FATI Bast Acting Toxins (Molgo et al.,
2007). Chez I'hnomme la toxicité de ces composésesgmte un risque potentiel pour les
pinnatoxines (Uemura, 2006), bien qu’aucune int@xin par ces composés n’ait été
rapportée jusqu’'a présent (McCarron et al.,, 201@w&od et al., 2010), et pour les

gymnodimines et les spirolides la toxicité cheoltime est encore non démontrée.
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Gymnodimine

Pinnatoxine A

Prorocentrolide

13-desméthyle-Spirolide C

Figure 5. Les imines cycliques

1.1.1.5. Les pecténotoxines

Les pecténotoxines (PTX) sont produites par descespdu genrBinophysis I'un des
principaux producteurs d’AO et de ses analogue?T42 est le principal composé produit
par lesDinophysis Pour cette raison, les PTX ont été, dans un gretamps, associées aux
intoxications diarrhéiques. Cependant, des étuddsclairement démontré que les PTX
disposent d'un mécanisme d'action distinct de ciUiAO et de ses analogues.

Les PTX sont des polyéthers présentant un groupesm@ro-cétal bicycliqgue et
possédant des poids moléculaires proches de I'Ade@®®AZA. Contrairement a I'AO et aux
AZA, les formes actives de PTX possedent un estmrocyclique intramoléculaire et pas
d’acide carboxylique libre (Figure 6). Ainsi, la RZ se comporte comme un COmposé
chromatographiquement neutre et trés lipophile (€ukess, observations non publiées dans
(Rossini and Hess, 2010)).
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(a) Pecténotoxint (PTX)

Toxine R (en C43) c7
PTX1 CH,OH 7R
PTX2 CH; 7R
PTX3 CHO 7R
PTX4 CH,OH 7S
PTX6 COOH 7R
PTX7 COOH 7S
PTX2sa CH; 7R
7-epi-PTX2sa CH; 7S

Figure 6. PTX2 ; structure et analogues ; le macrocycle est ouvert pour la PTX2sa et son épimere.

Dans le pétoncle japonaiPdtinopecten yessoengisl’'ou la toxine tire son nom, la
PTX2 est successivement transformée en PTX1, PT¥Bfm en PTX6 (Suzuki et al., 2005).
Quels gue soient ces analogues, le macrocycleastanu (Figure 6), ce qui signifie que leur
comportement chromatographique n’est que Iégeremaedifié par la nature des substituants.
En revanche, dans les moulédy(ilus eduli3, la PTX2 est transformée en un séco-acide
(PTX2sa), dans lequel le macrocycle est ouvertuieige) (Miles et al., 2004b). Cette
ouverture de cycle se traduit par une perte decbidi@. En effet, la PTX2sa ne montre
aucune activité, lorsqu'elle est injectée par Wiehez la souris (Miles et al., 2004b).

Une autre voie du métabolisme dans les moulesesséiification de la PTX2sa avec

des acides gras (Wilkins et al., 2006). Bien quiiicité de ces composés n’ait pas encore
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été évaluée, elle doit étre relativement réduitel@doxine dont ils sont issus (PTX2sa) ne
présente pas de toxicité. (Ito et al., 2008) omai&gent montré une réduction de la toxicité de
la PTX6 lors de son administration par voie ordlezcla souris et le rat, en comparaison a la
PTX2, ce qui suggere que la présence de la PTX2traosformée serait le principal
probléme lors des contaminations. Cependant eorraie sa forte lipophilicité, la PTX2
pourrait étre difficilement biodisponible. Par aills, la PTX2 semble étre plutot instable dans
des conditions légérement acides ou basiques,op@équent elle pourrait ne pas résister aux
conditions gastriques humaines et donc pourraméboliser tres rapidement en des formes

non-toxiques (Rossini and Hess, 2010).

1.1.2. Les toxines amphiphiles

1.1.1.6. La palytoxine

La palytoxine (PITX) possede une chaine continuélfeatomes de carbone. Elle est
ainsi l'une des plus grandes phycotoxines de tyggéfher (Figure 7). La molécule est
caractérisée par la présence de nombreux groupkexyies et de groupes amine et amide,
responsables de son caractére hydrophile. Ceperddmmgue chaine carbonée constitue une
partie lipophile. Ainsi, la PITX a un caractere meihydrophile et lipophile (amphiphile). La
structure de la PITX a été décrite en 1981 (Moamet Bartolini, 1981; Uemura et al., 1981a,
b).
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W

OH

Palytoxine

Figure 7. La palytoxine

Des études récentes ont démontré qu'il y avamamque de connaissances réelles sur
les origines possibles de la PITX (Katikou, 20@8).effet, la PITX a été rapportée a l'origine
chez Palythoa toxica(Moore and Scheuer, 1971) Balythoa tuberculosgKimura et al.,
1972), deux anémones de mer. Toutefois, il a ététuf que des micro-organismes
symbiotiques pouvaient étre la véritable sourcéldeX (Moore et al., 1982; Uemura et al.,
1985), et une implication bactérienne n'est pasrenexclue (Frolova et al., 2000).

Il est maintenant établi que certaines micro-algaag productrices de PITX et d’'un
certain nombre de composeés affili€streopsis siamensi©. ovataet O. mascarenensis
(Lenoir et al., 2004; Onuma et al., 1999; Penra.e2005).

Dans les tropiques, ce groupe de toxines est imadillement associé a des
intoxications alimentaires dues a des poissonsac@ngs ainsi qu'a des troubles liés a des
expositions aux aérosols. Cependant, @sgeopsis sppcontenant de la palytoxine et des
composes proches (ex : les ovatoxines-a, -b, sc;eddansO. ovatg ont également été
trouvés récemment en méditerranée occidentale @Bspaltalie, Grece et France),
provoquant la fermeture de zones de baignade,esiplhges des cbtes des pays concernés.
Par ailleurs, des contaminations d’oursins et ddusgues bivalves ont été rapportées en
parallele en Grece, Italie, Espagne et France izdig et al., 2008; Aligizaki and Nikolaidis,
2006; Amzil et al., 2012; Ciminiello et al., 20X0iminiello et al., 2008).

25



Chapitre 1 — Etat de l'art

1.1.1.7. Les yessotoxines

La yessotoxine (YTX) et ses analogues sont desrstpelycycliques dont la
principale caractéristique est la présence de tlesyéther accolés, d'une chaine insaturée et
de deux groupes sulfate d’ester (Figure 8).

Yessotoxine

Figure 8. La yessotoxine.

La conjugaison des 11 cycles éther fait de la YTXleeses analogues un groupe de
toxines chimiquement proche des brévétoxines etcpmtoxines. La structure rigide rend
cette molécule apolaire. Toutefois, a cause degpgroents polaires (sulfates), la YTX est
considérée comme un composé de lipophilicité inéelimire (Hess and Aasen, 2007).

La YTX a été isolée pour la premiére fois au Jagopartir de glandes digestives de
pétoncles japonaifatinopecten yessoens{®jurata et al., 1987). A cause de sa découverte
par le test souris, test mis en place a l'originarpmettre en évidence la présence de DSP, et
de la concomitance des intoxications dues aux dgampes de toxines, les YTX ont été
classées dans les toxines diarrhéiques. Ultérieenemil a été démontré que les YTX
n'avaient pas les mémes effets sur les sourisguteles étaient administrées oralement ou
par voie IP (Aune et al., 2002; Tubaro et al., 2004baro et al., 2003).

La yessotoxine et ses analogues sont produits gzadihoflagellésProtoceratium
reticulatum Lingulodinium polyedrumet plus récemment ils ont été rapportés dans
Gonyaulax spinifera(Ciminiello et al., 2003; Rhodes et al., 2006; 8ammet al., 2004).
Depuis la découverte initiale de la YTX, de nombBramalogues ont été découverts dans le
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monde (Japon, Norvege, Italie, Ecosse, Chili). &edogues incluent : la 45-hydroxyYTX, la
carboxyYTX, la 1-desulfoYTX, la homoYTX, la 45-hyakyhomoYTX, Ila
carboxyhomoYTX, la heptanor-41-oxoYTX, la heptaddroxohomoYTX, la trinorYTX,
I'adriatoxine, la (44-R,S)-44,55-dihydroxyYTX et 1B8-méthylYTX (Finch et al., 2005),
auxquels viennent s’ajouter de nombreux autresognak récemment mis en évidence dans
P. reticulatum(Miles et al., 2005a).

Les toxicités de la YTX et de ’'homo-YTX sont siaiiles (Satake et al., 1997b), alors
que les autres analogues ont une toxicité plusefgtbfois moins pour les dérivés hydroxyles
et carboxyles) (Miles et al., 2005b; Miles et @&Q04a). Cependant, la toxicité des YTX
administrées chez la souris par voie IP ou par voade est différente. C'est un phénoméne
directement lié a la structure chimique de la make¢Ferrari et al., 2004). Cette différence
de toxicité des YTX par voie IP et par voie oras grobablement liée a la faible absorption
des YTX par le tractus digestif, lorsqu’elles daxiministréesper os alors que la solubilité
dans l'eau des YTX facilite leur biodisponibilité&rpvoie IP. C’est aussi probablement la
raison pour laquelle leur temps de séjour dangaldus digestif est trés court, réduisant ainsi

I'absorption des toxines lors de la digestion (Rossd Hess, 2010).

1.1.2. Les toxines hydrosolubles
1.1.2.1. Les toxines amnésiantes

1.1.2.2. L’'acide domoique

L’acide domoique (AD) est un petit acide aminé gt (311 Da), présentant trois

foncions acide carboxylique (Figure 9).

Figure 9. L’acide domoique

Ces fonctions acide carboxylique sont responsatdeson hydro-solubilité et de sa

polarité relativement élevée, ce qui permet uneickdluen début de chromatogramme en
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chromatographie liquide en phase inverse (Quillgtnal., 2001). De nombreux isomeéres et
analogues ont été rapportés (Holland et al., 200&eda et al., 1986; Walter et al., 1994,
Zaman et al., 1997), mais jusqu'a présent seuld BAson isomére C5’-diastéréoisomere ont
révélé une toxicité non négligeable (Ramsdell ing$ni and Hess, 2010)).

L’AD se transforme en son diastéréoisomere, auscdurstockage ou aprés traitement
a la chaleur (Quilliam et al., 1995), et la déteration de la somme des concentrations de ces
deux isomeéres conduit a une meilleure estimatiola tiexicité totale.

La double liaison conjuguée, présente dans la ehaliphatique latérale, rend 'AD
sensible a la lumiere mais permet sa détection gmactrométrie d’absorption dans
l'ultraviolet (UV) ainsi que par couplage spectropimétrie UV et spectrométrie de masse
(SM). Ces modes de détection sont courammentasij®ur I'analyse de I'AD (Hess et al.,
2005a).

Lorsque la toxine est accumulée dans les tissusnddissques, I'AD est stable a la
cuisson. Toutefois, grace a la coagulation desépres et a son hydrosolubilité 'AD est
transféré de facon significative dans les eauxuigson. La stabilité de 'AD a été recemment
étudiée dans diverses conditions (McCarron eR@Dy) et il a été montré que le stockage de
tissus bruts ou autoclavés aboutit a environ 50%ié@gadation de la toxine au bout de 5
mois.

L'AD a été rapporté comme pouvant s’accumuler dame grande variété
d’organismes marins, tels que les moules, lesnplds et les anchois. De plus, I'organisme
producteur (les diatomédaseudo-nitzschiapp.) est tres largement distribué, ce qui laisse
présumer que I’AD est une toxine présente dansoleda entier.

Le caractére hydrosoluble de I'AD se traduit pae weétoxification relativement
rapide (quelques jours) des mollusques, excepté loaoquille St Jacques et le couteau
(plusieurs mois). La surveillance réglementairer panalyse des mollusques, est donc
complétée par l'observation microscopique du phgiogton présent dans les eaux des
bassins de production conchylicoles, afin de détdatprésence deseudo-nitzschiat ainsi
prévenir de possibles intoxications humaines. Egt ees intoxications peuvent étre mortelles
comme cela a été le cas en 1987 au Canada, ounsaromation de moules contaminées a

entrainé plus d’'une centaine de cas d’intoxicatamst 3 mortelles.
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1.1.2.3. Les toxines paralysantes

1.1.2.4. Les saxitoxines

Les saxitoxines (STX) (Figure 10) sont des compopgssentant un squelette
tétrahydropurique. Ce sont des poisons neurotogjquauvant étre mortels pour ’lhomme. La
structure de base de la molécule la rend trés leoldiéns I'eau. Plus de 30 STX ont éte
identifiées, principalement a partir de cyanobaeter de dinoflagellés marins et de
mollusques bivalves filtreurs (Dell'Aversano et 2D08; Dell'Aversano, 2004). Les STX sont
principalement produites par les dinoflagellés danrg Alexandrium: par exempleA.
tamarense A. minutum A. tamiyavanichii, A. excavatum,. catenella A. fundyenseet A.
cohorticula mais aussi par dautres dinoflagellés comigrodinium bahamensest
Gymnodinium catenatu®AO, 2004).
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Figure 10. Les saxitoxines

Les STX et leurs analogues ne présentent pas uteedbsorbance ou fluorescence,
lorsqu’ils sont soumis aux rayonnements ultravilefe sont par ailleurs des composés
stables a la chaleur, jusqu'a 100°C. Des traitesnpat des solutions acides ou alcalines
conduiront a diverses transformations. Cependasttransformations ne pourront se produire
que partiellement dans les tissus de mollusquésintiins ou dans des fluides contaminés,
car le pH des matrices biologiques est généraletaeronné. Toutefois, ces transformations

peuvent conduire a une augmentation de la toxicit@ale des produits, ce qui suggére un
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danger potentiel de ces toxines (Hall and Reichat®84). Pour examiner ces

biotransformations, la B1 (GTX5) a été incubée ddes conditions simulant I'estomac
humain et la toxicité a été déterminée par le gestis. Apres 5 h d'incubation a 37°C dans
des sucs gastriques artificiels (a pH 1,1), unemangation de la toxicité d’'un facteur 2 a été
observée, alors que I'on n'observe une transfoonague de 9% de la toxine (Harada et al.,
1984).

Les organismes marins les plus souvent contamorédes moules et les huitres, mais
des gastéropodes marins (par exemple I'ormeau)crdetacées et des poissons globes ont
aussi été signalés comme pouvant contenir des estatiens dangereuses pour 'lhomme
(Rossini and Hess, 2010).

Ces composeés présentent une détoxification refagwe rapide chez les moules,
certainement due a leur caractere hydrophile. Ceéioxification rapide complique la
surveillance réglementaire de ces toxines, qui desic combinée par les observations
microscopiques du phytoplancton dans les zonesraiduption conchylicoles (Rossini and
Hess, 2010).

Le profil complexe de ces toxines, les conversipossibles de ces composés, et le
manque de matériaux de référence, ont conduitupapl des pays a maintenir le test souris
(Sommer and Meyer, 1937), validé comme méthodeielté de détection des toxines AOAC
(959.08) (AOAC, 2005a). Récemment, des méthodemaliives ont été proposées. Elles sont
basées sur l'utilisation de la chromatographieitigicouplée a une détection par fluorescence
(Lawrence et al., 2004; Oshima, 1995; van de Riell.e 2011) ou d’un test biologique sur
microplaques (van Dolah et al., 2009), ces dergiégngéthodes étant aussi officiellement
validées comme méthodes AOAC (AOAC, 2005b).

1.2. Les azaspiracides

1.2.1. Distribution

Depuis la premiere intoxication alimentaire en 1,998g nouveaux épisodes
d’intoxications alimentaires se sont produits ppatement par le biais de moules Irlandaises
contaminées (Tableau 2 et) en Irlande, Italie, E@aRoyaume-Unis entre 1995 et 2007

(Twiner et al., 2008) et plus récemment aux Etatss(Klontz et al., 2009).
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Tableau 2. Nombre d’intoxications alimentaires causées par les azaspiracides et rapportées entre 1995 et 2007
(nc : non connu) (Twiner et al., 2008).

Lieu de Date Source de Quantité Lieu de Nombre
I'intoxication I'intoxication consommeée production d'intoxication
Pavs-Bas Novembre Moules ne Killary, Harbour, 8

TasEes 1995  (M.edus) " relande ~°
Septembre /
Irlande Octobre (MM‘;‘Q'SES) 10-12 A”a”'l”r"lgrr%'es'a”d’ 20-24
_________________________ 1997 T e
. Septembre Moules Clew Bay,
e 1998 (M.edus) " lande 0o
Septembre Moules Bantry Bay, .
france 1999 (M.eddis) ") rande 2%
Grande mussels Bantry Bay, s
Bretagne Aout 2000 (M. edulis) ne Irlande 12-16

Depuis leur découverte initiale, les AZA ont étéessivement détectés en Europe,

en Afrique, et plus récemment en Amérique et aod#plvarez et al., 2010; Amzil et al.,
2008; Furey et al., 2010; Magdalena et al., 200a&eb et al., 2006; Twiner et al., 2008;
Ueoka et al., 2009; Vale et al., 2008) (Figure 11).

[1 Azaspiracide

@ Azadiniumsp.
A

Intoxications alimentaires liées aux AZA

Figure 11. Localisation de la présence de la toxipaspiracide, d’espécesAdadiniumet

d’intoxications alimentaires.
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1.2.2. Structure et analogues

La structure de 'AZAl1 (PM 841.5 Da) a été élucidéel1998, apres I'isolement de la
toxine a partir de moules irlandaises, en proveaate Killary Harbour. Les groupements
fonctionnels chimiques dont la molécule est comppaé@e amine cyclique (ou groupe aza),
un unique assemblage tri-spiro et un acide carlguxg) ont donné leur nom a la toxine AZA-
SPIR-ACIDE.

Apres la réalisation de la synthese totale (Nicolab al., 2003a; Nicolaou et al.,
2004a; Nicolaou et al., 2006b; Nicolaou et al., 3)ONicolaou et al., 2004b), la formule

d'origine, proposée en 1998, a pu étre rectifideeftet, le composé synthétisé, correspondant
a la formule initialement proposée pour le compiseée a partir de moules contaminées,

avait un comportement chromatographique différéntless différences sont aussi apparues
lors de I'analyse par résonance magnétique nuel¢RMN). L'étude des spectres RMN a

ainsi abouti a la révision de la structure entre4226t 2006 (Nicolaou et al., 2003a; Nicolaou

et al., 2004a; Nicolaou et al., 2006b; Nicolaowalet 2003b; Nicolaou et al., 2004b) (Figure

12).

(b)

Figure 12. Structure de l'azaspiracide-1 (AZAl) (a) et du composé initialement proposé (b) (Nicolaou et al.,
2006b). Les différences entre les deux structures sont liées a des différences d’orientation stéréochimique des

cycles C/D, de la stéréochimie du carbone en C20 et de la position de la double liaison en C8.

Peu de temps aprés I'élucidation de la structurel'EAl, quatre analogues
supplémentaires ont été découverts. Leurs strisctang été déterminées en utilisant des
techniques de spectrométrie de masse (SM ou M&) BMN (Ofu;ji et al., 2001; Ofuji et al.,
1999a). Trois des analogues isolés ne differentpgude nombre de groupements méthyle.
Par rapport a AZA1, il manque a AZA3 un groupemegthyle positionné en C22 et AZA2
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posséde un CHsupplémentaire en C8 (Figure 13). Les deux awnedogues de la toxine

(AZA4 et AZAL) se sont avérés étre des hydroxyle&ZA3, avec la présence d'un
groupement OH en C3 (AZA4) ou C23 (AZAD).

R>

OH

T o

R1 R2 R3 R4 R5

Abbréviation  Nom MM (C3) (C8) (C22) (C23) ?)
AZAl Azaspiracide 841,5 H H CHs; H

AZA2 8-méthyle-azaspiracide 855,5 H CH; CHs H

AZA3 22-desméthyle-azaspiracide 827,5 H H H H

AZA4 22-desméthyle-3-hydroxy-azaspiracide 8435 OH H

AZAS5 22-desméthyle-23-hydroxy-azaspiracide 843,5 H H H OH

AZA6 22-desmeéthyle-8-methyl-azaspiracide 841,5 H CHs; H H

AZAT 3-hydroxy-azaspiracide 8575 OH H CHs;

AZA8 23-hydroxy-azaspiracide 857,5 H H CHs; OH

AZA9 22-desméthyle-3-hydroxy-8méthyle-azaspiracide 8575 OH CH;3 H H

AZA10 22-desmeéthyle-23-hydroxy-8méthyle-azaspiracide 857,5 H CHs; H OH

AZA1l 3-hydroxy-8-méthyle-azaspiracide 8715 OH CH; CHs H

AZA12 23-hydroxy-8-méthyle-azaspiracide 8715 H CH; CHs OH

AZA13 22-desméthyle-3,23-dihydroxy-azaspiracide 8595 OH H H OH

AZAl14 3,23-dihydroxy-azaspiracide 873,5 OH CHs; H OH

AZA15 22-desméthyle-3,23-dihydroxy-8-méthyle-azaspiracide 8735 OH H CH;3 OH

AZA16 3,23-dihydroxy-8-méthyle-azaspiracide 887,5 OH CH; CHs OH

AZA17 carboxy-22-desméthyle-azaspiracide 8715 H H H H COOH
AZA18 carboxy-azaspiracide 885,5 H CHs; H H COOH
AZA19 carboxy-22-desméthyle-8méthyle-azaspiracide 885,5 H H CH;3 H COOH
AZA20 carboxy-8-méthyle-azaspiracide 899,5 H CH; CHs H COOH
AZA21 carboxy-22-desméthyle-3hydroxy-azaspiracide 887,5 OH H H H COOH
AZA22 carboxy-3-hydroxy-azaspiracide 9015 OH CHs; H H COOH
AZA23 carboxy-22-desméthyle-3-hydroxy-8-méthyle-azaspiracide  901,5 OH H CHs; H COOH
AZA24 carboxy-3-hydroxy-8-méthyle-azaspiracide 9155 OH CH; CHs H COOH

Figure 13. Formule de la molécule d'azaspiracide avec les positions des différents substituants pour les 23
premiers analogues décrits (Rehmann et al., 2008).
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Jusqu'a trés récemment, seuls les AZAl a 5 ava&igntisolés et structurellement
vérifiés, en utilisant des techniques de RMN. L’AZ&ient de rejoindre cette liste en 2012
(Kilcoyne et al., 2012), I'élucidation de la struct des autres analogues ayant été déduite
uniqguement de l'analyse de leurs schémas de fragtieen a partir de leurs spectres de
spectrométrie de masse en mode tandem (SM/SM) (Baoher et al., 2002; James et al.,
2003b; Rehmann et al., 2008).

La fragmentation des molécules d’AZA produit dessiccaractéristigues de cette
famille de molécules, qui sont issus de sept fragat®ns et conduisant a sept groupes de
composés majeurs (Figure 14) et d'une huitiemeniagation, pour certains analogues,
conduisant au groupe 5, (Brombacher et al., 2002z Bierra et al., 2003; James et al.,

2003b; Rehmann et al., 2008).
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Figure 14. (a) Fragmentations SM/SM en mode ESI positif proposées pour les AZA (groupe 5 manquant), (b)
Fragmentations SM/SM en mode ESI positif proposées pour les AZA hydroxylés en C23 (groupe 5 présent)
(Rehmann et al., 2008).

L'analyse des différents fragments obtenus en SMERMNduit a l'identification d'une
trentaine d’analogues naturels et théoriques d’AZableau 3). L’AZA6 est structurellement
proche de 'AZAl. C’est un isomere, pour lequegteupement méthyle en C22 de 'AZAl
est absent mais présent en C8 (Brombacher etOfl2; James et al., 2003b). Des analogues
hydroxylés d’AZAl et d’AZA2 ont aussi été détecisnommés AZA4 et -5 (James et al.,
2003b). Plus récemment, 12 analogues d’AZA ontlétéctés (Rehmann et al., 2008). Parmi
eux des dérivés dihydroxy, carboxy et des carbodrdxy d’AZA1-3 et -6. L’'analyse des
voies de fragmentation a montré que les AZAs hyglgsxen C23 produisent un ion fragment
a 408 m/z qui peut perdre successivement deux moléculesuddaqui conduit a un ion
fragment de rappomn/z 362. Ces ions fragments ne sont pas observéslesemalogues
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d’AZA qui ne sont pas hydroxylés en C23. Cetteatdhce de fragmentation a permis de
déterminer la structure de certains analogues €&al3).

Tableau 3. lons fragment obtenus en SM/SM pour les AZA1 a AZA32 (Rehmann et al., 2008).

[M+H]* Groupe 1 Groupe 2 Groupe 3 Groupe 4 Groupe 5 @réup

AZAl 842.5 824.5 672.5 530.5 462.5 - 362.3
AZA2 856.5 838.5 672.5 530.5 462.5 - 362.3
AZA3 828.5 810.5 658.5 516.5 448.5 - 362.3
AZA4 844.5 826.5 658.5 516.5 448.5 - 362.3
AZAS5 844.5 826.5 674.5 532.5 464.5 408.4 362.3
AZA6 842.5 824.5 658.5 516.5 448.5 - 362.3
AZAT 858.5 840.5 672.5 530.5 462.5 - 362.3
AZA8 858.5 840.5 688.5 546.5 478.5 408.4 362.3
AZA9 858.5 840.5 658.5 516.5 448.5 - 362.3
AZA10 858.5 840.5 674.5 532.5 464.5 408.4 362.3
AZAl11l 872.5 854.5 672.5 530.5 462.5 - 362.3
AZA12 872.5 854.5 688.5 546.5 478.5 408.4 362.3
AZA13 860.5 842.5 674.5 532.5 464.5 408.4 362.3
AZA14 874.5 856.5 688.5 546.5 464.5 408.4 362.3
AZA15 874.5 856.5 674.5 532.5 478.5 408.4 362.3
AZA16 888.5 870.5 688.5 546.5 478.5 408.4 362.3
AZA17 872.5 854.5/810.5 702.5/658.5 560.5/516.5 .8428.5 - 362.3

AZA18* 886.5 868.5/824.5 716.5/672.5 574.5/530.56.54162.5 - 362.3

AZA19 886.5 868.5/825.5 702.5/658.5 560.5/516.5 .8&28.5 - 362.3

AZA20* 900.5 882.5/838.5 716.5/672.5 574.5/530.56.54162.5 - 362.3

AZA21 888.5 870.5/826.5 702.5/658.5 560.5/516.5 .8&28.5 - 362.3

AZA22* 902.5 884.5/840.5 716.5/672.5 574.5/530.56.54162.5 - 362.3

AZA23 902.5 884.5/840.5 702.5/658.5 560.5/516.5 .8&28.5 - 362.3

AZA24* 916.5 898.5/854.5 716.5/672.5 574.5/530.56.50162.5 - 362.3

AZA25 810.5 792.5 658.5 516.5 448.5 - 362.3
AZA26* 824.5 806.5 672.5 530.5 462.5 - 362.3
AZA2T* 824.5 806.5 672.5 530.5 448.5 - 362.3
AZA28* 838.5 820.5 672.5 530.5 462.5 - 362.3
AZA29 842.5 810.5 658.5 516.5 448.5 - 362.3
AZA30 856.5 824.5 672.5 530.5 462.5 - 362.3
AZA31* 856.5 824.5 672.5 530.5 448.5 - 362.3
AZA32 870.5 838.5 672.5 530.5 462.5 - 362.3

*Valeur théorique, elles n’ont jamais été observées dans des échantillons
Groupe 1 = [M+H]" - H,0

Groupe 2 = Groupe 1 — R1-R2-CgH,40,

Groupe 3 = Groupe 1 — R1-R2-C;5H,005

Groupe 4 = Groupe 1 — R1-R2-C,oH,50¢

Groupe 5 = Groupe 1 — R1-R2-R3-C,3H,;05 (only in C23 hydroxylated AZAs)
Groupe 6 = Groupe 1 — R1-R2-R3-R4-Cy4H 504

1.2.3. Les voies de biotransformation des AZAs

Les phycotoxines sont des métabolites naturellerpepduits par les microalgues.
Celles-ci peuvent en produire de différente stma;tpar de lIégeres variations de la structure
principale. Par conséquent, la plupart des groug®goxines marines ont également de
nombreux analogues. De plus, parce qu'elles sanireli@ment produites, de nombreux

systemes enzymatiques, présents dans la natutesaguables de les métaboliser. Ainsi, parmi
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les analogues produits naturellement et transforfeégphycotoxines marines constituent une
vaste gamme de composés bioactifs, et les AZA ragdét pas a cette regle.

En raison du grand nombre d’analogues d’AZA miséeidence dans les moules
(Rehmann et al., 2008), de récentes études oménées, afin d’élucider les mécanismes de
biotransformation des AZA dans les moules et deerdéher les différentes voies de
transformation. La décarboxylation des AZA17, -219 et -23, c'est-a-dire des analogues
carboxylés d’'AZA, en AZA3, -4, -6 et -9, respectivent, a ainsi été démontrée
chimiquement (McCarron et al., 2009) et confirméerpAZAl7 biologiquement (O'Driscoll
et al., 2011), tandis que la formation d’AZA17 & ébservée lors de 'immersion de moules
dans de I'eau de mer contenant de I'AZA1 dissou®i(i€coll et al., 2011). Cependant, cet
axe d’étude reste encore a approfondir, pour conalpecles mécanismes de formation d’un si

grand nombre d’analogues, dans les matrices deisgpiés bivalves.

1.2.4. Toxicologie et santé humaine

1.24.1. Mécanismes d’action

En raison des similitudes entre les symptdmes moé® par les AZA, I'AO et la
DTX, les AZA ont été classés dans les toxinesrléagues. Par conséquent, I'’hypothése a
éte faite que le mode d’action des AZA était égentba celui de 'AO, c'est-a-dire qu’ils
étaient des inhibiteurs de protéines phosphat@sgsendant, d’aprés les études conduites par
plusieurs auteurs, contrairement a I'AO, les AZAspeat pas étre des inhibiteurs des protéines
phosphatases PP1 et PP2A (Flanagan et al., 200darRet al., 2002; Twiner et al., 2005).
Mais, on ne peut pas exclure la possibilité queAlg& puissent inhiber un ou plusieurs autres
types de protéines phosphatases (ex : PP2B, PH2AL; ,AP5) ou de sous-type de protéines
phosphatases (ex : phosphatase spécifique a kirtgrgohosphatase lipidique) (Twiner et al.,
2008).

1.2.4.2. Toxicité aigle chez la souris

Chez la souris, les symptébmes observés, apres igapasux AZA, sont similaires a
ceux observés chez des souris exposeées a l'acataimjue (AO).

Des études menées sur des souris soumises a uraisadtion orale d’AZA
(administration unique de 300 & 700 ugAZA'kde souris), sur une période de 24 h, ont
montré une réaction dose-dépendante e au nivediintéstin gréle (nécrose et atrophie des

villosités de ldamina proprig, et des diarrhées et une perte de poids chesbigss exposées
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aux deux plus fortes doses (600 et 700 pgAZA #g souris). Une formation de vacuoles et
l'accumulation d'acides gras dans les hépatocyiesi qu'une pycnose des cellules du
parenchyme du pancréas, la présence de débrisvgghdgytes morts dans le thymus et la
rate, un changement de couleur du foie, des né&tsdes saignements dans I'estomac ont
aussi été observés. Les pathologies aigues indpéeses AZA sont donc atypiques, par
comparaison a celles provoquées par les toxineshdigues, paralysantes et amnésiantes (Ito
et al., 2000; Ito et al., 1998).

Lorsque les AZA sont injectés par voie IP, et a deses plus élevées, les extraits
d’AZA provoquent, dans les heures qui suivent, lg@e et progressive paralysie, des
difficultés respiratoires et un comportement légigue. En effet, les souris s’asseyent de
maniere apathique dans les coins de leur cage wenteen moins d’une heure et demie. Les
effets sur les organes internes sont plus caratitgres : une injection par voie IP d’au moins
150 pg d’AZA1 kg' est jugée létale et I'autopsie révéle un grossiesesignificatif du foie
et une teinte jaunatre caractéristique ; de pltisse apparait comme fragile (Ito et al., 1998).

En ce qui concerne 'AZA2 et 'AZA3, des injectionkez la souris, par voie IP, d’au
moins 110 et 140 pg Kgrespectivement, sont considérées comme létalesji (6 al.,
1999a), ce qui suggére une plus grande toxicitérgggwort & AZAl. Toutefois, 'AZA4 et
I’AZA5 sont a priori moins toxiques, avec des dok#ales respectives, en IP, chez la souris
de 470 et <1000 pg kg (Ofuji et al., 2001). En supposant une pureté é&deite, le
classement, en termes de toxicité par voie IP &ebpuris, des cing premiers AZA, serait :
AZA2 > AZA3 > AZA 1> AZA4 > AZAS. Cependant, ces sdltats doivent encore étre
corroborés et reproduits. A cause du manque deadexpurifiées et du déficit d’études
toxicologiques, différentes études ont été réadigr affiner la dose |étale par voie IP (Hess

et al., 2009) et par voie orale (Aasen et al., 2010

1.2.4.3. Toxicité a moyen terme et toxicité chronique chez la souris

L’administrationper osd’AZA, a faible dose (administration répétée, ddois par
semaine, de 1 & 50 pgAZA kgle souris, pendant 20 semaines) a entrainé ldisacaprés
15 semaines de traitement, suite a une inactivitg, perte de poids et une faiblesse des
souris, de 9 souris sur 10 et de 2 souris surotfgl’elles sont soumises a une administration
de 50 et 20 pgAZA K§respectivement (des effets ont été observés @wesauris au niveau
des villosités de lintestin gréle, de I'estomacdes poumons). Cependant, 'administration
répétée de 1 & 5 ugAZA kar'a pas entrainé de mortalité et de diarrhée. Apais mois de

récupération les souris ont été sacrifiees. Carsaont présenté des tumeurs au niveau des
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poumons (1/10 & 50 et 2/10 & 20 pgAZA'Rgune hyperplasie des cellules épithéliales de
I'estomac (6/10 & 20 ugAZA Ko), et celles exposées aux plus faibles doses aieragnt
présenté des pathologies (érosion des parois mkedtin gréle, nodules et mitoses dans le
foie) (Ito et al., 2002).

Au niveau chronique, les souris ont été exposeetff@rentes doses d’AZA, de
maniéere répétée, pendant 20 semaines, et ont@tbéss apres 8 et 12 mois d’observation.
Sur les 71 souris exposées seules cing ont prédestéumeurs malignes (Ito, données non
publiées dans (Ryan et al., 2011)). Il est donficdé# de démontrer I'effet carcinogéne des

AZA mais celui-ci ne peut pas étre éludé, ce qguiert donc de nouvelles évaluations.

1.2.4.4. Toxicité chez ’'homme

Chez 'homme, les AZA induisent des symptédmes gasemblent a ceux provoqués
par les toxines diarrhéiques. La consommation déusgues contaminés peut ainsi entrainer
des nausées, des vomissements, des diarrhées,@adges d'estomac.

Basée sur les résultats obtenus par Satake ebathke et al., 1998b; Satake et al.,
1998c), la toxicité des moules a été estimée a BIW5™" (MU= Mouse Unit, équivalent a
0,6 pg AZA.g" de chair). Cependant une teneur supérieure appdmée par (Ofuji et al.,
1999b) c’est & dire, 1,4 ug AZA'gle chair (0,4 MU g de chair).

La dose minimale avec effets nocifs observés (DMENGuUr 'homme a donc été
évaluée dans un premier temps entre 6,7 (effédd%udes personnes exposees) et 24,8 ug par
personne (effet sur 95% des personnes exposées)uaee valeur moyenne a 15 pg par
personne (EU/DG SANCO, 2001). Cependant, de ncesrelbnnées sur la stabilité des AZA
a la chaleur suggérent qu'il n'est pas appropri@prdadre en compte une réduction de la
concentration des AZA lors de la cuisson. Par oquesigt, compte tenu des travaux réalisés
par Yasumoto, la DMENO a été réévaluée et est doadri de 23 a 86 pg/personne avec une
valeur moyenne de 51,7 pg/personne (EU/DG SANCO1R0

1.2.5. Analyse des AZA

1.2.5.1. Le test souris

Le test souris (Yasumoto et al., 1984) a été lanjmree méthode utilisée pour détecter
les AZA dans les mollusques bivalves (McMahon aitkeS1996). Mais, cette méthode est

non sélective et manque de précision (Hess €G086).
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Une récente évaluation du test souris, pour détéeseAZA dans les moules a des
niveaux inférieurs a la limite réglementaire, a étalisée (Hess et al., 2009). Des glandes
digestives de moules contaminées ont été diluéefagtn appropriée avec des glandes
digestives non contaminées pour obtenir des coratemis adéquates et veérifiées par CL-
SM/SM. Sept répliquas indépendants, sur six seraai@ude, ont été réalisés pour évaluer
les différentes concentrations testées sur sodrcocentrations en AZAl-équivalent allant
d’une concentration inférieure & la limite de qifiogtion du test & 2,24 mg.Kgde glandes
digestives, ce qui correspond a 0,34 mg.ldg chair totale). Cette étude a permis de
démontrer statistiquement que le test souris abtdipour détecter une concentration en AZA
équivalente au seuil réglementaire, a conditionapsoit la glande digestive qui soit testée et
non la chair totale du mollusque. Mais, ce testgestlitatif et non quantitatif, et pour une
teneur en AZA égale a la moitié du seuil réglemeatactuel, la probabilité d’obtenir un

résultat positif n'est plus que de 5% (Hess e28i09).

1.2.5.2. La CL-SM/SM

La CL-SM/SM demeure donc le meilleur moyen pouredétner quantitativement la
concentration en AZA dans des matrices de mollus@Deaisci et al., 2000; Quilliam, 2001;
Quilliam et al., 2001).

Dans un premier temps, (Ofuji et al., 1999b) oécpnisé une étape de purification de
la matrice, par extraction en phase solide (ER&nida détermination par CL-SM d’AZAl a
-3. Cette étape de « nettoyage » de I'extrait dgauite été étudiée en détail (Moroney et al.,
2002) afin de vérifier la nécessité de réalisetecepération. Plusieurs méthodes de CL-
SM/SM pour l'analyse des AZA dans les matrices iglalizes ont été étudiées en paralléle, en
utilisant des spectrometres de masse de type tjyddripdle (Draisci et al., 2000; Volmer et
al., 2002) et des trappe d’ions (Furey et al., 20@nes et al., 2003b; Lehane et al., 2002).

D'un point de vue chromatographique, il est possibe séparer les différents
analogues d’AZA sur colonne C18 (James et al., B008hane et al., 2004). Toutefois, la
résolution chromatographique n'est pas forcémengssaire en CL-SM si des différences
entre les fragments des molécules sont bien coniuesi, I'identification et le dosage des
AZAl a AZA10 ont pu étre mis au point, sans sépamathromatographique compléete de ces
composes (Gerssen et al., 2009a; Lehane et aR; P6Bane et al., 2004)).

Plus récemment (Fux et al., 2007) ont mis au paine méthode CLUHP
(chromatographie liquide ultra haute-performande)$M pour déterminer, en moins de
7 minutes d’'analyse, 21 toxines marines lipophitest AZAlet (Rehmann et al., 2008) ont
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développé des méthodes basées sur la CLUHP, comainéd Q-TOF MS/MS ou a un triple
quadripble couplé a une trappe d’'ions, pour déteenies nouveaux analogues d’AZA.

Ces méthodes d’analyse sont néanmoins sensiblesffatsx de matrice, qui diminuent
ou augmentent l'intensité du signal des toxinespiples présentes dans les mollusques, lors
de leur analyse par CL-SM (Stobo et al., 2005).rFofAl, une suppression du signal de
44% a tout d’abord été observée (Stobo et al., 2PQBE une suppression de 23% dans un
second temps (Fux et al., 2007), conduisant a des-estimations de la concentration en
AZA dans les mollusques contaminés. Ces effets d&ica ont ensuite été étudiés, en
utilisant différentes méthodes de dopage de laiceatte mollusques, pour l'analyse de
différentes toxines lipophiles dont AZA1l (Fux et,a2008b; Kilcoyne and Fux, 2010).
L’AZA1 présente en général une réduction de sonadigle 20-22% (Fux et al., 2008b) ;
cependant, cette suppression varie aussi en fondéd’espece de mollusque analysée, de la
composition de la phase mobile (acide ou basiquejuespectrometre de masse utilisé
(Kilcoyne and Fux, 2010). Mais des solutions soogsibles pour diminuer I'effet matrice
comme ['utilisation d’'une colonne C8, de la CLUH#oa une dilution de I'échantillon, qui
permettent de rendre négligeable I'impact de lteffe matrice (-1 a -2%) lors de l'analyse
(Fux et al., 2008b), ou l'utilisation de phases rfesbalcalines ou acides, en fonction de la
matrice analysée, ou enfin la purification préaatie I'échantillon par EPS (Gerssen et al.,
2009a; Gerssen et al., 2009b; Kilcoyne and FuxQR01

1.2.53. Le test ELISA

Le test ELISA (enzyme-linked immunosorbent assaitéralement: dosage
d'immunoadsorption par enzyme liée) pour les AZAa# I'objet d’'une premiere étude
(Forsyth et al., 2006) et est actuellement en cdersléveloppement pour la mise au point
d’'une méthode d’analyse rapide et quantitative. peacipaux avantages de ce type de
méthode sont la rapidité, la spécificité pour leupe de toxines, et le périmétre large des
analogues qui peuvent étre détectés. De ce faiyypsede méthode peut étre utilisé pour la
détection d’'analogues non encore décrits. Malheement, il n'y a pas encore
d’informations sur la performance de cette méth@dacernant la détection des AZA dans
des matrices de coquillage.
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1.3. Ecophysiologie des dinoflagellés

Les dinoflagellés sont principalement des espécesines ou estuariennes et
seulement 9% vivent en eau douce (Carty dans (Bldkh et al., 2006)). Parmi les 2300
especes référencées (Goémez, 2012) trés peu (eni@Bn sont actuellement considérées
comme nocives (Smayda and Reynolds, 2003) et sealeame soixantaine produisent des
phycotoxines (Burkholder, 1998; Burkholder et 2006).

Leur croissance et leur teneur en toxines varient fenction des facteurs
environnementaux et nutritionnels et les réponskgsiplogiques a ces facteurs sont
généralement intraspécifiques (Burkholder et &i013.

De nombreuses microalgues toxiques dépendent uniniede la photosynthese pour
leur apport en carbone et de nutriments inorgasiguoeir leur nutrition. Ce sont les espéces
autotrophes. Néanmoins, tous les dinoflagellésom¢ gas uniquement autotrophes. Certains
sont mixotrophes, c’est a dire qu’ils sont capabiesiliser pour leur nutrition des substances
organiques dissoutes (osmotrophie) ou particuldpeagotrophie) (Granéli et al., 1999). I
existe aussi des especes qui sont hétérotroph#des-Cesont donc capables d'utiliser des
substances organiques particulaires ou des prbires’an assimiler le carbone et sont alors

dépourvues d’'appareil photosynthétique.

1.3.1. Les facteurs environnementaux

A. spinosunest un dinoflagellé marin. On centrera donc céttele bibliographique
sur les espéces de dinoflagellés marins, en phetiquour I'étude des facteurs de croissance,
mais aussi sur les especes produisant des toxo@enant une ou plusieurs molécules
d’azote, comme les AZA. En milieu marin, la saknita température, l'intensité lumineuse et
la turbulence sont des facteurs physicochimiquepoitants pour la régulation de la
croissance et du métabolisme (activité enzymatejymoduction de métabolites secondaires,

comme les phycotoxines).

1.3.1.1. Salinité

Des salinités défavorables aux microalgues vont swi I'activité enzymatique en
modifiant le pH, et sur la consommation énergétiglieuée a la régulation osmotique
(Grzebyk and Sechet, 2003). La salinité va dondrawoeffet sur le métabolisme cellulaire et
sur la croissance. Les espéces d'eau douce montrentaible tolérance aux variations de

salinité, alors que, les espéces estuariennes aumgh et les espéces cotieres et marines ont
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une tolérance plus large aux variations de sal@ité&ulture (Grzebyk et al., 2003; Laabir et
al., 2011; Matsubara et al., 2007; Nagasoe et28D6; Taylor and Pollingher, 1987). En
revanche, certaines especes marines sont stéreshainpeuvent donc étre sensibles aux
variations de salinité (Kim et al., 2004).

Quelques études ont été realisées chez difféeremsflagellés toxiques et
majoritairement chez le genwexandrium Mais, les conditions de cultures ne sont pas
toujours comparables ; ainsi une concentration mabd en toxine cellulaire a été observée
soit a une salinité plus élevée que la conditiorrdéssance optimale (White, 1978), soit a la
salinité la plus adéquate pour la croissance (Haikid Cembella, 1999). Chez une autre
espece de dinoflagellé&symnodinium catenatunune baisse de salinité n'a pas engendré
d’augmentation significative de la production tagure (Flynn et al.,, 1996), en revanche,
chez Alexandrium minutunune faible salinité peut permettre d’accumuler phes grande
qguantité de toxine (Grzebyk et al., 2003). Des étugdlus récentes arrivent aussi a des
conclusions similaires et mettent en évidence diefihtraspécifique de la salinité (ex:
Protoceratium reticulatum{(Guerrini et al., 2007)Alexandrium ostenfeldi{Maclean et al.,
2003)).

1.3.1.2. Température

Tout comme la salinité, la température va influersa l'activité enzymatique des
microalgues. En effet, les enzymes ont une temp&ratptimale de fonctionnement en deca
de laquelle les vitesses de réactions sont plusedest au-dela de laquelle les enzymes se
dégradent plus rapidement (Grzebyk and Sechet,)2@@3température est donc un des
parametres ayant un effet significatif sur la @arge jusqu’a un certain optimum (Laabir et
al., 2011; Matsubara et al., 2007; Nielsen, 1996eKal., 2010). En revanche, chez plusieurs
especes de dinoflagellés toxiques, une baisse tmnpérature correspond en général a une
baisse du taux de croissance et a une augmensagioificative de la concentration en toxine
(Anderson et al., 1990; Guerrini et al.,, 2007; Naveet al., 2006; Ogata et al., 1987) ;
néanmoins, une température supérieure a I'optimerardissance peut aussi conduire a une
augmentation de la concentration toxinique chetaers espéce®fotoceratium reticulatum
(Guerrini et al., 2007)Prorocentrum hoffmannianurfMorton et al., 199). Cette derniere
remargue suggere une augmentation de la concentr&bixinique comme une réponse
possible a un stress environnemental.

En revanche, che2inophysis acuminatajn dinoflagellé mixotrophe, la concentration

totale en toxine augmente en méme temps que le dauxroissance, la concentration
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cellulaire et la température (Kamiyama et al., 201@ méme observation a aussi été faite
chezOstreopsiovata(Vidyarathna and Graneli, 2011).

1.3.1.3. Intensité lumineuse

Les espéeces de dinoflagellés photosynthétiguesepew/adapter rapidement a des
variations d’intensité lumineuse. Par exemple, pluvent, a faible intensité lumineuse,
augmenter la taille et/ou le nombre d'unités phetthgtiques (Smayda, 1997). Ce facteur est
celui qui affecte le plus la nutrition des micrasdg a travers la photosynthése, et un éclairage
insuffisant provoque une réduction sinon un arefladcroissance (Grzebyk and Sechet, 2003;
Paz et al., 2006). Toutefois, une réduction dedisité lumineuse (dans une certaine mesure)
peut, en réduisant le taux de croissance, augmintancentration en toxine (Ogata et al.,
1987), mais l'inverse a aussi été observée (Lial.eR006) et les auteurs semblent s’accorder
sur le fait qu'une trop faible intensité lumineuss plus de réduire considérablement la
croissance, réduit aussi le quota en toxine etl@pdotosynthese semble nécessaire chez les
dinoflagellés pour la production de phycotoxinegd@ et al.,, 1987) (rq: la qualité de
lumiére peut aussi jouer sur la composition biodhira des microalgues (Marchetti et al.,
2012a) dont les dinoflagellés (Carreto et al., 3290

1.3.1.4. Turbulence

Chez plusieurs especes de dinoflagellés, la tunbalegénérée expérimentalement
provoque des effets déléteres, notamment une dilmimde la division cellulaire (Berdalet,
1992; Pollingher and Zemel, 1981; Sullivan et 2003), des changements morphologiques
(Zirbel et al., 2000), une modification du comparent natatoire (Berdalet et al., 2007; Karp-
Boss et al., 2000) ou des ruptures de la membrhdaire (White, 1976).

Dans le cas @&lexandrium minuturres turbulences entrainent une diminution du taux
de croissance, de biomasse, ainsi que des conoemsranférieures en toxine paralysante et
une production de cellules ecdysées (Bolli et20Q7). Cependant, tous les auteurs ne sont
pas d'accord sur ces effets et certains considareatces tests ont été réalisés dans des
conditions trop extrémes (Burkholder et al., 20@). utilisant des turbulence comparables
aux conditions naturelles, un large éventail d'espé@le dinoflagellés toxiques ont eu un taux
de croissance et une concentration cellulaire quete stimulés Lingulodinium polyedrum
Gymnodinium catenatymAlexandrium fundyen¥e pas affectés Ryrocystis noctiluca
Ceratium tripos Alexandrium tamarensePyrocystis fusiformis Alexandrium catenella

Gyrodinium sp, ou affectés Qeratium fusus par une forte turbulence (simulant les
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conditions d'un de coup de vent modéré) (Sullivad 8wift, 2003). L’effet des turbulences
semble donc étre aussi un facteur intraspécifiqueagable en fonction de lintensité de

celles-ci.

1.3.2. Les facteurs nutritionnels

1.3.2.1. Les macronutriments

La teneur en toxines des microalgues toxiques peuter en fonction de la
concentration en nutriments tels que I'azote gitHesphore (Anderson et al., 1990; Flynn et
al., 1994). Cette teneur en toxines intracellulpeat augmenter lorsque que la concentration
en nutriments dans le milieu est en déséquilibres Bypotheses ont été élaborées pour
expliquer les raisons de ces augmentations : kigd® contenant un ou plusieurs atomes
d’azote dans leur formule seraient une forme deksige des nutriments, ou lorsqu’il y a une
carence en nutriment, un transfert des moléculezoteé de la chlorophylle vers les molécules
de toxine se produirait, ce qui causerait une ditidm de la croissance cellulaire et une
augmentation du quota en toxines des cellules.

Depuis quelgues années les rejets anthropiquesjullisient les concentrations en
azote (N) et en phosphore (P) organiques et inaggas des zones cétieres (Glibert et al.,
2006; Heisler et al., 2008), il s'agit de milieu yoolequel le rapport Redfield
(C/N/P =106:16:1) n'est plus respecté. Ainsi, it gmssible que, méme si le nombre
d’efflorescences toxiques n'a pas augmenté, letsefféléteres de ces efflorescences aient
augmenté leur impact a cause d'une augmentationadeéeneur en toxines dans les

microalgues.
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Compounds?

Large
molecule
and particle
ingestion

Figure 15. Schéma des différentes voies par lesquelles les microalgues toxiques peuvent acquérir leurs éléments
nutritifs. Toutes les especes de phytoplancton peuvent transporter des molécules de nitrate, nitrite, ammonium,
urée et de phosphate a travers leur membrane cellulaire par diffusion passive ou transport actif. Certaines
especes peuvent transporter de grosses molécules organiques a travers leur membrane cellulaire, et certaines
possédent des enzymes a la surface de la membrane cellulaire pour décomposer les molécules organiques avant
de transporter les nutriments a travers la membrane. Certaines espéces ont la capacité de phagocyter d’autres
cellules, des particules et/ou des molécules de grande taille. Bien que de nombreuses voies soient indiquées,
toutes les microalgues toxiques n'ont pas la capacité d’assimiler toutes ces sources de nutriments. Les voies qui
impliquent des réactions enzymatiques sont indiquées par un cercle. Les voies pour lesquelles il y a beaucoup
d'incertitudes sont indiquées par un point d'interrogation (Glibert and Legrand, 2006).

Des études se sont intéressées a la croissanataicelket & la production de toxines
paralysantes de certaines espéecégedandrium Ces études ont montré que : (1) au cours de
leur croissance en culture « batch » le quota rimés paralysantes est maximal pendant la
phase exponentielle de croissance (Boyer et 87;1®im et al., 1993; White, 1978), (2) dans
des conditions de limitation en azote, la produrctie toxines et la croissance sont également
limitées (Siu et al., 1997; Wang and Hsieh, 20@ZB¥la production de toxines paralysantes
semble étre stimulée dans des conditions de liimitaén phosphore, mais, ces conditions
limitent la croissance (Anderson et al., 1990; Bogeal., 1987; Frangopulos et al., 2004;
Guisande et al., 2002; Siu et al., 1997).

D’autres études se sont concentrées sur les toximdype polyéther produites par
diverses especes de dinoflagellésofocentrum spp.Ostreopsis spp Gambierdiscus spp.
Celles-ci montrent que : (1) au cours de leur samse en culture en « batch » le quota en

toxines croit pendant la phase exponentielle, conpmer les toxines paralysantes, mais,
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celui-ci atteint sa concentration maximale génénal® en fin de phase de croissance ou
pendant la phase stationnaire (Bomber and Tind@B8; Guerrini et al., 2010; Pan et al.,

1999) ; (2) dans des conditions de culture en Rdmt la production de toxines semble étre
augmentée lorsque le phosphore a été épuisé damsliéel de culture au cours de la

croissance (McLachlan et al., 1994; Morlaix andduss 1992; Vanucci et al., 2010) ; (3)

cependant, en condition N limitant, la productioa txines semble aussi pouvoir étre
augmentée (Vanucci et al., 2010), mais, dans les das une limitation en N ou P diminue la
croissance, voire méme, ch@streopsiscf. ovata,la production de toxines (Vanucci et al.,

2012).

1.3.2.2. Les micronutriments

Peu de données existent sur I'effet des micronemis (vitamines et métaux traces)
sur la croissance et la production toxinique dégmintes especes de dinoflagellés. Si l'azote
et le phosphore ne sont pas limitants ces élénfeitésnines et métaux traces) finiront par le
devenir. En effet, ils sont impliqués dans le mélisine primaire des microalgues, comme
cofacteurs d’enzymes ou de métalloprotéines ppditi a la photosynthése, et/ou a
I'assimilation de I'azote (Grzebyk and Sechet, 2003

ChezProtoceratium reticulatugle sélénium et le fer sont nécessaires a lasance.
Sans addition de sélénium le taux de croissande ré&duit et des changements
morphologiques sont observés. En revanche, la ptiothude YTX augmente de facon
significative lors de I'addition de sélénium. Saddition de fer le taux de croissance est
également réduit, mais par contre, aucun effetifgigtif n’est observé sur la production de
YTX (Mitrovic et al., 2004), alors qu’'une augmeiat significative des toxines paralysantes
a été observée chéz tamarensdorsque la teneur en fer est limitante (He et2010). En
revanche, le cobalt ne semble pas avoir d'effetlauwroissance et la production de toxines
chez Protoceratium reticulatum(Mitrovic et al., 2004) alors que le sélénium e@stssi

nécessaire chek. minutumet Gymnodinium catenatufoblin et al., 1999).

1.4. Le genre Azadinium

1.4.1. Azadinium spinosum

A. spinosungfFigure 16) est un petit dinoflagellé (12-16 pmalegueur et 7-11 um de
largeur) producteur d’AZA1 et -ih situ mais aussi en culture axénique (Krock et al., 2009
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Tillmann et al., 2009). L'organisme a été décriumpta premiere fois par (Tillmann et al.,
2009) et a donné naissance a un nouveau gémadifium situé entre les ordres des

péridiniales et les gymnodiniales (Figure 49).

Figure 16. Azadinium spinosum. Vue en microscopie optique des cellules vivantes (A, B); d’'une théque vide (C)
et de cellules fixées au formaline (D, E). Abréviations: APC: complexe du pore apical. N: noyau. La fleche en D :
I’épine antapicale. Le triangle en D : le pyrénoide. Barres d'échelle: 5 um (Tillmann et al., 2009).

A. spinosunest une cellule biflagellée avec un chloroplastene theque fine (Figure
16 et Figure 17). La premiere syllabe du geiradiniumse référe a la fonction amine de
I'azaspiracide produite pak. spinosunet spinosumse réfere a I'épine antapicale (antapical
spine) presque toujours présente chez cette espece.

Les cellules dA. spinosumsont de forme elliptique, Iégerement allongées et
comprimées dorso-ventralement. L'épisome est prasdyque I'hyposome et posséde une
forme conique avec des faces convexes qui se tenmipar un pore apical caractéristique. Le
cingulum est profond et large ; il représente emviun quart de la longueur totale des

cellules. L’hyposome est quant a lui Iégérementredsique, avec le cété droit plus convexe

que le gauche (Figure 17).

Figure 17. Azadinium spinosum. Micrographies en microscopie électronique a balayage de différentes théques de
cellules en vue ventrale (A), dorsale (B) et latérale droite (C). Barres d'échelle: 5 um (Tillmann et al., 2009).
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La souche 3D9 &. spinosuna été isolée au cours d'une campagne, en 2007een m
du Nord au large de I'Ecosse, et une seconde sauéigalement été isolée au cours de cette
campagne de prélevement au large du Danemark (UTKiE2ck et al., 2008).

Depuis la description morphologique de cette ndavespéce, des souches de cet
organisme ont été signalées au Mexique (Hernanedee+Bl et al., 2010), en Argentine
(Akselman and Negri, 2012), en ltalie et en Fra@mammunication personnelle, Siano et
Nezan, Ifremer, France) et en Irlande (Salas et2éll1). C’est seulement dans ce dernier
pays qu’une troisieme souche productrice d’AZA12e4 été isolée (SM2).

A. spinosunen culture produit plusieurs analogues d’AZA (Fegd8), AZAl, AZA2
et un isomeéere d’AZA2 (AZAX). Le quota cellulaire eAZA est trés variable, et la
concentration en AZAl a été estimée entre 5 etgdeliule’ (Tillmann et al., 2009). Cette

derniere est trés variable en fonction des factenvgonnementaux.

AZA-1

AZA-2

AZA-X
_J J|i . miz 828810 (AZA-3)
I U iz 856838 (AZA-2)
, i = iz 8425824 (AZA-1)
0 2 4 6 8B 10 12 14 16 18
Time (min)

Figure 18. CL-SM/SM chromatogramme d’A. spinosum (Tillmann et al., 2009).

1.4.2. Azadinium obesum

A. obsesuna été isolé au cours de la méme campagne de @néddN qUA. spinosum,
au large des cOtes écossaises. Cependant, camgair@A. spinosuntet organisme n’a pas
été décrit pour le moment comme producteur d’AZA.

Tout commeA. spinosumA. obesun{Figure 19) est un petit dinoflagellé (13-18 um
de long et 10-14 um de large) possédant une thiéngieMais, si la face dorso-ventrale est
aussi comprimée, les cellules sont plus ovoidegpisbme présente un pore apical
caractéristique et est légerement plus grand dupdsome. Le cingulum est profond et
large ; il représente environ un cinquieme de fagleur totale des cellules (Tillmann et al.,
2010).
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Figure 19. Azadinium obesum. Vue en microscopie optique des cellules vivantes (1-2) et de cellules fixées au
formaline (3-4). Abréviations: APC : complexe du pore apical. N : noyau. Barres d'échelle: 5 um (Tillmann et al.,
2010).

1.4.3. Azadinium poporum

A. poporum(Figure 20) a été isolé au large des cotes damdms de la méme
campagne de prélevement Au’spinosumet A. obesumTrois souches identiques ont été
isolées lors de cette campagne UTHC8, UTHC4 et UAHD poporumn’est pas producteur
d’AZAl et -2 et présente un ratio longueur/largdifférent dA. spinosumA. poporumest
aussi un petit dinoflagellé photosynthétique poasédne fine théque (11-16 pm de longueur
et 8-12 um de largeur). L’extrémité de I'épisom@tfipar un pore apical et est légerement
plus large que I'hnyposome. La cellule est ovoiddaetace dorso-ventrale comprimeée, le
noyau est sphérique a légerement allongé et lalegbossede un chloroplaste et plusieurs
pyrénoides (Tillmann et al., 2011).
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Figure 20. Azadinium poporum. Vue en microscopie optique des cellules vivantes (A, B); d'une theque vide (C) ;
de cellules fixées au Lugol (D); de cellules fixées au formaline (E-H); marquage du noyau (E); Fleches:
pyrénoides, Barres d'échelle: 5 um (Tillmann et al., 2011).

Une autre souche Azadiniuma aussi été isolée tres recemment a partir denséds
prélevés dans le pacifique, pres des cotes derkeCu Sud (Shiwha Bay). Cette souche a été
nommeéeA. cf. poporumen raison de ses ressemblances morphologiquesAaveaporum
(Potvin et al., 2012).

Le récent isolement de la dinophycéanphidoma languidaa mis en évidence
I'étroite relation entre la famille des amphidontatae et le genrdzadinium(Tillmann et al.,
2012). Les amphidomataceae n’étaient pas connup'gugprésent comme producteurs
d’AZA ; cependant, une étude de différentes esp&aeadinium poporumAzadiniumcf.
poporumet Amphidoma languidapar CL-SM/SM a révélé la présence de quatre rewwe
AZA, mise en évidence par leur spectre de massacuhd’entre eux présente un fragment
caractéristique de rapport m/z de 348, a la placdragment m/z 362, typique des AZA
jusqu'a présent connus. Ces AZA ont été déteceEs/chpoporum(masse moléculaire: 845,5
Da), A. cf. poporum(masse moléculaire: 857,5 Da) Anphidoma languidasolée dans la
baie de Bantry, en Irlande (masses moléculaires;584t 829,5 Da). Ces cellules présentent
des quotas d'environ 2-20 fg.celltléKrock et al., 2012).
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1.5. Production toxinique

Cette section examine les différentes options plessi et applicables aux

dinoflagellés, de la production des microalguegalément de la toxine.

1.5.1. Culture de microalgues toxiques

Pour l'isolement de nouvelles toxines, pour la picithn de standards de toxines mais
également pour d’autres types de recherche (excdiogie...), de larges quantités de
phycotoxines sont nécessaires. Trois approchesgreiiffes peuvent étre envisagées pour
produire des phycotoxines a partir des microalgaeisjues : la culture en milieu clos ou plus
couramment appelée culture « batch », la cultumsi-sentinue et la culture continue. La
différence entre ces systémes porte sur la régulates apports en nutriments (ajoutés ou

non) au cours de la culture.

1.5.1.1. Culture par lot ou culture « batch »

C’est la méthode de culture la plus frequemmerliséé pour la production de
dinoflagellés toxiques (Laycock et al., 1994; Laagleal., 2007; Miles et al., 2003; Torigoe et
al., 1988). Dans un systeme de culture simple,quamtité donnée de milieu de culture est
placée (un seul apport en nutriments) et est igecwdvec un plus faible volume de
microalgues (dilution de 1/4 & 1P généralement). Une agitation du milieu peut-étre
ajoutée pour favoriser les échanges de gaz et tiieneats nécessaires entre la microalgue et
le milieu de culture (Morton and Bomber, 1994).

Pour les organismes photosynthétiques ou mixotsypinee arrivée d’air enrichie en
CO, peut étre ajoutée (5% v/v de €@ans I'air), ainsi qu’une source lumineuse naterel
artificielle.

Ce procédeé simple de culture permet d'utiliser aiblé volume d’'un lot, arrivé a

maturité, pour inoculer le lot suivant.
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Figure 21. Cinétique de croissance des microalgues en culture par lot

Au cours de la croissance des microalgues en 4&laton distingue 5 phases
différentes qui refletent les changements en bismas$ les variations environnementales et
nutritionnelles du milieu de culture.

1. La phase de latence cette phase présente en général une croissasctaible voire
négative qui correspond a la période d’adaptat®tiidoculum aux nouvelles conditions de
culture (ex : nutriment, lumiére, température...)

2. La phase de croissance exponentielleles cellules se sont adaptées a leur
environnement et se divisent rapidement. Commenaentration en cellule initiale est faible
les cellules se divisent de maniere exponentielbawse d’'une abondance de lumiére et de
nutriments.

3. La phase de croissancedes restrictions apparaissent progressivemenmtig¢ke et/ou
nutriments) et la croissance exponentielle ne gatmaintenue.

4. La phase stationaire: la croissance de microalgues a atteint sa coratem
maximale par épuisement des nutriments et/ou am&tion en intensité lumineuse. On parle
aussi de phase plateau.

5. La phase de sénescenceles cellules n'ont plus suffisamment de réserees
nutriments pour maintenir la phase plateau et pas@guent meurent et s’autolysent.

Avec ce type de culture il y a peu de chances rdthiction ou d’accumulation de
contaminants. C’est donc la méthode courammentsighg@our maintenir les souches de
microalgues.

Cependant, pour atteindre des cultures denses wetteode pose des problemes,

surtout pour les organismes qui nécessitent deseforazotés réduites pour leur métabolisme.
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En effet ''on ammonium du milieu peut étre rapidartoxique pour les microalgues (ex :
Aureoumbra lagunengispar conséquent il ne peut donc étre ajouté emtga suffisante
pour atteindre des concentrations en microalguéfisamment denses. Le méme probléme

existe avec les diatomées et I'apport initial dices{Guillard, 2003).

15.1.2. Culture semi-continue

La culture semi-continue (Figure 22) permet d'atiee un point spécifique de la
phase de croissance pour lequel un volume de eudtitrprélevé et est remplacé par du milieu
de culture neuf, pour permettre une nouvelle phdeseroissance, jusqu’a une prochaine
récolte et ainsi de suite. On obtient ainsi undéesdiequilibre et le renouvellement journalier

du milieu de culture correspond au taux de croissae la microalgue cultivée.

Concentration

Temps

Figure 22. Cinétique de croissance des microalgues en culture semi-continue

1.5.13. Culture continue

La culture continue (Figure 23) est souvent réalis@ photobioréacteur et peut étre
adoptée en suivant deux approches différentes :
1. Le turbidostat : avec cette méthode de culture c’est la concémtraellulaire que
I'on se fixe qui régule la quantité de milieu ddtare a ajouter quotidiennement. Ce volume
détermine le taux de croissance supporté par legasea la concentration cellulaire fixée et
en fonction des parameétres nutritionnels et envieomentaux appliqués.
2. Le chémostat: avec cette approche c’est I'apport constant doilnme de milieu de
culture qui va fixer la concentration cellulairen l&quilibre se crée entre la composition

chimique du milieu de culture et la concentratietitaire.
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Figure 23. Cinétique de croissance des microalgues en culture continue

Ces deux approches, couplées a une régulation detpdun apport de lumiere,
permettent, en théorie, une production de micradndéfinie a une concentration cellulaire
plus ou moins stable. Cependant, des dépots syatess du réacteur et des contaminations
du milieu se traduisent souvent par une diminuti@s performances de productivité du

bioréacteur sur le long terme.

1.5.1.4. Le cas des microalgues toxiques

Actuellement, les sources principales de toxines nderoalgues marines pour
I'isolement, la purification et/ou la production d&ndards de toxine proviennent de cultures
ou d’efflorescences naturelles (c’est le cas p&® I(Miles et al., 2006), les BTX (Abraham
et al.,, 2006), les STX (Laycock et al., 1994), ¥BX (Loader et al., 2007), les imines
cycliques (Miles et al., 2003; Selwood et al., 2000rigoe et al., 1988) et les PTX (Miles et
al., 2004b)), de mollusques contaminés (Kilcoynelet 2012; Perez et al., 2010), ou de
I'extraction de résines absorbantes contaminéasd@iuget et al., 2007).

Cependant, I'isolement de la toxine a partir degbmisme producteur est préférable,
car les extraits sont considérablement plus purs lgs extraits de coquillages et leur
disponibilité ne dépend pas d’événements natuogigues (efflorescences ou contamination
de mollusques bivalves). Mais, bien que la producten masse de microalgues en
photobioréacteurs en systeme continu se soit dgwéé (Grobbelaar, 2009, 2010; Ugwu et
al., 2008), la production de dinoflagellés toxiqeesphotobioréacteur a eu moins de succes
(Gallardo Rodriguez et al., 2010). En effet, cegaarsmes ont des taux de croissance
spécifiques sensiblement inférieurs a ceux desoaligues « fourrages » et atteignent de plus
faibles densités cellulaires. De plus, les conegioins de toxines dans les cultures ont

tendance a étre de l'ordre de quelques microgramparddre (Tang, 1996). En conséquence,
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des volumes importants de culture (plusieurs ceesaide litres) sont nécessaires pour
produire des quantités minimes de toxines (Gall&ddriguez et al., 2010).

La culture en batch est généralement la méthogautautilisée pour la production de
dinoflagellés toxiques (Laycock et al., 1994; Laagleal., 2007; Miles et al., 2003; Torigoe et
al., 1988). Toutefois, les résultats publiés aves $ystémes ‘en continu’, en termes de
production cellulaire et/ou de toxines par des filgellés, sont encourageantlexandrium
minutum~ 20 pg de toxine Ltjour® (Parker et al., 2002)Protoceratium reticulatun14
ng L' jour! (Gallardo Rodriguez et al., 2010flexandrium ostenfeldii(concentration
cellulaire plus élevée, mais inférieure en toxiae @apport a une culture « batch » (Medhioub
et al., 2011)) eAlexandrium catenelléforte biomasse) (Séchet et al., 2003, 2004). Méime
de considérables différences existent entre lescespde dinoflagellé en termes de croissance
et de production de toxines, le développement degaes de culture doit faire I'objet de
mises au point. La culture de dinoflagellés en pbiotréacteur, malgré sa bonne productivité
n'est pas sans difficulté. La fragilité des celtulst un des obstacles majeurs a la production
en photobioréacteur (Garcia Camacho et al., 20@@)effet, la culture d’'une importante
biomasse en photobioréacteur nécessite une agitaiour un meélange optimum des
nutriments et un meilleur accés a la lumiére. Cdpnt) cette agitation est connue pour son
action potentielle sur la croissance et la morpfielaes dinoflagellés (Berdalet et al., 2007;
Sullivan and Swift, 2003; Sullivan et al., 2003n§a1996). En effet, I'agitation et I'aération
du milieu peuvent inhiber ou augmenter la croiseagtda production de toxines de certaines
especes de dinoflagellés (Garcia Camacho et aD/®0Morton and Bomber, 1994;
Pollingher and Zemel, 1981).

1.5.2. Procédures de récolte

La récole de la biomasse algale requiert une osiqults étapes de séparation solide-
liquide. Elle peut étre récupérée par centrifugmtidiltration et dans certain cas par

sédimentation (en général apres une phase dedtamil.

1.52.1. La floculation

Plusieurs méthodes de floculation peuvent étraséét (chimique, biologique ou
physique Figure 24) pour agréger les microalgueseerlles et ainsi faciliter leur
sédimentation (Elmaleh et al., 1991; Luz Lapa Tieixet al., 2012; Wyatt et al., 2012). En
effet les microalgues portent une charge négatiudes empéche de s’agréger. Cependant

cette charge peut étre neutralisée ou réduitearnaat un floculant dans le milieu de culture.
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L’ajout de sels inorganiques est communément @t{lihlorure de fer, sulfate d'ammonium et
sulfate de fer). Mais, ce type de coagulation pentire inutilisable la récolte d’algues pour
certaines applications (ex : aquaculture). Cependes bio-floculations ont été développées
pour éviter 'apport de sels en utilisant des flaats produits par des mocroorganismes (e.g.,
Paenibacillus polymyx&M49) or other floculating microalga (Kim et a011; Salim et al.,
2011).
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Figure 24. Vue schématique d'une floculation (Salim et al., 2011)

1.5.2.2. La centrifugation

Une majorité des microalgues peut étre récoltéecgatrifugation. En effet c’est une
méthode rapide, mais colteuse et consommatriceerdjien Elle reste tout de méme la
méthode de récolte préférée pour les microalgulesidRrs types de centrifugeuses ont été
développés (ex : la centrifugeuse a bol, le séparad assiettes, le décanteur centrifuge et
I'nydrocyclone). Les caractéristiques des cellflespece, taille, concentration...) (Heasman
et al., 2000), le temps de séjour (controlé padébit d’alimentation), et I'accélération
(nombre deg) (Heasman et al., 2000) sont autant de parameétresnsidérer lors du

développement de cette méthode de récolte (Molnradet al., 2003).

1.5.2.3. La filtration frontale et la filtration tangentielle

La filtration frontale fonctionne sous pressionsmwus vide. Elle permet d’obtenir des
résultats satisfaisants pour la récupération deroaligues de taille relativement élevée
(Coelastrum proboscideumt Spirulina platensiy mais n’est pas satisfaisante pour récolter
des organismes de petite taille (<10 um) (&cenedesmuPunaliella, Chlorella) (Mohn
dans (Molina Grima et al., 2003)).
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La microfiltration et l'ultrafiltration (= filtraton tangentielle) sont des alternatives
possibles a la filtration frontale conventionnellEigure 25). Ce sont des méthodes
applicables a la séparation de microorganismeddsafPetrusevski et al., 1995). Cependant,
c’est une méthode encore peu utilisée pour treitegrands volumes (> 2’jour?) mais qui
reste tout de méme utilisée en aquaculture (Borkajt1997) ou en biotechnologie (Rossi et
al., 2008; Rossi et al., 2005) pour la séparatmméitroalgues d’un milieu liquide.
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Figure 25 Filtration frontale et filtration tangentielle (source GEPEA dans (Person, 2010))

S'’il faut éviter la contamination de la biomasse @@ possibles agents chimiques, la
centrifugation ou la filtration sont donc conseaif¢ La filtration reste plus économique pour
traiter des petits volumes, mais pour de grandemes (>20 mjour?) la centrifugation est
conseillée (Mackay and Salusbury, 1988). Le syst@mmployer dépendra aussi, de I'espéce
d’algue (fragilité, taille, concentration cellulajra récolter et de I'utilisation qui en sera faite
(extraction de métabolites, nourriture pour 'aguage, complément alimentaire).

1.5.3. Procédures d’extraction et de purification des AZA

La derniere procédure d’isolement d’AZA décritepartir de mollusques bivalves, a
été publiée trés récemment (Kilcoyne et al., 20EH#g présente des améliorations, réalisées
en termes de rendement par rapport a la préecédextteode décrite, pour isoler les AZA1 a -
3 (Perez et al., 2010) et a permis par ailleusolément d’AZA6. Cependant elle présente
encore sept étapes (Figure 26).
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mE
step no. step 1 2 3 6 weight (g)

subsampling 14.1 4.0 4.8 0.78 505.0
1 first crude extract 14.0 39 4.7 0.77 269
2 first partitioning 13.3 37 4.4 0.73 239
3 second partitioning 12.6 3.5 4.2 0.69 89
4 silica gel 11.9 33 4.0 0.65 0.6
5 LH20 10.1 2.8 34 0.55 02
6 flash (phenyl-hexyl)® 9.2 2.5 2.4 0.49
7 prep HPLC (C8/C18) 7.3 1.7 2.0 0.30

% recovery 52 43 43 38

% purity >95 »95 >95 >95

“Compounds 1—3 and 6 were separated from each other in this step.

Figure 26. Procédure d'isolement d’AZA1-3 et d’AZA6 et rendements obtenus (Kilcoyne et al., 2012).

La procédure d’'isolement des AZAs la plus récestedenc la suivante (Kilcoyne et

al., 2012) :

1.

L'isolement a été réalisé a partir de moules coméas cuites (Bruckless, Irlande
2005) et disséquées pour obtenir 500 g de glandestives. Ces derniéres ont été
homogénéiseées, lyophilisées (poids final, 130 gxétites a I'éthanol (5 x 500 ml).
Les extraits ont été réunis, évaporeés, et reprigidsant de I'acétate d’éthyle (150 ml)
et une solution aqueuse contenant du NaCl (1 MnBOLa fraction organique a été
prélevée et évaporee.

Le résidu huileux obtenu a ensuite été repris daessolution d'hexane (200 ml) et de
méthanol/eau (9:1, 200 ml). La fraction méthandicu été prélevée, évaporée et
reprise dans l'acétate d'éthyle (20 mL).

Ensuite ~4 g de gel de silice (10-40 um, de typeoht été ajoutés a cet extrait,
évapores, broyés en une poudre fine, et chargésnsgel de silice (55 g) versé dans
une colonne (19,5cm x5 cm). L'élution a été s&ai successivement a I'hexane,
'acétate d'éthyle, des mélanges acétate d'éthydhanol (9:1, 7:3, et 1:1) et pour
finir avec du méthanol (300 mL de chacune des phaemtenant, 0,1% d'acide
acétique, exception faite de la premiere élutidihéxane). L’analyse de la seconde
fraction d'acétate d'éthyle/méthanol (7:3) a mogtrélle contenait les AZA.

L'extrait obtenu a été évaporé, repris au méthatothargé sur une colonne de
Sephadex LH-20 (150 cm x 1,5 cm, conditionnée auOMle éluée par gravité
(~ 1 mL min') avec du méthanol. Les 20 premiers millilitreslaié ont été recueillis
toutes les minutes et ensuite le fractionnementéaréalisé toute les 3 min. Les

fractions contenant les AZA (fractions 8-15) oré gtunies puis évaporées.
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6. L’extrait a ensuite été solubilisé dans un mélaaggtonitrile / eau (6:4, avec 0,1% de
triethylamine) et chargé sur une colonne remplie pdeticules greffés avec des
groupements phényle-héxyle (19,9cmx2cm) et élagec un mélange
acétonitrile / eau (3:7, avec 0,1% de triéthylasiae4 mL min', en collectant des
fractions de 5 mL. Les fractions contenant respentent les AZA1l, -2 et-3 ont été
combinées.

7. La purification finale d’AZA1 a été réalisée par Gemi-préparative couplée a une
détection a 210 nm (barrette de diodes, PDA). lamce utilisée était une Luna C8
(Phenomenex, 250 mm x 10 mm, 5 um), avec élution’ade d'un mélange
acétonitrile / eau (1:1, contenant 2 mM d'acétdemohonium) & 4 mL mih La
température de la colonne était de 30°C. AZA2 t-B@nt été purifiés en utilisant les
mémes conditions qu’AZAl, mais avec une colonnéémiinte (Cosmosil C18,
Nacalai Tesque, 250 mm x 4,6 mm, 5 pum) et un ddébg faible (1 mL mift). Les
fractions contenant les AZA purifiées ont ensuité éeprises dans un mélange
acétonitrile/eau (2:8) et chargées sur des cartsuahiextraction en phase solide
(Oasis HLB, 200 mg), rincées avec un mélange métharau (1/9, 10 mL) pour

enlever le tampon et éluées avec un mélange métheao (9 :1, 20mL).

Les extraits ainsi purifiés ont été testés pouimestla teneur en phthalates et leur
pureté a été évaluée en RMN.

1.6. Interactions phycotoxines et mollusques bivalv es filtreurs

1.6.1. Mécanismes de filtration des mollusques bivalves

Les bivalves ont la capacité de controler la quéngt la qualité de leur régime
alimentaire, en faisant varier la quantité d’eaupgsse a travers leurs branchies, et le taux de
rétention des particules. En effet, les molluscpeed capables de séparer le seston comestible
de celui possédant une faible valeur nutritionneleréguler le volume de particules ingérées
et ingérées et de faire varier leur processusgkston et d’absorption (Gosling, 2003).

Le taux de filtration (pompage) est défini commeddume d’eau passant a travers les
branchies en fonction du temps (Hawkins et al.8)9Gette eau est filtrée par les branchies
et les particules retenues sont acheminées vergalpes labiaux par la gouttiere ventrale

suite & un processus muco-ciliaire et hydrodynamiduce niveau une sélection pré-ingestive
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peut avoir lieu : les particules non désirables sejetées dans les pseudoféces et les autres
sont dirigées vers la bouche et ingérées (Figuye 29
e
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Figure 27. Schéma illustrant le devenir de particules en suspension dans I'eau filtrée par les mollusques bivalves
(Lassus et al., 2002)

Le systeme digestif des bivalves est constituénel’bouche, d’'un cesophage, d'un
estomac, d’'une glande digestive, d’un intestinest'@hus (Figure 28). Les particules entrent
par la bouche, passent par I'cesophage et arrivarg Bestomac sous l'action combinée de
I'épithélium cilié, d’acides et de muco-polysacdtas neutres (Beninger et al., 1991).
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Figure 28. Exemple de mollusque bivalve, la moule qui sera utilisé comme bivalve de référence au cours de cette

these (source Ifremer).

Les particules sont ainsi conduites dans I'estonsacune sélection post-ingestive
s'opéere (Brillant and MacDonald, 2000, 2002, 208B3)u elles sont dégradées par I'action du
stylet cristallin. L'estomac se présente sous tanéode deux renflements qui correspondent
aux conduits d’ingestion et d’égestion. Dans I'esto, I'action du stylet cristallin, composé
de protéines, permet la réalisation de deux proses€l) une libération d’enzymes assurant
la digestion par le sac du stylet cristallin et (®) mélange du bol alimentaire. Les enzymes
présentes dans I'estomac sont : des estérasephdsphatases, des endopeptidasesodes
amylases, dea- et B-glucosidases, dgsgalactosidases, des maltases, des chitinases et de
cellulases. Aprés ce premier processus de digesisnparticules sont dirigées par des
conduits ciliaires de I'estomac vers les tubulegestifs (Figure 29) pour étre digérées et
absorbées, ou vers l'intestin pour étre excrétaes tes feces. Ce processus est plus ou moins

long (quelques heures) en fonction des espécesadeaigues (Rouillon and Navarro, 2003).
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Figure 29. Schéma d'un tubule digestif de mollusque montrant I'absorption et la digestion intracellulaire des

particules venant de I'estomac (fleches noires) et des débris a excréter (fleches en pointillées) (Gosling, 2003).

Les tubules digestifs présentent deux types daleslt les digestives et les basophiles.
Les cellules digestives sont les plus abondantegréévent les particules a la base des
microvillosités des tubules digestifs par pinocgtéabsorption du liquide extracellulaire dans
les cellules) et leur digestion est ensuite réalaé niveau des lysosomes. Apres la digestion,
le produit final est libéré dans 'hémolymphe et tkechets de la digestion sont relachés dans
la glande digestive et acheminés vers lintestimrpexcrétion (Figure 29). Les cellules
basophiles possédent un appareil de golgi et doharoréle dans la synthése des protéines.
Cependant, leur role n’est pas encore tres clame tbis dans lintestin les déchets de la
digestion et les particules directement rejetées g encore éventuellement étre absorbés et
passer dans I'hémolymphe. En effet, les hémocytedaocapacité de traverser la barriere
intestinale et une activité enzymatique est enpoésente dans l'intestin. Ces déchets sont
ensuite excrétés et exhalés par le bivalve (Gqashig3).

1.6.2. Effets des microalgues toxiques sur les mollusques bivalves

Un grand nombre d’événements toxiques ont assaci@ahiere directe ou indirecte
des mortalités d’invertébrés, de poissons, d’oisemais aussi de mammiféres marins
(baleines, dauphins...) a des efflorescences d’alguésgues (Landsberg, 2002).

En ce qui concerne les mollusques bivalves, eng#gsconditions environnementales
telles que la température, la salinité, la quargitda qualité de la matiére en suspension
(Barille et al., 1997; Bayne et al., 1987; Baynalet1989; Bayne et al., 1993; Gosling, 2003)
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et des facteurs intrinséques aux mollusques (psedsde I'animal, age, taille...) (Gosling,
2003), les réponses physiologiques des différegpseces aux phycotoxines sont variables en
fonction de leur sensibilité. Les moules sont cdéstes comme moins sensibles que la
plupart des autres mollusques bivalves et par cuesg peuvent accumuler de plus grandes
guantités de toxines (Bricelj and Shumway, 1998frat al., 2009), alors que d’autres
organismes comme I'huitr€( virginica), peuvent, lorsqu'ils sont exposés a une alimentat
d’algues toxiques telles que I&seudo-nitzschiaréduire leur accumulation de toxines en
diminuant leur taux de filtration et en rejetans leellules toxiques dans les pseudoféces
(Mafra et al., 2009). Des constatations similagtesmodification de I'activité physiologique
des mollusques ont aussi été observées avec dagpces de mollusques exposées a des
especes d’algues toxiques (Bardouil et al., 1996d8uil et al., 1993; Lassus et al., 1999;
Shumway and Cucci, 1987).

En plus d’affecter I'activité physiologique des hashues bivalves, les microalgues
toxiques peuvent altérer leur systéme digestif.effet, une diminution de I'épaisseur de
I'épithélium des tubules digestifs ainsi qu'unedidtion des cellules de I'épithélium dans la
lumiére des tubules a été observée chez des bivalkmoses a différentes algues toxiques
(Alexandrium fundyensélexandrium ostenfeldii, Prorocentrum rhathymu(@alimany et
al., 2008b; Medhioub et al., 2012; Pearce et &Q52 De plus, (Fernandez-Reiriz et al.,
2008) ont démontré une inhibition temporaire ducpssus digestif lors des premiers jours
d’exposition des moulesM; chilensi$ a A. catenella. Une diminution de [l'activité
enzymatique a été observée, en particulier poumyffase et la laminarase ; cependant, cette
baisse d’activité n'a été que temporaire et a gF@nté apres deux semaines d’exposition a
A. catenella

De plus, les microalgues toxiques peuvent aussiaseéchéant, augmenter le taux de
mortalité des mollusques et particulierement celas juvéniles (Keppler et al., 2005;
Smolowitz and Shumway, 1997) ou dans une moindreuree engendrer une réponse
immunitaire des organismes exposés. En effet desradtions histopathologiques ont montré
des réactions inflammatoires et une production rdgytes par les mollusques bivalvés. (
edulis C. gigas Ruditapes philippinaruinlors d’expositions a certaines algues toxigues (
fundyense, P. minimum, K. veneficum, A. minutungstenfeld) (Galimany et al., 2008a;
Galimany et al., 2008b; Galimany et al., 2008c; étkbrn et al., 2010; Hegaret et al., 2009;
Medhioub et al., 2012). Ces effets peuvent se tamaer par des infiltrations et des

diapédéses hémocytaires entre les cellules degH&pim depuis le tissu conjonctif vers la
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lumiére de I'estomac, de I'intestin ou dans diffésetissus de la glande digestive (Medhioub,
2011).
Les effets déléteres des microalgues toxiques peudenc étre d'une grande

importance, au niveau de I'écosysteme ainsi que llgsunstallations aquacoles.

1.6.3. Accumulation et détoxification

La compréhension des meécanismes d’accumulation eet détoxification des
phycotoxines dans les mollusques bivalves est itaptg, compte tenu de Il'impact
économique et sanitaire des événements toxiques.

On a vu dans les deux sections précédentes quymbaion des mollusques bivalves a
des microalgues toxiques pouvait plus ou moinsctdfe(1) leur réponse physiologique et (2)
I'efficacité de la digestion et de I'assimilatioresd microalgues. Ces deux composantes
peuvent avoir un impact sur 'accumulation desnegi Cependant, d’autres facteurs entrent
aussi en compte : (1) le transfert des toxinesedes organes, (2) la biotransformation des
toxines en différents dérives, (3) le taux de diétmation et (4) le lieu d’accumulation de la
toxine (Silvert and Cembella, 1995).

1.6.3.1. Les toxines lipophiles

1. L’acide okadaique: en Europe, les périodes de contamination s’&t@nd
généralement de mai a novembre et varient en famdiés conditions climatiques. La plupart
des mollusques sont touchés par les efflorescated@mophysisspp. ouProrocentrumspp. :
les moules, les huitres, les coques, les pétortléss coquilles St Jacques... (Stobo et al.,
2005; Torgersen et al., 2008a; Vale, 2004, 200épe@dant, les moules sont généralement
retenues comme espéce sentinelle par les réseasurdsllance, grace a leur plus grande
capacité d’accumulation des phycotoxines. En effetmparées aux huitres, elles sont
habituellement beaucoup plus touchées (Yasumot. efl978) et sont généralement plus
contaminées que les autres espéeces de bivalvemfi®eiou et al., 2008; Vale, 2006).

Le temps de détoxification de ces toxines est bbria'un bivalve a un autre, et
logiqguement d’un dérivé a un autre (Torgersen.eR@08b), mais il semble relativement lent
avec un temps de demi-vie observeé supérieur auk® {dMarcaillou et al., 2010; Torgersen et
al., 2008b). En laboratoire, lors d’'une contammrati’Argopecten irradiangarP. lima, il a
été montré qu®. liman’induisait pas de mortalité, ne diminuait pasdex de filtration des
mollusques et qu’une faible accumulation (<1% dguantité totale de toxines ingérées) était

observée apres deux semaines d’exposition (Bau@ér 2001).
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Les toxines sont principalement localisées dangglasdes digestives des bivalves
(Edebo et al., 1988) et peuvent aussi étre pré&safars les gonades des pétoncles adultes
(Bauder et al., 1996). La cinétique de détoxifmafprésente une allure bi-phasique : rapide le
premier jour mais nécessitant plus de deux semaimgsobtenir une détoxification compléte
(Bauder et al., 1996). Par ailleurs, les mouledé&mntaminent plus rapidement lorsqu’elles
ont un apport élevé de nourriture non toxique (Maliau et al., 2010).

2. Les pecténotoxines il existe peu d’'informations concernant I'accuation et la
détoxification des PTX. Cependant, les contamimationt souvent lieu en méme temps que
celles qui impliquent 'AO et la DTX (Lindegarth ak, 2009; Vale, 2004, 2006).

Lors d’'une étude sur la détoxification de la PTX de I'AO, la PTX2sa a été la
principale PTX détectée chez I'huitre plafe €dulig et chez la mouleM. edulig, de petites
quantités de PTX2, PTX12 et PTX12sa étant aussictklds. Comme pour les toxines du
groupe AO, les huitres contiennent généralementgesitités plus faibles de PTX par
rapport aux moules, mais la différence est moinpomante qu'avec d’autres toxines
(Lindegarth et al., 2009).

Des études portant sur la détoxification des difiees PTX ont montré que ces
toxines sont rapidement éliminées dans les hu#tekes moules (T (1/2) = 6-13 jours,
(Lindegarth et al., 2009)). (Vale, 2006) a ausssesbé une détoxification rapide des PTX
chez la spisuleSpisula solidaet la télline Donax trunculuy ou en 4 jours la concentration
est passée respectivement de 0,4 et 1,7 ng/gensent des traces de toxines.

Les différents taux d'assimilation intestinale et/de biotransformation entre les
toxines du groupe AO et PTX peuvent expliquer lé&mences observées en termes de
rétention et de profil toxinique entre les bivalvptutét que des différences entre les taux
d'élimination (Lindegarth et al., 2009).

3. Les brévétoxines: les contaminations impliquant les BTX touchamés diverses
especes de mollusques : coques (Ishida et al.,)1986ules (Morohashi et al., 1995;
Morohashi et al., 1999), huitres (Plakas et aD420

Les BTX sont rapidement accumulées par les moliesdtels que I'huitre (Plakas et
al., 2002; Plakas et al., 2004)) et leur cinétigeedétoxification est bi-phasique mais tres
variable en fonction de I'adduit formé : un tempes demi-vie supérieur a 8 semaines a été
observé pour les adduits cystéiques de la PbTxBf@ieur a 2 semaines pour les liaisons

avec une molécule de glutathion (Plakas et al.4R00
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1.6.3.2. Les toxines hydrophiles

1. L’acide domoique (toxine amnésiante) : historiquement, c’est apnée grave
série d'intoxications alimentaires au Canada, suiteconsommation de moules contaminées,
que I'AD a été découvert (Bates et al., 1989). EanEe, en 1999, les premiére traces d’AD
ont été détectées dans des bivalves (Bretagnee@kavaritime et Méditerranée) et 'année
suivante, la teneur en AD a dépassé le seuil derig&sanitaire (20 pggde chair) en
Bretagne Ouest (Amzil et al., 2001).

En Irlande, I'AD a été retrouvé chez la mouMytilus edulis <1,0 pg AD §); chez
I'huitre (Crassostrea gigas<5,0 pg AD ¢), chez le coutealEfsis siliqua<0,3 pg AD &)
et chez la coquille St Jacqué®etten maximys240 pg AD &). La plus forte concentration
détectée d’AD, dans cette étude, a été dans leslegadigestives de la coquille St Jacques
(2820 ug DA §GD) (James et al., 2005). Au Canada, aprés un bldefseudo-nitzchia
seriatales moules ont accumulé jusqu'a 200 pg Abaiprs que les huitres n'ont accumulé
que 0,9 pgAD g (Mafra et al., 2010b). De plus, ces mémes autaetsent en évidences des
différences d’activités physiologiques entre plusseespeces de mollusques (Mafra Jr et al.,
2010; Mafra et al., 2008; Mafra et al., 2010a) etlignent la capacité de sélection pré-
ingestive et la diminution du taux de filtrationsdeuitres C. virginica) nourries ave®seudo-
nitzchia, pour expliquer leur faible accumulation en ABafra et al., 2008; Mafra et al.,
2010a) Ces articles montrent la grande variabilité qusgxientre les especes de mollusques
bivalves, en termes d’accumulation de cette toxamesi qu’'en fonction du lieu de
prélevement. En plus, d’'une variabilité concerniast cinétiques d’accumulation, celle-ci
existe aussi entre les cinétiques de détoxificalenAD en fonction des espéces. Par
exemple, la moule est rapidement détoxifiee (Blaetaal., 2002b; Gilgan M W, 1990;
Novaczek et al., 1992) alors que le couteau (Druiad.£1993; Trainer and Bill, 2004) ou la
coquille Saint Jacques se detoxifient plus lenténfBlanco et al., 2002a; Blanco et al.,
2006). Chez cette derniere, 'AD est majoritairetdistribué dans la glande digestive fele
maximus(>90%), puis dans les gonades, le rein, le musidtkicteur et enfin dans les chairs
restantes (branchies-manteau-pied) (Blanco eR@02a). A I'inverse, d’'aprés (Drum et al.,
1993) le couteau du Pacifique accumule I'AD suribans les parties comestibles (manteau,
siphon, muscles adducteur, pied) et peu dans &sidns « non comestibles » (branchies,
glande digestive, gonades). La cinétique de détaxibn de I'AD chez la coquille St Jacques
semble aussi varier en fonction de la salinité eetlad température alors que la nourriture
n'aurait pas d’effet (Blanco et al., 2006). Patleaits, d’aprés une autre étude de cette équipe

de recherche, I'AD serait contenu dans la fractigtosolique de la glande digestive chez
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Pecten maximust ne serait pas lié a un tissu ou a une enzymavaau du cytosol de la
glande digestive (Mauriz and Blanco, 2010). Cesewst pour expliquer la lente
détoxification (>300 jours), formulent I'hypothespie I'AD, contrairement a I'hypothése
initiale, ne serait pas séquestré par liaison aidegs de la glande digestive mais §esten
maximusn’aurait pas la capacité d’excréter I'AD du cytiogar transport membranaire.

Une fois dissous dans I'eau de mer, I'AD semble éifficilement accumulable par
les mollusques. Chez la moule, moins de 1% d’ABalis et jusqu’a 6% d’AD encapsulé ont
été assimilés dans les tissus, ou la majoritéAl@ Est concentrée dans la glande digestive et
le rein (Novaczek et al., 1992).

2. Les saxitoxines (toxines paralysantes) : ces toxines, produites ghaerses
especes @lexandrium,présentent des cinétiques d’accumulation variabtesonction des
réponses physiologiques de I'espece de mollusquieg spnt exposées, ainsi qu’en fonction
du lieu de préléevement. En effet, certaines espdeemollusques ayant I'habitude d’étre
exposées a des espéceslekandriumtoxiques auraient développé des mécanismes leur
permettant de se nourrir de ces microalgues et dismmscumuler de plus fortes concentrations
toxiniques (Bricelj et al., 2005; Chebib et al..939 Shumway and Cucci, 1987). Ou bien,
d’autres espéces plus sensibles peuvent bloqueraldivité alimentaire, en présence de
producteurs de toxines paralysantes, et donc nagasnuler de toxines (Shumway, 1989).
Mais, la majorité des espéces les accumulent plusains en fonction de leur sensibilité
(Bricelj and Shumway, 1998) et ont développé desamiémes de sélection pré-ingestive ou
post-ingestive : diminution de l'activité alimen&i(Bougrier et al., 2003), diminution du
taux de filtration (Bardouil et al., 1996; Bricedf al., 1990), sélection des particules non-
toxiques en présence de particules toxiques (Shyrmama Cucci, 1987) et variation de
I'efficacité d’absorption (Bricelj et al., 1990; Gmway et al., 1985).

L’accumulation des toxines paralysantes n’est pasi@@me dans tous les organes et
chez tous les mollusques bivalves; toutefois, ¢tesines semblent se concentrer

principalement dans la masse viscérale (glandestivgs et intestin, Figure 30).
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Figure 30. Exemple de distribution de toxines paralysantes chez différentes espéces de mollusques bivalves
filtreurs. Les chiffres en gras indiquent la quantité relative de toxine par tissu et les chiffres entre parenthése

indiquent leur contribution par rapport a la masse humide totale de chair (Bricelj and Shumway, 1998).

En ce qui concerne la détoxification des toxineslyaantes, il y a des espéces qui
présentent des cinétiques de détoxication rapideg(eblques jours a quelques semaines) et
d’autres qui présentent des détoxifications plugele (> a plusieurs mois) (Bricelj and
Shumway, 1998).

Toutefois, les mécanismes physiologiques qui sorjee, lors de ces détoxifications,
sont encore peu connus et l'effet de certains fastenvironnementaux sont controversés
(température). A basse température un ralentissedeela détoxification des mollusques est
généralement observé (Shumway and Cembella, 168@8gndant un effet de la température
n'a pas été observé lors de la détoxification daemoule M. galloprovincialig (Blanco et
al., 1997).

Cependant, l'effet de la nourriture sur la cinétiqgde décontamination a été
récemment étudié et I'ajout d’une source de naugihon-toxique réduit significativement le

temps de détoxification (Gueguen et al., 2008).
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La cinétigue de détoxification des toxines paraiysa est décrite comme une
cinétique bi-phasique. La premiere partie rapideespond a I'élimination des toxines libres
du tractus digestif, et la seconde partie plusleésulte de I'élimination des toxines liées aux
différents tissus (Baron et al., 2006; Blanco et B997; Blanco et al., 2003; Lassus et al.,
2007; Silvert and Cembella, 1995; Yu et al., 208%; et al., 2007). Ce type de modeéle
s’appligue bien aux cinétiqgues observées et pediagipréhender le temps nécessaire a la
deétoxification des mollusques ; cependant, il nendr pas en compte les variables
environnementales ou la biotransformation d’'unen®xen une autre. Mais, quelques auteurs
ont pris en compte ces types de variables: emementales (Blanco et al., 1997),
biotransformations (Blanco et al., 2003; Guegueal e2011; Silvert et al., 1998), transferts
entre organes (Gueguen et al., 2011; Li et al.,.5P@2 concentration initiale en toxine
(Gueguen et al., 2011). Ces modéles permetterfirdéafles prédictions et surtout de mieux

comprendre les mécanismes de détoxification.

1.6.4. Le cas des AZA

Le développement de I'analyse chimique comme systirsurveillance en Irlande a
permis de suivre les événements toxiques et detifjaattes AZA dans les moules depuis
2003 par CL-SM/SM. Méme si les AZA ont été détectdles concentrations inférieures a la
limite réglementaire en 2003, leur présence, depQB5, a des concentrations au-dela du
seuil sanitaire indique un probléme récurrent. &gises pays d’Europe sont aussi concernés,
soit par des intoxications de consommateurs, saitdes contaminations de mollusques
bivalves par les AZA. En France, les AZAl et -2 @bé trouvés chez le pétoncle blanc
(Aequipecten operculanisen 2007 en Bretagne Nord (Amzil et al., 2008)siaque chez
I'huitre (C. gigag et la moule K. edulig en 2010 et 2011 (source : REPHY).

De plus, lI'accumulation d’AZA a été signalée danscertain nombre d’espéeces de
mollusques (Tableau 4). Cependant, en Irlande dlesunx d’accumulation d’AZA dépassant
la limite réglementaire (160 pg Kgn'ont été observés que chez des motes(ulig et des

huitres C. gigas.
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Tableau 4. Concentration maximale en AZA équivalent (mg kg'l) trouvée dans les mollusques bivalves élevés en
Irlande entre 2003 et 2010 par CL-SM/SM. LOQ : limite de quantification (Salas et al., 2011).

Especes AZA equiv. (mg kg ™)
Cerastoderma edule 0.08
Crassostrea gigas 0.31
Ensis arcuatus 0.05
Ensis siliqua <0.01
Glycymeris glycymeris 0.01
Haliotis discus hannai <LOQ
Mytilus edulis 8.97
Ostrea edulis 0.07
Patella vulgata <L0Q
Spisula solida 0.15
Tapes philippinarum 0.1
Tapes semidecussatus 0.01
Venerupis senegalensis <LOQ
Venus verrucosa <LOQ

Toutefois,A. spinosumme produit qu’AZAl et -2 (Krock et al., 2009), ths qu’un
grand nombre d’analogues ont été recensés damsdeles (Rehmann et al., 2008), dont la
plupart semble étre des métabolites formés daneolgsillages (McCarron et al., 2009). De
plus, jusqu’a présent, le lien direct enfe spinosunet les contaminations de mollusques
restait encore a établir, alors gu’un transferpliique entréA. spinosunet d’'autres especes
de planctons est aussi envisageable (Bxotoperidinium crassipes, Favella ehrenbeygii
(Krock et al., 2009). Les voies possibles de coimations directes ou indirectes restent donc
encore a étre déterminées.

Un seul essai de contamination expérimentale gaABA a été publié a ce jour, en
parallele de nos travaux. Des moules ont été canées pendant 13 jours avec un mélange
d’algues fourrages auxquelles il a été ajouté AZAL purifié. La distribution, par tissu,
montre une forte proportion d’AZA1, 3 et 17 dans branchies et les autres tissus (surtout
AZA3) (O'Driscoll et al., 2011), cependant ce pret surprenant car AZA3 n’est pas connu
pour étre un AZA majoritairement retrouvé dansnesllusques bivalves (Fux et al., 2009;
McCarron et al., 2009).

S'’il n’existe que peu de données sur les voiesotéaenination des mollusques par les
AZA, il y a des informations concernant la détodfiion et le profil toxinique des

mollusques.
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La concentration en toxines peut rester élevée Enmollusques bivalves, pendant
huit & douze mois suivant I'exposition initiale a@tsi rester élevée pendant les mois d'hiver,
alors que les conditions sont théorigquement défdbles aux contaminations par du
phytoplancton toxique. Dans le cas des moulese cettitamination de longue durée suggere
un transfert des AZA de la glande digestive veauties tissus, ou la métabolisation serait
plus lente (Furey et al., 2003; James et al., 20@d1es et al., 2002; Magdalena et al., 2003a).
Mais récemment, des liaisons AZA-protéines ontréigées en évidence (Nzoughet et al.,
2008). Une liaison qui pourrait expliquer la longilerée de détoxification des coquillages
(Twiner et al., 2008). Alternativement, une len&aXification des AZA au cours des mois
d’hiver pourrait en partie étre expliquée par uaesse de l'activité métabolique pendant la
période hivernale (Twiner et al., 2008). Mais, leegence continue ou sporadiqueA.d’
spinosunou d’autres vecteurs d’AZA ne peut étre exclue.

La distribution des AZA dans les tissus de mollesya déja été étudiée chez les
coquilles Saint Jacque®.(maximup ou 85% de la toxine a été détectée dans la glande
digestive (Magdalena et al., 2003b) et chez leslesoM. eduli§ ou, similairement, plus de
80% de la toxine a été détectée dans la glandstoiggHess et al., 2005b). Cependant ces
travaux restent & approfondir afin de mettre edeévie les processus de métabolisation et de
détoxification des mollusques, et notamment cheadale.
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Contexte

A. spinosumest une microalgue productrice d’AZAl et -2 (Kroek al., 2009;
Tillmann et al., 2009), un groupe de toxines respbie d’intoxications alimentaires suite a la
consommation de mollusques bivalves. Cet organsemble étre largement répandu dans de
nombreux océans (Akselman and Negri, 2012; Potvial.e 2012; Tillmann et al., 2011;
Tillmann et al., 2009), et depuis leur découveee AZA ont été signalés dans de nombreux
endroits (Alvarez et al., 2010; Amzil et al., 2068irey et al., 2010; Magdalena et al., 2003a;
Taleb et al., 2006; Twiner et al., 2008; Ueokalgt2009). Nous avons donc mis en culture
cet organisme afin de mieux comprendre I'‘écophygiel desAzadinium d’évaluer la
possibilité de produire ces toxines a partir déucak en bioréacteurs et d’estimer la cinétique
d'accumulation des AZA dans les mollusques bivaléadin, ces connaissances sont des
informations essentielles pour la production dwatd toxines pour réaliser des expériences
de toxicologie et permettre I'étalonnage des imstnts d’analyse.

Dans des études antérieures, la concentratiorcétiuiaire en AZA trouvée dans les
microalgues s’est avérée étre trés variable, aflar§ & 40 fg AZA1 cefl (Krock et al., 2009;
Tillmann et al., 2009). Ces différences peuverg &&es a des conditions de culture ou des
procédures d'analyse différentes. Au niveau amplgtices differences peuvent comprendre
des variations sur le procédé d’extraction, de pération des cellules, du prétraitement ou
bien, étre la cause d’effets de matrice lors dealygse par CL-SM/SM. Par conséquent, les
études de l'effet des facteurs environnementauxugitionnels affectant la croissance et la
concentration toxinique &. spinosurmeécessitent une procédure d’analyse standardese d
cellules et du milieu de culture, pour pouvoir déti@er leur teneur en toxines. Nous avons
donc, tout d’abord, développé une procédure d'aeatles AZA provenant de cultureAd’
spinosum

Comme d'autres toxines lipophiles, les AZA sont galement extraits, par des
solvants organiques, a partir du phytoplancton @u nabllusques bivalves contaminés
(Quilliam, 2003). Historiquement, l'acétone a é&ésblvant utilisé pour extraire les toxines
lipophiles des mollusques bivalves, dans le burédiser le test-souris (Yasumoto et al.,
1984), tandis que le MeOH et des mélanges MeOHsatété plutbt utilisés pour extraire les
toxines lipophiles, afin de réaliser l'analyse garSM/SM (Hess et al., 2005b; McNabb et
al., 2005). Ces procédures d’extraction aboutissemtes extraits bruts pour lesquels on
observe généralement des effets de matrice (retrmess$ ou réduction du signal) lors des
analyses par CL-SM/SM (King et al., 2000). Cesteffde matrice ont été préalablement
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rapportés lors de I'analyse de moules par CL-SM/&Mx et al., 2008b) ; cependant des
solutions existent pour réduire leur influence etéhorer I'exactitude des résultats de
'analyse (Kilcoyne and Fux, 2010; McCarron et @011b). Par conséquent, les effets de
matrice doivent également étre évalués dans leegures d'analyse des AZA pour permettre
une quantification fiable des quotas cellulairéd.dspinosumDe plus, un nouvel analogue
d’AZA a été observeé par Krock et al. (2009) et psoirement désigné comme "AZAX". Il a
étée détecté dans des extraits méthanoliques deesiitiAzadinium spinosujret posséde un
ion moléculaire correspondant a celui du méthytered’AZA1l. Cependant, le temps de
rétention relatif d’AZAX ne concorde pas a celupparté pour le méthyle-ester d’AZAl
(Rehmann, 2008) (nommé AZA30 par ces auteurs).d@aséquent, la clarification des
structures et des mécanismes de formation desaetdedi’AZA méthylés est nécessaire. En
effet la détermination des métabolites d’AZA addintification des artefacts formés au cours
des procédures analytiques est importante pouréfedes ultérieures qui porteront sur
'accumulation et la détermination des voies detrhitsformations des AZA dans les
mollusques bivalves. Ainsi, la premiere partie decbapitre décrit le développement d'une
méthode d'analyse quantitative pour la déterminaties AZA a partir de cultures Al’
spinosum clarifie les structures des dérivés méthylés dA2Zt explique la formation des
méthyle-esters d'’AZA comme artefact d'extraction.

La seconde partie de ce chapitre porte sur la enigmint d’'une méthode d’extraction
a une échelle pilote, I'objectif étant d’obtenis lmeilleurs rendements d’extraction possibles
a partir de grands volumes de cultur€2Q0L). En effet, 'obtention de phycotoxines puess
essentielle car il existe actuellement une pénuaiée matériaux de référence pour la
surveillance des phycotoxines dans les denréesiafaines (Hess et al., 2007). Cela est
devenu particulierement important depuis le déltadsurveillance, par CL-SM/SM, des
toxines lipophiles dans les coquillages contamer@sEurope (Anonyme, 2011) et I'analyse
des AZA par CL-SM/SM exige des standards d’AZA fiési et certifiés pour leur
quantification. Les efflorescences d'origine ndtar@’A. spinosumsont pour le moment
encore difficiles a prévoir et/ou a trouver, comings peu de données écologiques sont
disponibles. La production durable d’AZA a partiAdspinosunest donc souhaitable pour la
quantification des AZA par les organismes de sllargie et pour les études toxicologiques.

La seconde partie de ce chapitre évalue donc dalfdité de la production d’AZA a
partir de culture en continu Al spinosumen photobioréacteurs, a une échelle pilote. Deux
photobioréacteurs ont été couplés en série pouugvdeffet du taux de dilution sur la

concentration cellulaire et sur la production d’AZPour la récolte des toxine,s nous avons
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appligué une approche de récupérations des AZAdaeliulaires a partir des cellules en
culture et des AZA dissous a partir de la phaseasgide la culture. Pour la récupération des
cellules, la filtration tangentielle et la centgftion en continu ont été évaluées. Pour la
récupération des AZA des procédures d'extractiophase solide ont été développées a partir
de grands volumes de culture filtrée et a particalicentrat de cellules obtenu.
La méthode développée par Jane Kilcoyne du Marnsttlite en Irlande pour purifier

AZAl et -2 a partir des extraits d'algues bruts astsi présentée. Elle met en évidence
l'efficacité de cette procédure de purification papport a la méthode d'obtention et de

purification d’AZA1 et -2 a partir de glandes digees de moules.

1. Quantitative analysis of azaspiracids in  Azadinium

spinosum cultures

Article publié : “Jauffrais, T., Herrenknecht, C., Séchet, V.,&il., Tillmann, U.,
Krock, B., Kilcoyne, J., Miles, C.O., McCarron, Rmzil, Z., Hess, P., 2012. Quantitative
analysis of azaspiracids Azadinium spinosurultures. Analytical Bioanalytical Chemistry
403, 833-846".

1.1. Résumé

Les azaspiracides-1 et -2 (AZA) sont des métalldecondaires Azadinium
spinosum qui peuvent s'accumuler dans les mollusques legalet provoquer des
intoxications alimentaires apres la consommatioetecoquillages. Nous décrivons ici une
méthode d'analyse pour la détermination des AZAagdirpde cellules dA. spinosumen
mettant l'accent sur la formation des méthyle-estiehZA. Ces derniers sont des artéfacts
formés lors de I'extraction et du prétraitementéshantillon.

Les cellulesd’A. spinosunont été recueillies a partir de cultures en bicteas par
centrifugation ou filtration. Différentes méthodd®xtraction ont ensuite été testées pour
évaluer leurs effets sur la formation de méthykerssd’AZA, le rendement et les effets de
matrice.

La filtration des cultures avec des filtres endilate verre conduit a une plus grande
formation de méthyle-esters par rapport a la dewgtation. L'étude de I'influence de la nature
solvant d'extraction (MeOH, acétone, MeCN) montue des rendements d’extraction des

AZA ne sont pas significativement différents tameda teneur en solvant organique reste
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supérieure a 80%. Cependant, I'utilisation de Ma&@ime solvant d'extraction conduit a une
plus grande formation de méthyle-esters d’AZAlZtl-e rendement d’extraction d’AZAl
apres deux extractions successives est de 100% uavenefficient de confiance de 95% pour
I'acétone et le MeOH.

Lors de I'étude de l'impact des effets de matrisas I'analyse des AZA, aucune
augmentation ou diminution du signal n’a été ob&era partir des extraitsAl’ spinosunou
d’A. obesunjusqu'a un volume cellulaire de 4,5 X 1n°. En outre, les expériences réalisées
afin de comprendre et d’expliquer la formationaestructure des analogues d’AZA méthylés
ont conduit a la description de deux méthyle-estohZ A et a la correction de la structure
chimique des AZA29 a 32.

1.2. Abstract

Azaspiracids (AZAs) are secondary metabolitesAahdinium spinosunthat can
accumulate in shellfish and cause food poisoningrwhonsumed. We describe here an
analytical procedure for the determination of AZAgultures ofA. spinosunwith a focus on
the formation of AZA methyl esters as artefactsmyextraction and sample pre-treatment.

A. spinosumcells were collected from bioreactor cultures gsoentrifugation or
filtration. Different extraction procedures wereafated for formation of methyl ester
artefacts, yield, and matrix effects.

Filtration of cultures using glass-fibre filtersdl¢o increased formation of methyl
esters, and centrifugation is recommended for mgowf cells. The extraction solvent
(MeOH, acetone, MeCN) did not significantly afféloe yield of AZAs as long as the organic
content was 80% or higher. However, the use of MeStéxtraction solvent led to increased
formation of methyl esters. AZA1l recovery over taiccessive extractions was 100% at the
95% confidence level for acetone and MeOH. In saashchddition experiments, no significant
matrix effects were observed in extractsAofspinosunor A. obesunup to a sample size of
4.5 x 1§ pn. Moreover, experiments carried out to clarify foemation and structure of
methylated AZA analogues led to the descriptiontvad AZA methyl esters and to the

correction of the chemical structures of AZA29-32.
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1.3. Key words

Extraction procedure, Extraction artefact, Matiffeets, LC-MS/MS, Azaspiracid

methyl ester, Dinoflagellate, Liquid chromatograpimass spectrometry

1.4. Introduction

Harmful algal blooms are widespread throughout warld, frequently causing
problems to public health through consumption aftaminated shellfish and, amongst these,
azaspiracid shellfish poisoning is the most regenténtified syndrome. In 1995, a human
intoxication occurred in the Netherlands after eongtion of mussels from Ireland (Killary
Harbour), with symptoms typical for diarrhetic dfish poisoning (DSP). The incident
caused diarrhea, nausea, vomiting and stomach sramgonsumers; however, only very low
levels of OA-group toxins were found in mussels fi&ton and Silke, 1996). A new toxin
named azaspiracid (AZA) (now referred to as Azasmirl (AZAl) (Figure 31)), was
identified three years later (Satake et al., 1998d}h its structure being revised after
synthetic studies (Nicolaou et al., 2006b). AZA$ 4vere subsequently isolated from
contaminated mussels and their structures establisising mass spectrometry and NMR
spectroscopy (Ofuji et al.,, 2001; Ofuji et al., 289 Additional AZAs have since been
identified and structures proposed based on masgrsmetry, and the group now comprises
32 analogues, including several hypothetical compeuand artefacts (James et al., 2003b;
Rehmann et al., 2008). Since their initial discy&ZAs have been found in Europe, Africa
and more recently in America and in Japan (Alvatal., 2010; Amzil et al., 2008; Furey et
al., 2010; Magdalena et al., 2003a; Taleb et @062 Twiner et al., 2008; Ueoka et al., 2009).

Even though consumption of AZA-contaminated shelifhas caused public health
problems since 1995, it was not until 2003 that AZRere detected in plankton, namely in
the dinoflagellateProtoperidinium crassipegJames et al., 2003a). However, a question
rapidly arose over whether this organism was anah@&ZA producer or whether it was a
predator which accumulated the toxin from anothrganism (Hess et al., 2005b; Miles et al.,
2004c). AsP. crassipesis a heterotrophic dinoflagellate (Gribble and Arsbn, 2006)
capable of accumulating phycotoxins (Miles et 2004b), and since culturing did not result
in AZA production (Tillmann and Krock, unpublishethta in (Tillmann et al., 2009)),
research focussed on possible prey of this spebwsng a cruise in 2007, a dinoflagellate
source of AZAs (strain 3D9), was discovered (Kretlal., 2008). This organism was found
to contain AZA1 and AZA2 in the field, and produadenovoAZA1l and -2 in axenic culture
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(Krock et al., 2009; Tillmann et al., 2009). Theganism, a small (12-16 pm length and 7—
11 pm width) peridinin-containing photosyntheticnafiagellate with a thin theca, was
formally described by (Tillmann et al., 2009) arahmedAzadinium spinosunThis species
was the type-species for a new genus, and was @ioed by two non-AZA-producing
speciesAzadinium obesur(RE10) (Tillmann et al., 2010), a somewhat largeyanism (13—
18 um length, 10-14 um width); aadinium poporumwhich is similar in size t@.
spinosumbut has a slightly lower mean cell length:widttiag11-16 pm length and 8-12
um width) (Tillmann et al., 2011). Interestinglynse the morphological description éf
spinosumstrains of this organism have also been repdrted Mexico (Hernandez-Becerril
et al.,, 2010), Argentina (Akselman and Negri, 201@ply and France (personal
communication, R. Siano and E. Nézan, Ifremer, égaand, as to be expected, from Ireland
(Salas et al., 2011). As the organism appears twitbespread in many oceans, and since
AZAs have been reported from many locations, azasial poisoning should be considered of
global concern. We have therefore cultivated thrganism to better understand the
ecophysiology ofAzadinium,its toxin production and the kinetics of AZA accuation in
shellfish. Finally, quantitative knowledge of theZA-production byA. spinosumis also
essential information for the sustainable produrctb toxins for toxicology experiments and
instrument calibration.

In previous studies, the cellular quota of AZAs waghly variable, ranging from 5—
40 fg cell* (Salas et al., 2011; Tillmann et al., 2009), whil®ur own studies we found up to
100 fg celt*. Such differences may arise from differences theeiculture conditions or in
analytical procedures, including extraction, recgven sample pre-treatment, or matrix
effects in the final determination using liquid ehratography coupled to tandem mass
spectrometry (LC-MS/MS). Consequently, studies omirenmental and nutritional factors
affecting A. spinosumgrowth and toxicity will require standardised grséd of cells and
culture media for their toxin content. Thereforeg decided to investigate the analysis of
AZAs from cultures ofA. spinosum

Like other lipophilic toxins, AZAs are typically &acted from phytoplankton or
contaminated bivalves with organic solvents (Qaflj 2003). Historically, acetone has been
used to extract lipophilic toxins from shellfishr fthe mouse bioassay, whereas MeOH and
mixtures of MeOH-water have been used for extragbi@or to LC-MS/MS analysis (Hess et
al., 2005b; McNabb et al., 2005). These proceduesslt in crude extracts that typically
cause matrix effects (signal enhancement or reshictn LC-MS/MS analysis (King et al.,
2000). Matrix effects have been reported in quattih of AZAs in mussels by LC-MS/MS
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using different technical approaches (Fux et &l08b), and possible solutions were proposed
(Kilcoyne and Fux, 2010; McCarron et al., 2011)efiefore, matrix effects also need to be
evaluated in analytical procedures for quantitatbAZAs in phytoplankton.

A novel AZA analogue observed by (Krock et al., 20@nd provisionally denoted as
“AZAX”, was detected in methanolic extracts @izadinium cultures, and possessed a
molecular ion corresponding to that of AZA1 metlegter. However, the relative retention
time of AZAX did not appear to match that origiryalteported for AZA1 methyl ester
(Rehmann, 2008) (denoted as AZA30 by these authditsgrefore, clarification of the
structures and mechanisms of formation of methgll&A artefacts was required.

The determination of AZA metabolites, and the idemtion of artefacts formed
during analytical procedures, is important for gusequent assessment of metabolism in
shellfish, other aquatic organisms, and mammalatems. Thus, the present study describes
the development of a quantitative analytical metfowdhe determination of AZAs in cultures
of A. spinosumclarifies the structures of methylated derivagivd AZAs, and explains the
formation of AZA methyl esters as artefacts frore #xtraction ofA. spinosuncells with
MeOH, and of AZA methyl ketals as artefacts of atggin MeOH.
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H H CHj; AZA1 methyl ester ("AZAX")

H  CH; CHy AZA2 methyl ester

CH; H H AZA1 methyl ketal ("AZA30") éf

CH; CH; H AZA2 methyl ketal ("AZA32")

H H = (9-anthry)methyl AZA1 (9-anthry)methyl ester | (9-anthrylmethyl group

H CH3 (9-anthryl)methyl AZA2 (9-anthryl)methyl ester

Figure 31. Structures of AZA1, -2 and their methyl and (9-anthryl)methyl derivatives

1.5. Materials and methods

1.5.1. Culture condition and cell count

Two species ofAzadiniumwere used: the producer of AZAl and A&, spinosum
(clone 3D9) and the non-AZA-producing specfesobesuniclone 2E10). Both strains were
grown using K modified medium (Keller et al., 198®)thout NH,Cl and with NaSeQ (10
M) , at 18 °C with a photon flux density of 200 pimw?.s* (day light fluorescent tubes) and
a photoperiod of 16 h of light and 8 h of dark,ar2.5 L or 100 L chemostat. Algae were
sampled at steady state in continuous culture. @efisities and cellular volume were

determined using a particle counter (Multisizer@ufter counter, Beckman).

1.5.2. Reagents

Methanol (MeOH), acetone, acetonitriie (MeCN), eibla (Qiu et al.), and
dichloromethane (DCM) were obtained as HPLC gramleesits from JT Baker and Sigma
Aldrich. Formic acid (Puriss quality), ammonium rfate (Purity for MS), methanol;d
(99.8%), N-methylN-nitrosop-toluenesulfonamide, di(ethylene glycol)ethyl ethard 9-
anthraldehyde were obtained from Sigma-Aldrich.liM)l water for HPLC was produced in-

house using a Milli-Q integral 3 system (Millipore)
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Spiking experiments were carried out using AZAlifent by P. Hess in collaboration
with M. Satake in Japan (2001), according to ptielis procedures (Ofuji et al., 1999a).
AZA1 calibrants for LC-MS/MS analysis were dilut®rof either certified AZA1 (CRM-
AZA1, National Research Council Canada (NRCC), fdali Canada), or using the above
AZAL1 purified in Japan (calibrated against CRM-A2A1

1.5.3. LC-MS/MS analysis

The samples were analysed by LC-MS/MS using anefgil100 LC coupled to a
triple quadrupole mass spectrometer (API 2000, ikdpBiosystems), a UFLCxr (Shimadzu)
coupled to a triple quadrupole hybrid mass speattemQ-trap (API 4000QTRAP, Applied
Biosystems), and an Agilent 1200 HPLC coupled toAmient 6540 QTOF instrument
equipped with an electrospray ionization sourcedoantitation and accurate mass spectral
analysis of AZAs.

1.5.3.1. Liquid chromatography

HPLC was carried out using BDS-Hypersil C8 (50 m, 3 um and 150 x 2.1 mm,
3 um), MOS-Hyperclone C8 (50 2 mm, 3 um) and Hypersil-Gold C18 (302 mm i.d., 2
um) silica-based reversed phase columns (Thermentfa). Injection volumes were 5 L.
The A and B mobile phases were 100% water and @site'water (95:5, v/v) respectively,
both containing 2 mM ammonium formate and 50 mMriiaracid.

The 50 mm BDS-Hypersil column was eluted isocréliicat 250 pL.mift (75% B) at
20 °C for 5-10 min, depending on which analoguesva@alysed. The MOS-Hyperclone C8
column was used in gradient elution mode (200 i nait 20 °C) starting with 70% B rising
to 100% B at 2.5 min, held for 4.5 min, decreasm@0% B over 6 min, and held for 5 min
until the next run.

The 150 mm BDS-Hypersil C8 column was used in g@nadielution mode
(200 pL min' at 30 °C) for acquisition of accurate mass dagfing with 25% B rising to
100% B at 12 min, held for 8 min, decreasing to B%ver 1 min, and held for 10 min until
the next run.

The Hypersil Gold C18 column was eluted with a gratifor determination of AZAs
and AZA ADAM derivatives, starting with 62.5% B ing to 100% B at 4 min, held for

5 min, decreasing to 62.5% B over 0.5 min, and F&l® min until the next run.
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1.5.3.2. Mass spectrometry

Multiple reaction monitoring (MRM) and fragmentati@xperiments were performed
in positive ion mode under the conditions givenTable 5. Selected ion monitoring (SIM)
was performed in negative mode. The following MRNansitions were monitored:
AZAl, m/z842.5-824.5, 842.5-672.5; AZA2 and AZA1 methyl estem/z 856.5-+838.5,
856.5-672.5; AZA2 methyl estem/z870.5-852.5, 870.5-672.5; AZAlds-methyl ester,
m/z 859.5-841.5, 859.5-672.5; AZA2 ds-methyl esterm/z 873.5-855.5, 873.5-672.5;
AZAl1 methyl ketal (AZA30), m/z 856.5-824.5; 856.5-672.5; AZA2 methyl ketal
(AZA32), m/z 870.5-838.5; 870.5-672.5; AZAl
1032.6-672.5; AZA2 (9-anthryl)methyl ester and AZA1l methiggtal (9-anthryl)methyl
ester, m/z 1046.6-672.5; and AZA2 methyl Kketal
1050.6-672.5. The following [M—H] ions were monitored in SIM mode: AZAfn/z840.5;
AZA2, AZA1 methyl ester and AZA1 methyl ketah/z854.5; AZA2 methyl estem/z868.5.

Quantitation was carried out using external catibraagainst AZA1, with Analyst 1.5

(9-anthryl)methyl ester,m/z

(9-anthryl)methyl estem/z

software (Applied Biosystems).

Accurate mass data were acquired on an Agilent 834QF operated in positive
mode, with full-scan analysis overz100-1000 at 1 scaft &nd targeted MS/MS analysis at
5 scans’S. Capillary and fragmentor voltages were 4000 V a8@ V, respectively. The Jet
Stream Technology source was set at 300 °C wittyiagigas flow at 8 L mitl and a sheath
gas flow of 12 L mift at 400 °C. Three collision energies (30, 50 and/Y@ere applied to
the precursor ions to study fragmentation pathways.

Table 5. Operating conditions for the two mass spectrometers (AU = arbitrary units)

Operating conditions AP12000 API 4000 Q-trap

Curtain gas 19 psi 30 psi
Temperature 350°C 450°C
Gas 1 30 psi 50 psi
Gas 2 50 psi 50 psi
CAD gas 5 psi Medium
lon spray voltage 5800 V 5500 V
Declus.terlng 140V 116 V
potential

Entrance potential 10V 10V
Collision cell 50& 70V 41 & 69V
Cell exit potential 35V 12& 16V
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1.5.4. Identification of AZA1 and -2 methyl esters and structure

confirmation

(a) The effect of heat treatment of the filters taomng A. spinosunsamples on the
formation of AZA methyl esters was tested to detaamwhether their formation was enzyme-
catalysed. Triplicate aliquots @& spinosunctulture (10 mL) were filtered using GF/C filters
and the filters (with cells) were placed in a 1.b mBppendorf tubes. Two types of heat
treatment were tested to suppress enzymatic act{tmicrowaving for 2 min at 800 W, or;
(i) placing in a water bath at 100 °C for 30 m#.control, without heat treatment, was
prepared in parallel. Each sample was then exttasith MeOH (5 x 0.5 mL) (described
below).

(b) The formation of AZA methyl esters was studiddring extraction and
reconstitution with MeOH and deuterated MeOH ¢OD). The procedure in Figure 32 was
used with the following solvents: (a) extractiorttwMeOH, reconstitution with MeOH; (b)
extraction with MeOH, reconstitution with GOD; and (c) extraction with C{OD,
reconstitution with CROD.

(c) Treatment with diazomethane, which derivatisaoxylic acids as their methyl
esters, was used to synthesise AZAl and -2 mettgre A methanolic extract from.
spinosum(0.5 mL) containing AZAl1 and -2 was added to thesmle tube of an Aldrich
diazomethane generator with System 45 connectimh,lanL MeOH and 1.5 mL KD were
added. Diazomethane was generated in the innerofutbe apparatus and allowed to react
situ with the extract, following the manufacturer’s fmeol (Sigma-Aldrich, 2007). After
reacting for 45 min at 0 °C with occasional swiglinthe extract was transferred to a glass
vial, evaporated to dryness under a streamfaNd the residue dissolved in MeOH (1 mL)
for LC-MS analysis.

(d) A sample containing AZA30 and -32 was obtaifresn an experiment studying
storage of AZA1 and -2 standards in MeOH (NRCC).

(e) Samples containing AZA1 and -2 methyl estand, &ZA30, and -32 (AZAl and -
2 methyl ketals), were treated with sodium periedst described by (Rehmann et al., 2008),
then analysed by LC-MS/MS or by LC-MS in negatioa iSIM mode. The same samples
were also derivatized with 9-anthryldiazomethankictv derivatizes carboxylic acids as their
(9-anthryl) methyl esters, and analysed by LC-M$asitive ion MRM mode as described by
(McCarron et al., 2011a).
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1.5.5. Protocols for the determination of extra- and intra-cellular portion
of AZAs

Procedures for AZA extraction evaluated in thisdgtwere based on the following
standard protocols.

Samples (10 mL) were collected frofn spinosuncultures and centrifuged (2500
20 min, 4 °C) in 15 mL centrifuge tubes. The cudtsupernatant was collected for liquid—
liquid extraction as described below, and the pelis re-suspended in 500 pL of solvent and
bath-sonicated (10 min) after transferring to artil5 Eppendorf tube. After sonication, the
aliquot was centrifuged (150@f) 10 min, 4 °C). The supernatant was transferrea fFomL
glass tube and gently evaporated under nitrogem loeating block at 35 °C. This process was
repeated so that the pellet was extracted thresstimtotal (the number of repetitions varied
as a function of the experiment, but three suceessktractions were generally used) and,
following evaporation of the combined supernatafitsm each step, the residue was
reconstituted in 500 or 1000 pL MeOH-®1(9:1 v/v). Subsequently, the sample was filtered
with a NANOSEP MF centrifugal device (PALL, 0.2 purh,5 mL vial with filter insert)
(15000g, 5 min, 4 °C) and transferred to an HPLC vial witkert (Figure 32).

The supernatant from centrifugation of the algdture was transferred to a 15 mL
tube and 2 mL of DCM added. The mixture was homageh(1 min vortexing), centrifuged
(2500g, 10 min, 4 °C), and the organic phase transfeteca 15 mL glass tube. The
supernatant was extracted three times in this miarened the resulting DCM extract
evaporated under nitrogen on a heating block €tC3&nd the residue was reconstituted and
filtered as above (Figure 32).

The above extraction protocol was used to evaltiag¢e following aspects oA.
spinosunextraction:

(a) Effect of sample size, and residence timéokpinosunmin a 15 mL centrifuge
tube prior analysis, on intra- an extra-cellularAdZontent. The aliquots were preserved with
neutral Lugol iodine solution and immediately obser using a Nageotte cell-counting
chamber. During the experiment, the aliquots weeentained at room temperature (18 +
2°C).

(b) Influence of procedures for separation of algells from the culture medium
(filtration and centrifugation) on intra- and extallular AZA content.

(c) Effect of extraction solvent on yield and aaietfformation.

(d) Effect of algal matrix on recovery on the starttiprocedure.
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10 mL of 4. spinosum culture,

l

Centrifugation: 2 500 g, 4°C, 20 min.

v i v
Supernatant; Add 2mL Fellet: Add 500 WL solwent & transfer to Eppendorf 1. 5mlL.
DM and wortex for 1 min. WVortex: 1 min, sonicate (10 min. Centnfuge: 15 000 g, 4 °C, 10 min.
Transfer the organic phase Add another 500 pL of solvent to pellet Transfer supernatant
mto a glass tube and and homogenise. Centrifuge. to glass tube &
evaporate. Repeat 3 funes. Repeat the operation (3 in total). ™ evaporate.

Reconstitute in 0.5 or 1 mL MeQH/MH,O 91 iy
> (wartex, 1 min). -

v

Filter and transfer mnto HPLC wial and analyse by LC-DMS/TIS

Figure 32. Sample preparation scheme for extraction of AZAs from A. spinosum

1.5.6. Matrix effects in LC-MS/MS analyses of culture extracts

Matrix effects were evaluated using the followingpeoaches:

(&) AZA1 addition to a constant amount of algal mxatA. obesunctulture medium
(10 mL) was extracted using the standard procefigure 32) with MeOH-KD (9:1) or
acetone—bD (9:1) (v/v). Reconstitution was carried out iiplicate using an AZA1 solution
and MeOH, to obtain AZA1 concentrations rangingrfr6.3—213 ng.mt..

(b) The same extraction was applied as for (a) abbut withA. spinosunculture
medium.

(c) Matrix addition to a constant AZA concentratidBamples of a culture oA.
obesum(58000 + 1000 cells.mt, 83.3 x 16 un.mL™Y) (0.62, 3.1, 6.2, 10, 21, 50 mL) were
extracted in triplicate (Figure 32) using MeOH€H(9:1) or acetone—® (9:1 v/v) and
reconstituted with 40 pL of AZA1l solution and 46D pf MeOH-H,O (9:1 v/v) to give an
AZA1 concentration of 42.7 ng.mL
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1.5.7. Statistical analysis

All data are expressed as mean * standard devidgmending on the data, statistical
analyses consisted either of multifactorial analysdivariance, one-way analysis of variance
(ANOVA), or a Kruskal-Wallis test, followed, whercessary, by a Fisher's least significant
difference procedure or a Box-and-Whisker plot.f&#nces were considered significant at
p<0.05. Statistical analyses were carried out uStaggraphics Centurion XV.I (StatPoint
Technologies, Iny. Before each ANOVA analysis or Kruskal-Wallis tiesormality and

equality of variance were tested to decide whiststevere going to be used.

1.6. Results and discussion

1.6.1. Identification of AZA1 and -2 methyl esters and structure

confirmation

A late-eluting LC-MS peak iA. spinosunextracts, provisionally denoted as AZAX,
was previously identified as a possible isomer @A& (or a methylated AZA1 analogue),
based on retention time and mass (Krock et al.820ilimann et al., 2009). The present work
demonstrated the artefactual formation of methylaterivatives of AZA1 and AZA2 during
extraction ofA. spinosuncultures, and procedures that reduce their foonatdiowever, the
mechanism of formation and identities of these @yats were unclear.

Enzymatic activity can modify the chemical struetunf toxins when extracting
phytoplankton (Quilliam et al., 1996). To test wheat this might be the case for AZAs, the
filters containingA. spinosunmwere heated in a water bath or microwave befoteaeton.
Neither procedure reduced the formation of metegatnalogues of AZA1 nor -2, indicating
that enzymatic activity of the alga is not respblesifor the formation of the methylated
analogues.

(Brondz et al., 2007) reported that extractionmafural products with MeOH may
produce methyl esters of fatty acids or other mdescwith a carboxylic acid groups. Methyl
esters of AZAs (now known to be methyl ketals, betow) have also been reported as
storage artefacts (Rehmann et al., 2008), and tbpopion of these was reduced when
acetone, MeCN or DCM were used (Table 6 and Tapble 7
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Table 6. Percentage of AZA analogue as a function of the harvesting (filtration or centrifugation) and extraction

(MeOH or acetone) procedure for 3 consecutive extraction cycles

AZAl methyl AZA2 methyl
AZAL (%) AZA2 (%)

ester (%) ester (%)
Filtration & MeOH 49 18 31 3
Centrifugation & MeOH 71 26 3 0
Filtration & Acetone 55 20 23 2
Centrifugation & Acetone 73 25 2 0

Table 7. Yield of AZA (fg.cell'l) with extraction solvent from A. spinosum pellets after centrifugation. Values with

different letters are statistically different at P<0.05, (n=3).

Solvent AZAl AZA2 AZA1 methyl ester Total
MeOH 85+8 25+2 3.740.3 (d) 114+10
Acetone 8745 24+1 2.4+0.3 (c) 11346
MeCN 9545 26+1 0.840.1 (b) 122+7
EtOH 94+10 2612 3.7%0.2 (d) 124411
DCM 8212 22+1 0.320.1 (a) 10443

To confirm that the two methylated analogues (sgbesetly identified as AZAl and
AZA2 methyl esters) were artefacts of the extradtieconstitution process, and to determine
at which stage formation occurred, extraction aabnstitution were carried out using MeOH
or CD;OD. The formation of methylated analogues took @laminly during extraction but
also, to a lesser degree, during reconstitutiothefresidue after evaporation with MeOH
(Figure 33). Therefore, these two analogues werke dearly identified as artefacts from

extraction with MeOH, and were suspected to be AZAd -2 methyl esters.
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(a) (b) (c)

AZAs (%)
N w H a1 o))
o o o o o
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CH30H/CH30H CH30H/CD30D

CD30D/CD30D

OAZA1l BAZA2 BAZA1l methyl ester BAZA2 methyl ester BAZAld3-methyl ester BAZA2d3-methyl ester

Figure 33. Percentages of AZA analogues from A. spinosum collected by centrifugation after: (a) extraction and
reconstitution with MeOH; (b) extraction with MeOH and reconstitution with CDsOD, and; (c) after extraction and

reconstitution with CD3;OD

Methyl esters of AZA1-3 and 6, denoted as AZA29+@2re reported by Rehmann et
al. and were identified as artefacts of storage in MgB@dhmann et al., 2008). Specimens
containing AZA30 and -32 as artefacts of long testorage in MeOH from NRCC were
analysed by LC-MS/MS (Figure 34, Figure 35, FigBéeand Annexe 2). The retention times
and mass spectra (API-4000, linear ion trap andeAi6540 QTOF) of AZA30, -32 were
different to those of the two methylated AZA-extian artefacts observed in the present

study (Figure 34, Figure 36 and Annexe 3).
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Figure 34. High resolution mass spectra of: (a) AZAL; (b) AZA1 methyl ester of AZA1 obtained through extraction

from A. spinosum; (c) semi-synthetic AZA1 methyl ester, and; (d) AZA30 (AZA1 methyl ketal) obtained as an

artefact of storage of AZAl in MeOH

91



Chapitre 2 — Analyse et production d’azaspiracides

R
H
b

Gy
CHy

=N
Se40H
o -
R - H
H o omO OF

(A
AZAT 425
AZAT reihyl katal HAR.S
AZ2471 melhyl eeter 356.5

A781 melhyl ketal mestyl esler 47005

A o

] L
| N o HU
1 e -"-"-"""'“)[ T oo B W
RO - _— L H J o
= i T e L TH

R Rz
ragrerd 2 Fragment o et
CT mdpeTE4 L TTMIMELINN 3
P T
o v -I_'| H I H, ! P
e -Hﬁ"ﬁ}w'f Bl v D.‘-‘h. N
HoE aj A Y
L Sy B i 3 T -
‘H  OH _

. . L o (B | o
few MR BRLE Fragmanta
Fraagrnenl 3
Friagment 1
Rt [MH-REIH T
H Azd &
CHy GZB.S
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Figure 36. LC-MS chromatograms of AZAs obtained with an isocratic elution: (a) A. spinosum after extraction with

acetone; (b) A. spinosum after extraction with MeOH; (c) semi-synthetic AZA1 and AZA2 methyl esters produced
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with diazomethane; (d) AZA1l standard after long-term storage in MeOH, and; (e) AZA2 standard after long-term
storage in MeOH

High resolution mass spectrometry was consistetit thie chemical formulae of the
molecular structures and fragments (Table 8 andei@nd4). The observation that the
methylated extraction artefacts from the presamdystad identical retention times and mass
spectra to semisynthetic AZA1 and AZA2 methyl estéproduced by treatment with
diazomethane) unambiguously identified these astefas the methyl esters (Figure 34 and
Figure 35).

Table 8. High resolution LC-MS and LC-MS/MS data (measured m/z and A (ppm)) for AZA1, its methyl ester

(extraction artefact from A. spinosum, and semi-synthetic), and AZA30 (AZA1l methyl ketal). Fragment ions
correspond to Figure 31

lon AZAl AZA1 methyl AZA1 methyl ester] AZA30
ester (artefact) | (semi-synthetic)
[MH]™ Formula G7H7NOy," CyeH7aNOy," CaeH7NO,," CygH7aNOy,"
mz (A) 842.5049 (0.0) | 856.5209 (0.5)| 856.5210 (0.6) BBB9 (4.0)
[MH-ROH]" | Formula G/H7NOy,* CueH7NOy 1" CueH72NO, CuH7NO,"
(Fragment 1) | m/z (A) 824.4946 (0.4) | 838.5105(0.6)| 838.5104 (0.5) 8929 (1.7)
Fragment 2 Formula | HsgNOg CaeHssNOg* CagHssNOg" CagHzsNOg"
(RDA 1) mz (A) 672.4111 (0.7) | 672.4101(0.7)| 672.4112 (0.9) 8705 (0.2)
Fragment 3 Formula | £H,NOg CyiH4sNOg" CaH4gNOg" CaH4gNOg"
mz (A) 530.3476 (0.0) | 530.3470 (1.1)| 530.3466 (1.9) 3861 (2.8)
Fragment 4 Formula | £H,NO5 CysH4NOS" CyH4/NO:" CyH4/NO:"
mz (A) 462.3213 (0.2) | 462.3206 (1.7)| 462.3218 (0.9) 306 (1.7)
Fragment 5 Formula | 4H3NO;" C,H3NO5" CooH3eNO5" CooH3eNO3"
(RDA 2) mz (A) 362.2688 (0.6) | 362.2691(0.3)| 362.2690 (0.0) 2622 (2.2)

Thus, AZA30 and -32 are methylated derivatives @AA and -2, respectively, but
are not methyl esters. (Rehmann et al., 2008) tegan initial loss of 32 amu in the mass
spectra of AZA30 and -32, suggesting the loss oOMeHowever, we observed only initial
loss of 18 amu (kD) in the mass spectra of authentic AZA1 and -2hyletsters (Table 8
and Annexe 4). A plausible hypothesis is that AZAB@ -32 are 21-methyl ketals formed by
exchange at the 21-OH hemi ketal of AZA1 and AZAZspectively, with MeOH. This
proposal is consistent with the observed initigsks of HO from AZA1l and -2 and their
methyl esters, and of GBH from the corresponding methyl ketals (Figuread®l Figure
37). To test this hypothesis, samples containindAZnd -2, their methyl esters, and AZA30

and -32 were treated with periodate, which oxiddyivcleaves the 20,21-diol in AZAs to
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form a lactone derivative (Figure 37) under mileh@ditions (McCarron et al., 2009; Rehmann
et al., 2008). LC-MS/MS analysis showed completaeveosion of AZA1 and -2, and of their
methyl esters, to the lactone, whereas no detectabiction occurred with AZA30 and -32,

indicating that the latter compounds have been figabdlin the 20,21-diol moiety (Figure 37).
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Figure 37. Fate of AZAl and its methylated derivatives when treated with sodium periodate, which oxidatively

cleaves the 20,21-diol group present in naturally occuring AZAs.

LC-MS analysis in negative ion SIM mode (Ofuji dt, &999a) established the
presence of a free carboxyl in AZA30 and -32, areldbsence of a free carboxyl in AZAl
and -2 methyl esters. Only AZAs with free carbozydicid groups would be negatively
ionised in electrospray MS, and it was found thatsignal was obtained for AZA1l and -2
methyl esters, while AZAl, -2, -30 and -32 wereedttd (Annexe 5). Additionally,
derivatization with ADAM produced (9-anthryl)methgster derivatives of AZA1, -2, -30 and
-32 (yields >98%), whereas the methyl esters of AZAd AZA2 were unaffected (Figure 31
and Annexe 5). These results strongly support gpothesis that AZA30 and -32 are the
methyl ketals of AZA1 and -2, respectively, and ao¢ methyl esters as originally reported
by (Rehmann et al., 2008), and it seems likely thest is also the case for AZA29 and -31
(reported as methyl esters of AZA3 and -6 by (Refmmat al., 2008)). The methylation
artefacts from extraction &. spinosuntultures are unambiguously identified as AZA1 and
AZA2 methyl esters, and the “AZAX” observed in matiolic extracts by (Krock et al., 2009)
appears to be confirmed as AZA1 methyl ester (“AZAXass spectrum observed by (Krock
et al., 2009) is presented in the Annexe 6).
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1.6.2. Evaluation of extraction protocols of azaspiracid from A. spinosum

1.6.2.1. Particulate and dissolved toxins

After the aliquots were sampled from the bioregciotra- and extra-cellular toxin
contents were determined in triplicate immediatetyafter resting periods, with different
solvents, with an aliquot of culture (10 mL) takemassess morphological changes for each of
the resting periods.

In laboratory culture, AZAs produced b4. spinosumwere clearly intra-cellular.
When cells were gently separated from the culturediom either by filtration or
centrifugation (no cells were detected under theerted microscope in the filtrate or
supernatant), most toxins were found in the pddteufraction (95%). A significant loss of
intra-cellular AZAs, with a concomitant increaseekxtra-cellular AZAs, was observed with
increasing time between sampling and centrifugatg@parently, increased residence time of
cells in medium outside the bioreactor led to hiagdktress of the cells, which in turn
resulted in a substantial loss of cell bound toxiosthe dissolved phase (Annexe 7). A
significant loss of intra-cellular toxins (> 10 %gcurred when cells were stressed for more
than 60 min and a maximum proportion of extra-datldoxins of 24% was observed after
5 h. Therefore, we recommend that samples shoutttbiifuged immediately when the cell
quota of AZAs is being determined.

Microscopical observation showed that, under thssess conditions, an increasing
number of cells without theca were produced, alifnoaells generally kept their integrity
(Annexe 8). It is a common reaction among dinofliates to adverse conditions that cells
leave their thecaegdysi$, and is often connected with the formation of penary cysts
(Pfiester and Anderson, 1987). This type of dirgdlate cyst is normally round and
surrounded by a thin cell wall. However, this has yet been observed fér. spinosumThe
reason for the increase in extra-cellular toxingas clear; shedding of the cells outer layer
including thecal plates and their membrane vesiclgght be associated with a pulsed toxin
loss or extruded protoplasts may have a higher & rate. However, the possibility that
total disintegration of a small portion of the setiontributed to the increase of extra-cellular

toxins cannot be excluded.

1.6.2.2. Effect of centrifugation and filtration on toxin recovery and profile

An initial experiment was carried out in triplicateth MeOH as extraction solvent to

evaluate AZA vyield after filtration of 10 mL &. spinosunctulture on GF/C glass microfiber
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filters (25 mm diameter), or after centrifugatiod500g, 4 °C, 20 min). Both filtrate and

supernatant were kept for liquid—liquid extractisith DCM (Figure 32). Five successive
extractions were carried out on each filter or gielto ensure complete toxin recovery. A
second trial was carried out under the same camditwith either MeOH or acetone as
extraction solvent in three successive extractions.

The total amount of AZAs obtained after 5 successixtractions with MeOH was not
significantly different when using either filtraticor centrifugation as a method to separate
cells from culture medium. If only three extracgowith either MeOH or acetone were
carried out, the yield was significantly lower (P8®) by filtration. Moreover, the AZA ratios
were different for filtration compared to centrifatgon (Table 6). High levels of AZAl and -2
methyl esters were obtained with filtration. Glasgrofiber filters contain silica and are
known to catalyse some reactions, which may possigblain the methylation of AZA1 and
-2 observed in these experiments. If filtratiomexessary, it is recommended to study other

types of filters withA. spinosunge.g polycarbonate filters).

1.6.2.3. Influence of extraction solvent composition

To determine the procedure with the best extracgietd and minimal formation of
artefacts (methylated AZAs), the extraction proceddescribed in Figure 32 was applied
using a variety of solvents and solvent compos#tidrour experiments were carried out: (a)
100% MeOH, acetone, MeCN, EtOH, or DCM, (b) MeOHOGH10:0, 9:1, 8:2, 7:3, 6:4 (v/v),
(c) Acetone-HO, 10:0, 9:1, 8:2, 7:3 (v/v), (d) MeCN-£, Acetone-HO, MeOH-HO,
(10:0, 9:1 (v/v) each).

Among MeOH, acetone, MeCN, EtOH and DCM, no sigaifit differences were
observed on AZA1, AZA2 and total AZA cell contenidonetheless, significant differences
were observed in the content of AZA1 methyl estab{e 7), with increased formation of this
derivative when extracting with MeOH or EtOH (iretfollowing order MeOH = EtOH >
acetone > MeCN > DCM). No ethyl analogue was oletwhen extracting with EtOH. It is
not entirely clear how this methyl analogue formatoccurs.

The formation of the methyl esters of AZA1 and -@swariable from one experiment
to the next and concentrations of AZA1 methyl estety range from 3 to 15% (Table 6,
Table 7, and data not shown) when using MeOH aseidn solvent and centrifugation as
separation technique.

As expected, the formation of AZA1 methyl estersignificantly reduced when

extracting with acetone, MeCN and DCM; howeveredttble traces are still formed with
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these solvents used in extraction. This observaéidrus to hypothesize that reconstitution in
MeOH by itself may lead to formation of AZA methgbters. This hypothesis has been
confirmed using deuterated MeOH (see previous@&cti

It is common to add some water to an organic solt@imcrease the extraction yield
or to minimise the extraction of lipids which coukhd to matrix effects (McNabb et al.,
2005). However, in the present study, no statistdéerences were observed among 100, 90
and 80% MeOH or acetone. Nonetheless, below a 0&ffo3 organic solvent—®, the yield
decreased and was significantly lower than with MeO

Extraction with acetone was considered to be mesrapriate, as it reduces the
formation of AZA methyl esters and is easier todiarthanks to its ease of evaporation and
low toxicity. However, acetone extracts may alssuliein more complex crude extracts, as
acetone is a good solvent for extracting lipids aiginents (Lorenzen, 1967). This was an

additional reason to evaluate matrix effects inhfer trials.

1.6.2.4. Effect of sample size

The effect of sample size on the extraction yielswtudied following the standard
extraction procedure (Figure 32) with acetong2H9:1 v/v) as extraction solvent. Tie
spinosunculture used for this experiment had a cell cotregion of 161000 + 1000 cell mL
! corresponding to a biovolume of 92.66° um® mL™. Sample volumes were as follows:
0.62, 3.1, 6.2, 10, 31, 50 mL

The extraction yield differed significantly as an@ion of sample volume. Yields were
somewhat higher in the middle of the studied rafgg&—31 mL). More extraction cycles or
higher solvent-to-sample ratios could potentiakkyused to increase AZA yield for the large
sample volume (50 mL). However, the procedure wais suitable for small amounts of
biomass/volume (<1-2 mL), potentially reflectingttsmall losses become significant when
handling low amounts of toxin. Alternative protogwhay need to be developed for samples
below 200000 cells, such as the procedure descdbedg the identification oA. spinosum
(Tillmann et al., 2009).

1.6.2.5. Recovery and yield after successive extractions in presence or absence

of matrix

Extraction yield and recovery were tested followthg standard procedure with one
to five successive extractions with either MeOHOHor acetone—$0D (9:1 v/v), with or

without matrix as follows:
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(a) without matrix: AZA1 (40 pL) solution (0.53 pgL™) was transferred into 15 mL
centrifuge tubes, and extracted with 500 puL of oigaolvent water mixtures. The extract
was reconstituted in 500 pL MeOH-® (9:1 v/v). A control in triplicate with 40 pL of
AZA1 solution and 460 pL of MeOH—® (9/1 v/v) was used to estimate the recovery.

(b) with algal matrix: Aliquots (10 mL) oA. obesuntulture (50000 + 2000 cell mi.
65.2 x 16pum® mL™?) were centrifuged in 15 mL centrifuge tubes. Aftdecanting the
supernatant, AZA1 (40 uL) solution was added to fib#et, extracted as described above.
The extract was reconstituted in 500 pL MeOHOH9:1 v/v). For controlsA. obesum
culture (10 mL) was extracted using MeOHcHor acetone—pD (9:1 v/v) in triplicate
(Figure 32). The control extracts were evaporatedryness and subsequently taken up with
460 pL MeOH-HO (9:1 v/v) and 40 pL of AZA1 solution.

Two successive extractions were sufficient in a@ses (100% of recovery at 95%
confidence level) while three consecutive extrardioeduced the deviations observed for
triplicate samples. The presence of matrix diduefice recovery. Without matrix, one
extraction was almost sufficient to recover all AZhereas two successive extractions were
necessary whei. obesummatrix was present. No significant differences evebserved
between acetone and MeOH on AZA recovery in thaemee, or absence, of matrix when

two or three successive extraction cycles wereezhout.

1.6.3. Evaluation of matrix effects on LC-MS/MS analysis

Matrix effects were assessed for AZAl using MeOHl @tetone extracts oA.
obesum(Figure 38a and b, respectively), applying theddad addition method as described
in (Fux et al., 2008b). Negligible effect (+1.4%asvobserved when using MeOH, and more
significant signal suppression (-8.4%) was observagth acetone. ForA. spinosum
suppression effects of -7.7% and -6.4% were medsioreMeOH and acetone extracts,
respectively (Figure 38c and d).

Following the approach used by (Fux et al., 2008bjrix effects were also assessed
by varying matrix strength while maintaining a ctamé AZA1 concentration (Figure 38e).
No significant matrix effects were detected witlffetent amounts of biomass, as all values
measured were within the precision of the experimen

Previously, matrix effects were considered sigaifiic at values greater than 10%
enhancement or suppression (Fux, 2008; Fux e2@08b), due to the repeatability of an

analytical method with LC-MS/MS. Following this @rary limit of significance, the effects
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observed here foA. spinosunanalysis can be considered insignificant. It stidaé stressed
that the analysis of AZAs froA. spinosunat this scale typically deals with much less mxatri
content compared to shellfish. From large-scaleaeiibn experiments (data not shown), it is
estimated that the most concentrated matrix cruttaat with MeOH in our study contained
ca. 2 mg.mL}, which is at the lowest value of the range evalddor a shellfish matrix by

(Fux et al., 2008b).

(a) -
03 - y = 1.059x + 0.000 ®)os y= é‘?f%xég%ooz
R?=0.998 i
0.2 4 0.2
3 02 - 2 02
< y = 1.044x - 0.002 S y = 0.954x + 0.006
2 01 R2=0.998 g 01- R? = 0.992
x ©
0.1 1 oA. obesum MeOH 0.1 mA. obesum Acetone
0.0 - T T T T ) 0.0 + , , : . :
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
AZAl (ug.mL1) AZAL (ug.mL1)
P
© 040 1 y=0.992x + 0145, (d) 0.35 7 1y = 0.992x + 0.108
i R2=0. . 2=
035 L T TFIE0 /,/§ 0.30 4 R2=0.998
0.30 + = 0.25 -
2 0.25 §
S 0.20 y =0.916x + 0.147 % y =0.929x + 0.111
@ 0.15 R2=0.989 2 R?=0.988
o
710
0.05 - oA. spinosum MeOH 70.05 - mA. spinosum Acetone
T ees ———— = oo —
-0.20-0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20 0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25
AZA1L (ug.mL1) AZA1 (ug.mL?)
(e) 120
1 [ |
100 48 ® . . ?
I
80 i
S
= 60 4
N
< 40 A
20 | ©A. obesum MeOH
BA. obesum Acetone
0

0.0E+00 5.0E+08 1.0E+09 1.5E+09 2.0E+09 2.5E+09 3.0E+09 3.5E+09 4.0E+09 4.5E+09
A. obesum biomass (umq)

Figure 38. Slopes, intercepts, correlation coefficients for quantitation of AZA1 in methanolic or acetone extracts of
A. obesum and A. spinosum spiked with standards (a, b, ¢, d) and as a function of the sample size(% recovered)
(e) using LC-MS/MS with isocratic elution. Lines represent the least-squares correlation for quadruplicate
injections of spiked matrix-free solutions (a, b, ¢, d) (dashed lines) and triplicate injection of spiked solutions with
matrix (a, b, ¢, d) (solid lines). The solid lines in (e) represent the 95% confidence interval obtained from triplicate
injection of spiked matrix-free MeOH solutions. (notice initial response difference between (c) and (d) was due to

different sampling day)
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1.7. Conclusions

These results highlight the importance of carefuidtydying sample preparation,
extraction procedures and solvent choice for asspdbe recovery of the method and
possible matrix effects.

Based on the results of this study, the followimgcedures are recommended for the
analysis of AZA-1 and -2 iA. spinosum
. Sample and immediately separate the cells froncattere medium by centrifugation.

. Extract AZAs with acetone or MeCN; acetone is maggbropriate as it reduces both
the formation of methyl analogues and is easy tallgathanks to its ease of evaporation and
low toxicity. MeOH is inappropriate due to possibi¢efact formation.

. Two to three successive extractions are suggestedsture high extraction yield.

. No significant matrix effects were observed durit@MS/MS analysis with acetone
or MeOH under the conditions tested.

This work clarifies the formation of AZA artefaatisiring extraction ofA. spinosum
describes mass spectral fragmentation of two AZAhgieesters, and corrects the chemical
structures of AZA29-32. Furthermore, the procedieeeloped allows quantitation of AZAs
in algal cultures and thus will facilitate the optsation of processes aimed at the preparative
isolation of AZAs required for the sustainable dypgd AZAs for instrument calibration.
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2. Production and isolation of azaspiracid-1 and -2 from
Azadinium spinosum culture in pilot scale

photobioreactors

Article publié : “Jauffrais, T., Kilcoyne, J., Sechet, V., Hekkaacht, C., Truquet, P.,
Herve, F., Berard, J.B., Nulty, C., Taylor, S.,Im&nn, U., Miles, C.O., Hess, P., 2012.
Production and isolation of azaspiracid-1 and dimftAzadinium spinosuraulture in pilot

scale photobioreactors. Marine Drugs 10, 1360-1382"

2.1. Résumé

La contamination des mollusques bivalves par leas@izacides (AZA) est un
probléme récurrent dans le nord de I'Europe qut penduire a des intoxications alimentaires
lors de la consommation de coquillages contamiRés.conséquent, il est important d'avoir
une production durable d’AZA, sans avoir a comsi@r des événements toxiques naturels,
pour des études toxicologiques et pour les résdawsurveillance.

Une culture en continue A! spinosuna une échelle pilote a été réalisée pour évaluer
la faisabilité de la production d’AZA. Les microaks ont été récoltées en utilisant une
procédure de filtration tangentielle ou la cengydtion en continu. Les AZA présents dans le
perméat ont ensuite été extraits par des procédlieasraction en phase solide (EPS) et
purifiés.

Lorsque deux photobioréacteurs sont connectésran s concentrations cellulaires
atteignent 190 x foet 210 x 16 cellules mL* & I'état stationnaire, dans les bioréacteurs 1 et
2, respectivement. Le quota cellulaire d’AZA dimenlersque le taux de dilution augmente de
0,15 & 0,3 jout, avec une production toxinique optimale & 0,25 jolprés optimisation, les
procédures d’'EPS ont permis la récupération de 3% +les AZA. La procédure d'isolement
précédemment mise au point sur des glandes digestie moules a pu étre optimisée et
adaptée pour isoler les AZA a partir des extraits dpinosumde telle sorte que seulement
quatre étapes de purifications ont été nécessamas obtenir AZA1 et -2 purifiés. Un
rendement de plus de 70% a été atteint et cette®@uoe a permis d’isoler 9,3 mg d’AZAl et
2,2 mg d’AZA2 a partir de 1200 L de culture avee ynureté supérieure a 95%. Ce travail a
démontré la faisabilité d’'une production durabl@gAl et -2 a partir de cultures en continu

d’A. spinosum
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2.2. Abstract

Azaspiracid (AZA) poisoning has been reported follgg consumption of
contaminated shellfish, and is of human health eoncHence, it is important to have
sustainable amounts of the causative toxins availfds toxicological studies and for
instrument calibration in monitoring programs, witih having to rely on natural toxin
events. Continuous pilot scale culturing was cdroet to evaluate the feasibility of
AZA production usingAzadinium spinosuntultures. Algae were harvested using
tangential flow filtration or continuous centrifugan. AZAs were extracted using solid
phase extraction (SPE) procedures, and subsequeutiffed. When coupling two
stired photobioreactors in series, cell conceinnat reached 190 x 10and
210 x 1Gcell-mL™ at steady state in bioreactors 1 and 2, respéctifee AZA cell
quota decreased as the dilution rate increased@t@fto 0.3 day, with optimum toxin
production at 0.25 da}. After optimization, SPE procedures allowed fae tecovery
of 79 £ 9% of AZAs. The preparative isolation prdaee previously developed for
shellfish was optimized for algal extracts, sucattonly four steps were necessary to
obtain purified AZA1 and -2. A purification effiarey of more than 70% was achieved,
and isolation from 1200 L of culture yielded 9.3 wigAZAl and 2.2 mg of AZA2 of
>95% purity. This work demonstrated the feasibilifysustainably producing AZA1
and -2 fromA. spinosuntultures.

2.3. Keywords

Solid phase extraction; photobioreactor; chemostatoflagellate; microalgae;
LC-MS/MS; tangential flow filtration; azaspiracitif-20

2.4. Introduction

Four groups of lipophilic marine algal toxins aterently regulated in Europe; among
which azaspiracids (AZA) is the most recently dised group of toxins. In 1995, the first
human intoxication with AZA occurred in the Netlatls after consumption of contaminated

mussels from Ireland, with symptoms similar to rhatic shellfish poisoning (nausea,
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stomach cramps, vomiting and diarrhea) (McMahon &itkk, 1996). A few years later, the
toxin was named AZA following identification andolation from contaminated shellfish
(Satake et al., 1998c), and the structure was gulesdly revised thanks to synthetic studies
(Nicolaou et al., 2006b). Afterwards, a number dlagues were discovered in mussel tissues
using biological assays and chemical analysisuthioh mass spectrometric techniquies,
AZA2-32 (Diaz Sierra et al., 2003; James et alQ32) McCarron et al., 2009; Ofuji et al.,
2001; Ofuji et al.,, 1999a; Rehmann et al., 2008gveétheless, since the first known
poisoning event, twelve years passed until the odisy of a primary producer, the
dinoflagellate Azadinium spinosungstrain 3D9) (Krock et al., 2008; Krock et al., 200
Tillmann et al., 2009). This small dinoflagellat€2¢16 um length and 7-11 pum width)
produces AZAl and -2 in culture (Figure 39) (Tililnmaet al., 2009). Since this recent
discovery, the new genuszadiniumhas been encountered in different parts of thedwvor
(Ireland (Salas et al., 2011), Mexico (HernandezeBel et al., 2010), Argentina (Akselman
and Negri, 2010) and Korea (Potvin et al., 201B)rthermore, azaspiracids were found in
Europe, America, North Africa, and Asia (Alvarezadt 2010; Amzil et al., 2008; James et
al., 2002; Taleb et al., 2006; Twiner et al., 2008pka et al., 2009; Vale et al., 2008), and
AZA events are now recognized as a world-wide phewn (Twiner et al., 2008).
Interestingly, the AZAs known to be implied in fopdisoning have not been shown to be
produced by species other thAnspinosun{and by metabolism of AZAl and -2 Mytilus
edulig, e.g.,Azadinium obesur(Tillmann et al., 2010) anAzadiniumpoporum(Potvin et al.,
2012; Tillmann et al.,, 2011). However, (Krock et, &012) recently founccompounds
structurally related to AZAs in a culture 8f poporum and confirmation of the toxicity of
these compounds will be important to assess theogeneity of the genus with regards to
toxin production and structure-activity.

Currently, the main sources of marine algal toXmspurification are derived from
producing organisms in culture or harvested frortura blooms (e.g., okadaic acid group
toxins (Miles et al., 2006), brevetoxins (Abrahatak, 2006), saxitoxins (Laycock et al.,
1994), yessotoxins (Loader et al., 2007), cyclienes (Miles et al., 2003; Selwood et al.,
2010; Torigoe et al., 1988) and pectenotoxins (Mt al., 2004b)), from contaminated
shellfish (Kilcoyne et al., 2012; Perez et al., @)Dbr from bulk extraction of environmentally
contaminated HP-20 resin (Rundberget et al., 208@)ation from the producing organism is
preferred, as extracts are considerably purer shaiifish extracts and their availability is not

dependent on the occurrence of natural toxic epsod
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Figure 39. Azaspiracid (AZA) structures and mass-to-charge ratios (m/z) for the molecular ions [M + H]" detected in

A. spinosum and in mussels (M. edulis). Toxins found in A. spinosum are shown in bold text.
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Azaspiracid-1 H H CH; H 842.5
Azaspiracid-2 H CH; CH, H 856.5
Azaspiracid-3 H H H H 828.5
Azaspiracid-4 OH H H H 844.5
Azaspiracid-5 H H H OH 844.5
Azaspiracid-6 H CHl H H 8425
Azaspiracid-7 OH H CH H 858.5
Azaspiracid-8 H H CHl OH 858.5
Azaspiracid-9 OH CHl H H 858.5
Azaspiracid-10 H CHl H OH 858.5
Azaspiracid-11 OH CH CH; H 872.5
Azaspiracid-12 H CHl CH; OH 872.5
Azaspiracid-13 OH H H OH 860.5
Azaspiracid-14 OH H CcH OH 874.5
Azaspiracid-15 OH CH H OH 874.5
Azaspiracid-16 OH CH CH; OH 888.5
Azaspiracid-17 H H CeH H 872.5
Azaspiracid-19 H CHl COH H 886.5
Azaspiracid-21 OH H Ceh H 888.5
Azaspiracid-23 OH CH COH H 902.5

Purification of phycotoxins is essential as thesecurrently a shortage of pure
calibration and reference materials for phycotaxmnitoring in food (Hess et al., 2007). This
has become particularly important as micro-algabphilic toxins in contaminated shellfish
are now monitored in Europe using LC-MS/MS as anaice method (Anonymous, 2011 ),
and AZA analysis by LC-MS/MS requires purified AZfandards for quantitation. Naturally
occurringA. spinosunblooms are hard to predict and/or find, as vetieldata are available
on its life history. The organism is small and hexdlifferentiate under light microscopy from
other small dinoflagellates such Heterocapsaand similar genus. These difficulties hinder
identification of such blooms and prediction of seguent shellfish contaminations that could
be used for the necessary purifications. Sustanpldduction of toxins fromf\. spinosum
culture would thus be desirable for instrumenthrakion in monitoring programs and for

toxicological studies.
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The aim of this study was to evaluate the feasybdf azaspiracid production froi.
spinosumin pilot scale photobioreactors. In previous stgdia continuous system was
developed (Séchet et al., 2003, 2004). Two stipledtobioreactors were coupled in series
(Figure 40) to assess how dilution rate influence#i concentration as well as toxin
production. To harvest toxin, we applied a dualrapph for the recovery of AZAs from both
cultured cells and from the culture supernatant. the recovery of cells, tangential flow
filtration and continuous centrifugation were ewdfd. Solid phase extraction procedures
were developed to recover AZAs from large volumea.ospinosunculture supernatant and
from concentrated cell suspensions. A method deeeldo purify AZAl and -2 from crude
algal extract is presented, highlighting the effemtiess of this purification procedure

compared to purification of AZA1 and -2 from musdigestive glands.

Figure 40. Schematic representation of A. spinosum and AZA production system using photobioreactors in series.
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2.5. Materials and methods

2.5.1. Culture conditions and measurement

Strain 3D9 ofA. spinosunwas grown in two stirred photobioreactors of 10Q1B27
mm x 300 mm) operated in series and tested in agparperiments at the following dilution
rates (0.1, 0.15, 0.2, 0.25 and 0.3 dayer bioreactor). Culture was collected in an @erat
harvesting tank (300 L), maintained at 18°C (Figdf®. The culture medium was a K-
modified medium (Keller et al., 1987), without WEl and Tris-base® but with N8eQ
enrichment (1T M).

Prior to inoculation, photobioreactors were steedl using peroxyacetic acid (5 ppm)
for 30 min. The first photobioreactor was inocutatwith 30 L of A. spinosunculture at
70x10 cell-mL™ and filled up at the indicated dilution rate ta1l0 before filling the second
photobioreactor by pumped transfer at the same rféde:

The photobioreactors were made of transparent paityyphmethacrylate and operated
under the following conditions: the pH was maingginat 7.9 by C@ addition and the
temperature at 18 °C by adjusting room temperatur@aintain 18 °C inside the bioreactors
(automatic feed-back). Light was provided on onie sif the reactor by fluorescent tubes with
a photon flux density at 200 pmolfs * (day light fluorescent tubes), and a photoperiod of
16 h of light and 8 h of dark. A Rushton turbineswsed to stir the culture at 40 rpm.

Cell concentration (cell-mt), average cell size (estimated spherical diametsr)
and total cellular volume (uffmL™) were assessed daily with a particle counter (igiakr 3
Coulter counter, Beckman). The bioreactors weresidened to have reached steady state

after a minimum of five days at the same microdatgacentration (£5%).

2.5.2. A. spinosum analysis

When steady state was achieved, triplicate sangflés spinosumwere taken from
each bioreactor to assess toxin content daily omerweek; the same analyses were carried
out from the 300 L harvesting tank before each ¢atigl flow filtration for initial toxin
content assessment.

The analytical procedure has previously been opgdhi(Jauffrais et al., 2012a).
Briefly, aliquots (10 mL) ofA. spinosuntulture were collected and centrifuged (2,50@0
min, 4°C) in 15 mL tubes. The supernatant was ctat (for extra-cellular toxin content) and
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the pellet was re-suspended in 0.5 mL of acetonerf@:1, v/v), transferred to an Eppendorf
tube (1.5 mL) and bath-sonicated (10 min). Aftenisation, the aliquot was centrifuged
(15,000qg, 10 min, 4 °C). The supernatant was transferred somL glass tube and gently
evaporated under nitrogen on a heating block &tC35This process was repeated so that the
pellet was extracted three times in total. Afteamoration of supernatants, the residue was
reconstituted in 1 mL methanol. An aliquot wasefiid with Nanosep MF centrifugal filter
0.2 um (Pall) (15,000, 3 min, 4 °C), and transferred to an HPLC vialdoalysis.

The aqueous supernatant from centrifugation oftbal culture was transferred to a 15
mL glass tube and 5 mL of DCM was added. The mixtmas homogenized and centrifuged
(2,500qg, 10 min, 4 °C). The organic phase was transfeiweal 15 mL glass tube and gently
evaporated under nitrogen on a heating block &C33'he aqueous phase was extracted three
times in this manner, and following evaporatiorg tesidue was reconstituted and filtered as
above.

This last procedure was also used to estimate Aalkentration in the algal retentate

and to assess AZA adsorption by the HP-20 resin.

2.5.3. Solid phase extraction procedure

SPE was carried out on Oasis HLB cartridges (Watersstimate AZA concentration
in 50 mL samples of the permeate and to evaluatd Adsorption kinetics by the HP-20
resin. Oasis HLB cartridges, (6 cc, 200 mg) wergvated with methanol (10 mL) and
washed with a solution of water-methanol (9:1 V19, mL). The sample was loaded
dropwise. Once loaded, the cartridge was washdd av#iolution of water—methanol (9:1 v/v,
10 mL). The sample was eluted with 5 mL of methamb a glass tube and gently
evaporated under nitrogen on a heating block at°@5to yield a residue which was
reconstituted in 0.5 mL methanol and filtered agvat(Kilcoyne et al., 2012).

2.5.4. Separation of A. spinosum from the culture medium

Method 1 Tangential flow filtration to separate the aldaem the culture medium was
based on crossflow filtration using five Hydros&tl nf open-channel microfiltration
cassettes (Sartorius Stedim Biotech) mounted itaimlsss steel holder (Sartorius Stedim
Biotech) with a 4-piston diaphragm pump (JabscoiaSat-Pump).
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The trans-membrane pressure (TMP) for this systea @defined by the following

equation:
TMP = (Pi + Po)/2 - Pp
where Pi, Po and Pp are, respectively, the pressutiee inlet, outlet and permeate
(Figure 41).
Figure 41. Schematic presentation of the tangential flow filtration for A. spinosum culture.
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The pump was maintained at 70% of its capacity ndyfiltration (8—11 L min®
depending on the pressure applied), and TMP waslakyg adjusted to 0.3 bar as
recommended by the manufacturer, using pressukesydPo and Pp). Thus, 200 L Af
spinosunculture was filtered to give less than 1 L of &lgancentrate (retentate) and almost
200 L of permeate (Figure 41).

Method 2 Continuous centrifugation (Clara 20, Alfa Lavalas applied to separate
the algae from the culture medium (70 1,h11,000g, room temperature). 200 L of algal
culture thus provided ~15 L of algal concentratgntate) and ~185 L of supernatant, from

which AZAs were then extracted using methods 4G(ske below).

2.5.5. Extraction of AZA1 and -2 from the retentate and permeate

Two procedures were tested for toxin extractiomftbe retentate:

Method 3 The algal concentrate was centrifuged (3§080 min, 4 °C) and collected
as an algal paste. The analytical extraction proeedias scaled up (Jauffrais et al., 2012a),
by three consecutive extractions of the algal pastie 5 mL of organic solvent per gram of
algal paste. The combined extracts were evaporatiéid a rotary evaporator (Buchi

Rotavapor R-200), weighed, and the residue wasstitated in 5 mL methanol for analysis.
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Method 4 The algal concentrate was sonicated pulse mddlei in ice, Bioblock
Scientific, Vibra-cell 75115), 25 g of activatedaimn HP-20 polymeric resin was added, and
gently agitated with the algal concentrate for 2&he optimum contact time as determined
below) on a laboratory shaker (IKkabortechnik, KS125 basic). The resin was recovered
100 um phytoplankton mesh, then washed with 1 Mli-Q water (Millipore, Integral 3
system), and placed in a glass column (3 x 60 cith) avglass frit at the bottom. The toxin
was eluted with three volumes of acetone (50 mL) aiL-min’. Subsequently, the extract
was evaporated and reconstituted as above.

Two procedures were tested for extraction of AZ&sf the permeate:

Method 5 Eight SPATT (solid phase adsorption toxin tragkibags (Fux et al., 2009;
Fux et al., 2008a; MacKenzie et al., 2004) eachtainimg ~3 g of activated Diaion HP-20
resin were added to the permeate and gently agjiteith a submerged pump over 72 h (72 h
was the optimum, with 1, 15, 24 and 72 h havinghbested). The SPATT bags were then
recovered, opened, and the resin was washed aratttext as in Method 4.

Method 6 A submerged pump (20 L mi) was placed in the permeate and used to
circulate the permeate through a column contai@ig of activated Diaion HP-20 resin for
72 h. The resin was then washed and extractedoa® abhis procedure was an adaptation of
(Rundberget et al., 2007) developed for large sexieaction of microalgal biotoxina situ.

Extraction procedures involving Diaion HP-20 polyroeresin were optimized in the
present study to determine the best extractiondyiEbur experiments were carried out.
Acetone was chosen as eluent to reduce the riirimfation of methylated AZAs (Jauffrais
et al., 2012a).

Procedures for the extraction of AZAs with HP-20reveptimized:

e The minimum amount of HP-20 resin required foraadint extraction was evaluated (in
triplicate). Resin (1, 2.5, or 5 g) was placed amisated retentate (100 mL) for 24 h,
recovered, packed in a glass column, and elutddagiétone (3 x 3 times the volume of
the HP-20 resin), to give final volumes of 9, 2abd 45 mL, respectively.

» The effect of contact time (2, 6, 24 and 72 h) lesetmthe sonicated retentate (100 mL)
and the HP-20 resin (2.5 g) was tested in tripdicat

* The volume of solvent required for elution was dwieed in triplicate experiments
where 5 g batches of HP-20 resin were placed ircatad retentate (100 mL) for 24 h,
recovered, packed in a glass column, and elutedyubfferent volumes of acetone ((a)
3 x5mL; (b) 3 x 10 mL; (c) 3 x 25 mL).
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» Using the optimized procedures (2.5 g of resinh2bntact), adsorption efficiency was
assessed by comparing the initial and final amoahtsexin in the sonicated retentate.
The following elution procedures were then tested &he overall AZA recoveries
determined (Table 11): (a) desorption using thigeessive soaks of acetone (3 x 7.5
mL) for 5 min; and (b) for 2 h (MacKenzie et alQ(2); (c) elution from a glass column
(1 mL-minY) using three successive additions of acetone ®B5xmL) (Fux et al.,
2008a).

2.5.6. LC-MS/MS analysis at Ifremer, Nantes

The samples were analyzed by LC-MS/MS using anefgil 100 model coupled to a
triple quadrupole mass spectrometer (API 2000, SCIRpplied Biosystems) for
quantification of azaspiracids. Chromatography wwasformed with a Hypersil BDS C8
column (50 x 2 mm, 3 pm, Thermo scientific), wiloératic elution at 250 pL-mthfor 10
min. The mobile phase was 100% water and acetienritvater (95:5), both containing 2 mM
ammonium formate and 50 mM formic acid. The in@atvolume was 5 pL and the column
and sample temperatures were 20 and 5 °C, resphctiv

The declustering potential was 116 V, the entrgautential 10 V, the cell exit potentials
12 and 16 V, and the collision cell was 41 and 6f®Mragmentation 1 and 2, respectively.
The electrospray ionisation interface (ESI) wasrat@el using the following parameters:
curtain gas: 30 psi; temperature: 450 °C; gas Ips0gas 2, 50 psi; CAD gas, medium; ion
spray voltage, 5500 V.

Azaspiracids were quantified against certified AZAtandards obtained from the
National Research Council Canada (NRCC). The twstnmbense product ions were selected
with the following transitions: AZAIm/z 842.5-824.5 and 842:5672.4, and AZA2m/z
856.5-838.5 and 856:5672.4.

2.5.7. Analysis at the Marine Institute, Rinville and at NRCC, Halifax

2.5.7.1. LC-MS/MS analysis

Two LC-MS/MS systems were used in positive ion moldeth of which were
equipped with a z-spray ESI source.

Method A.Recoveries were determined by quantitative armlg$ifractions on a
Waters 2695 LC coupled to a Micromass triple-stagadrupole (TSQ) Ultima operated in
multiple reaction monitoring (MRM) mode, with thellbwing transitions: AZAl1 m/z
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842.5-824.5 and 842:5672.4, AZA2 856.5-838.5 and 856:5672.4. The cone voltage
was 60 V and the collision voltage was 40 V, theecand desolvation gas flows were set at
100 and 800 L/h, respectively, and the source teatyes was 150 °C.

Binary gradient elution was used, with phase A iimg of water and phase B of
95% acetonitrile in water (both containing 2 mM aamium formate and 50 mM formic acid)
in a minor modification of the method of (Quilliaet al., 2001). Chromatography was
performed with a Hypersil BDS C8 column (50 x 2.tnp8 pum, with a 10 x 2.1 mm guard
column of the same stationary phase) (Thermo StigniThe gradient was from 30% B, to
90% B over 8 min at 0.25 mL miih held for 5 min, then held at 100% B at 0.4 mL Thior
5 min, and returned to the initial conditions amdidhfor 4 min to equilibrate the system. The
injection volume was 5 pL and the column and sangeperatures were 25 °C and 6 °C,
respectively.

Method B Purity was initially assessed on a Micromass tofilight (QTof) Ultima
coupled to a Waters 2795 LC by running MS scansz (@30-1000) using the same
chromatographic conditions as Method A. Identifmatof other AZA analogues was also
determined by performing product ion scans, whieeeprecursor ions were selected and then
fragmented, for all the known AZA analogues (FigB#3.

Method C.Qualitative analysis of fractions for AZAs was foemed by flow injection
analysis-MS/MS using a Micromass QTof Ultima codple a Waters 2795 LC. Samples (2
uL) were injected, directly (no column) with a 27&%tosampler, into the mass spectrometer
monitoring for the precursor ions.

Method D.A concentrated sample (~500 pg mlLwas injected (1 pL) onto a semi-
preparative system (Shimadzu 10AVp) with photodiedey (PDA) detection (210 nm)
using a Cosmosil C18 column (5 pm, 250 x 4.6 mmibeel with acetonitrile—water (1:1, plus
2 mM ammonium acetate) at 1 mL minThe column temperature was 30 °C.

Method E An additional method was employed to detect atrgngly retained
compounds (e.g., phthalates) with an analyticalsy§&tem (Shimadzu LC 10AVp) with PDA
detection at 210 nm. The sample collected afterSR& step was injected (5 pL) onto a
Vydac C18 column (10 um, 250 x 4.6 mm, Grace) dagk@ with methanol-water (9:1) at 1

mL min*, with the column temperature at 30 °C.

2.5.7.2. NMR spectroscopy

Purity was assessed Byl NMR using a Bruker DRX-500 spectrometer. Chemical
shifts were referenced to internal CH{IH (3.31 ppm).
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2.5.8. AZA1 and -2 isolation from A. spinosum HP-20 extract

HP-20 resin extracts from 1200 L of culture werenbined, evaporated in vacuo, and
partitioned between ethyl acetate (150 mL) and agsieNaCl (1 M, 50 mL). The ethyl
acetate fraction was evaporated to dryness in vaodahe residue dissolved in ethyl acetate
(20 mL), and ~2 g of silica gel was added. The damyas then carefully evaporated to
dryness in vacuo, mixed to a fine powder and loawed a silica gel (6 g) column (6 x 4 cm).
Vacuum-assisted elution was performed successivetii hexane, ethyl acetate, ethyl
acetate—methanol (9:1, 7:3, and 1:1), and meth@0ainL of each, all containing 0.1% acetic
acid except for hexane). The 7:3 ethyl acetate-amethfraction, which FIA-MS/MS (Method
C) showed to contain the AZAs, was evaporated itugaand the sample in acetonitrile—
water (6:4, plus 0.1% triethylamine) was loadedooatcolumn packed with Phenyl-Hexyl
(19.9 x 2 cm). The sample was eluted with acetitaytvater (7:13, plus 0.1% triethylamine)
at 4 mL min*, and 5 mL fractions were collected. Appropriatacfions were combined
(AZA1L, fractions 15-18, and AZA2, fractions 19-2igsed on FIA-MS/MS analysis (FIA =
Flow Injection Analysis).

Final purification of AZAl and -2 was achieved lgns-preparative HPLC (Agilent
1200) with photodiode array (PDA) detection (210)rusing a Luna C8 (5 um, 250 x 10
mm, Phenomenex) column eluted with acetonitrileewdtl:1, plus 2 mM ammonium
acetate) at 4 mL mih The column temperature was 30 °C. Purified AZAsewecovered by
evaporation to ~20% acetonitrile, loading on to S&d#tridges (Oasis HLB, 200 mg),
washing with methanol-water (1:9, 10 mL) to remtwe buffer, and eluting with methanol—
water (4:6, 6:4, 8:2, 10:0, 20 mL each) with >95Pthe AZAs eluting in the 8:2 fraction.

Purified samples were tested for phthalates (MetB)ddwhich, if present, were
removed by partitioning the sample between methavetier (4:1, 20 mL) and 20 mL of
hexane. Removal of solvent by evaporation in vaafiorded purified AZA1 (9.3 mg) and
AZA2 (2.2 mg) as white solids.

The scheme of the isolation procedure of AZAs espnted in the appendix.
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2.5.9. Reagents

Ifremer: acetone, acetonitrile (ACN) and dichlromethane KD)Gvere obtained as
HPLC grade solvents from JT Baker. Milli-Q water tbe HPLC mobile phase was supplied
by a Milli-Q integral 3 system (Millipore). Formiacid (Puriss quality), ammonium formate
(Purity for MS) and Diaion HP-20 polymeric resin r@efrom Sigma-Aldrich (Steinheim,
Germany).

Marine Institute:all solvents (pestican grade) were purchased frabscan (Dublin,
Ireland). Sodium chloride (>99%), triethylamine 89 ammonium acetate (>97%),
ammonium formate (reagent grade), formic acid (>p8ad silica gel (10-40 pum, type H)
were purchased from Sigma-Aldrich (Steinheim, GeryhaLuna Phenyl-Hexyl (15 pum) was
from Phenomenex (Cheshire, UK), and methanol-d3;(@HD) 99.5%) was from Cambridge
Isotope Laboratories (MA, USA).

AZAl and -2 certified reference materials (CRMs)reve@btained from the NRC,

Certified Reference Material Program (Halifax, NCanada).

2.5.10. Statistical analysis

Data were expressed as mean = standard deviatioh Satistical analyses were
multi-factor ANOVA were differences were considergignificant at p < 0.05. Statistical
analyses were carried out using Statgraphics Gentu¢V.l (StatPoint Technologies, Inc.).
Before each ANOVA analysis, normality and equatifyariance were tested. ANOVA was
followed by multiple comparison (Fischer least-sdigant-differences) procedures to

discriminate differences between values within daclor.

2.6. Results and discussion

A. spinosum(strain 3D9) was received at Ifremer through dml@ation with the
Alfred Wegener Institute, as part of the ASTOX2 jpcb. After receipt of the organism,
preliminary studies on environmental and nutritiofectors were conducted to allow the
organism to grow in large-scale culture, and torease cell concentration and toxin
production (data not shown). Even though dinoflede$ are usually considered sensitive to
shear stress produced by small-scale turbulenca(@a Rodriguez et al., 2009a), it was

possible to grow this species in stirred 100 L pbaireactors in series.
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2.6.1. Effect of dilution rate on A. spinosum and AZA production in pilot

scale photobioreactors

Because cultures collapsed when the dilution rate altered significantly within one
experimental run, separate independent experimeete conducted at different dilution
rates. At a dilution rate of 0.1 ddysteady state cell concentration was lowest ofiiaition
rates studied (174x3@nd 164x1bcell-mL™ in reactor 1 and -2 (R1 and R2), respectively)
(Table 9). Cell concentration, mean estimated spdlediameter (ESD), cellular volume and
toxin content were stable at steady states fotidiurates from 0.15 to 0.30 ddy For all
dilution rates from 0.15 to 0.3 ddy steady state cell density only increased by a6
between R1 and R2 (190x18nd 215x18cell mL™?, respectively). Results for ESD and
cellular volume were comparable at all dilutionesabut differed significantly between R1
and R2. Even though, the cell concentration in@éasly by about 10% between R1 and R2,
the cellular volume increased by about 50%. Thellsmaease in cell concentration and the
large increase in bio-volume reflect that cell dioh mainly takes place in the first reactor
while increase in cellular volume with little celivision occurs in the second reactor. While
the physiological limitation leading to this phenemon in each reactor is not yet fully
understood, the increase in cell-volume is refetoeds cell maturation from here on.

At each steady state studied, the AZA cell quow, AZAl + 2) increased between
R1 and R2, reflecting that during maturation ofsel the second bioreactor, cells continued
to produce AZAs. The increase in toxin per cellmir®1 to R2 reached its maximum at a
dilution rate of 0.3 day (ratio of 2.6 between cell quota in R2 comparedR1). The toxin
production of cells severely limited in growth segts that AZAs are secondary metabolites
not implicated in cell division or cell growth pregses, as has been suggested for polyketides
and many toxins in general (Robinson, 1991; Schembral., 2001). Consequently, in
contrast to cell concentration, AZA per cell desexhas dilution rate increased from 0.15 to
0.3 day?, ranging from 67 to 24 fg célifor R1 and 98 to 63 fg-célifor R2. This decrease in
AZA per cell was partly counteracted by the maitoraeffect and by the fact that at higher
growth rates more cells are produced per day. Tédmigell numbers increased with dilution
rate, and as the cell volume still always increasethe second bioreactor, AZA prodution
reached an optimum of 475 + 17 pg dagt a flow rate of 25 L day.
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Table 9. A. spinosum concentration (ceII-mL'l), mean estimated spherical diameter (ESD) (um), cellular volume (ums-mL'l), toxin content (fg-cell'l), and cell and toxin
production (cell-day'l and ug-day'l, respectively) at the dilution rates studied (0.1, 0.15, 0.2, 0.25, 0.3 day'l) in the two bioreactors in series (R1 and R2). Standard deviations
were calculated from sequential repeat measurements of each culture and the last columns present the result of the multifactorial ANOVA followed by a Fisher least-significant-
difference test to discriminate differences between values within each factor.

] 0.1 day™ 0.15 day* 0.2 day™ 0.25 day™ 0.3 day™ Main factors Interaction
A. spinosum n o
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 Dilution rate (D) Retor (R) D-R
Concentration p<0.05 p<0.05
9-22 174 6 164 +4 193+6 214 +3 194+8 2+ 190+6 2215 1875 220+4 p<0.05
(x10° cell mL™) 0.1<0.15=02=025=03 R1<R2
Mean ESD p<0.05 p<0.05
9-22 9.81+0.09 10.1+0.1 959+0.15 99+02 9.6+0.2 10.1209.29+0.09 9.93+0.04 9.5+0.1 10.02 £0.05 p<0.05
(um) 0.25=0.3<0.15<0.2=0.1 R1<R2
Cellular volume p<0.05 p<0.05
, o 9-22 88x04 84+03 9.2+04 11.1+04 9(R& 120+0.7 82+03 11.7+02 85%+0.1120+04 p<0.05
(X10" un? mL™) 0.1<0.25=0.3=0.15<02 R1<R2
AZA1 (fg cell®) 3-5* 37+5 65+8 52+6 74+4 34+12 76 £14 26+2 61+3 17+1 45+3
" p<0.05 p<0.05
AZA2 (fg cell™) 3-5* 101 16+1 15+1 24 %2 102 19+2 12+2 52 71 18+2 p<0.05
0.3<0.25=0.1<0.2<0.15 R1<R2
AZA1 + 2(fg cell)  3-5* 47 +6 81+9 67 +3 98 +5 44 +13 95+16 38+2 86+3 24+1 63+5
Cell production . )
(x10° cell day’) na 1.74+0.06 1.64+0.04 290+0.09 3.21+0.05 39+02 4Bk 48+0.2 55+0.1 56+02 66+0.1 Cell production = Cell concentration x D
x10° cell day
Toxin production
AZAl + 2 n/a 82+3 134 +15 193+9 314+15 170+50 4@+ 18010 475+ 17 134 +5 415 + 33 Toxin prdihuc= Cell production x [AZA1 + 2]

(Mg day")

* Each sample was also injected in triplicate taicedanalytical variability; n/a not applicable
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In the harvesting tank, at a dilution rate of 0dyd, cell concentration collapsed
before harvesting at a concentration of 70>k mL™. However, at the other dilution rates,
cell concentration and AZA cell quota were mainggirin the harvesting tank until 200 L
culture volume was reached. At a dilution rate @&/, a decrease of 10% in cell
concentration and AZA cell quota was observed & hlihrvesting tank compared to R2. At
dilution rate 0.25 day, a slightly smaller decrease of 0-5% in cell comegtion and AZA
cell quota was observed while an increase of 0—5& abserved at 0.3 ddy0.15 day* was
not evaluated but culture did not collapse).

Previous studies on batch cultures Af spinosum(strain 3D9 or SM2) showed a
production of AZA1 and -2, with AZAl as the predomnt AZA and with a cell quota
ranging from 5 to 50 fg céfl (Salas et al., 2011; Tillmann et al., 2009). la fresent study,
the same toxin profile was found, however, AZA eplbtas of 24-98 fg céfi were obtained
depending on dilution rate. These results raisesl ghssibility of improving both cell
concentration and toxin concentration An spinosumgrown in bioreactors by controlling
dilution rate (equivalent to growth rate in chenabgiioreactors) and by adding a period of
maturation using a second bioreactor specificakkgichted to improving the AZA cell
guota.Preliminary studies on Apinosumin batch culture gave cell concentrations up to
~90x10 cell mL™ (data not shown) and toxin quotas of 5 to ~50eftj £[12,13]. Using a
photobioreactor, both cell concentration and AZA qaota were each increased by a factor
of 2 compared to batch culture without aeratioreriethough batch culture with aeration gave
a similar cell concentration (data not shown), study demonstrated the advantage of
continuous culture foA. spinosumdue to the control of both cell concentration &oxin
production, minimizing the risk of culture collapddence the process developed ensures a
continuous production of Apinosunfor AZAs isolation and purification.

Reported AZA cell quota (previous work and our oghata) for A.spinosumin the
femtogram-range are low compared to toxin quotatbér dinoflagellates, which are in the
picogram-per-cell range, e.d\lexandrium(Medhioub et al., 2011Pinophysis(Nagai et al.,
2011),Prorocentrum(Varkitzi et al., 2010)Karenia (Medhioub et al., 2009) and this seemed
to be discouraging for toxin production. Howevesnsidering the small size @f. spinosum
cells, toxin concentrations calculated on a peuns basis (0.23 fg pthwere similar to
those of other toxic dinoflagellates such Risophysis acuta0.89-1.1 fg prf) calculated
from (Pizarro et al., 2009)).

Even though published results for toxin productioy other dinoflagellates are

encouragingAlexandrium minutur20 pg toxin ! day® (Parker et al., 2002), similar
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spinosum Protoceratium reticulatun214 pg L day* (Gallardo Rodriguez et al., 2010), 10
times more than to AspinosumAlexandrium ostenfeldijhigher cell concentration but lower
toxin cell quota—71,000 cell mL, 0.7 pg cell’ 13-desMeC SPX eq, than in batch culture
~17,000 cell mL*, 4.2 to 1.7 pg celt 13-desMeC SPX eq (Medhioub et al., 2011) (SPX =
Spirolide). More effort should be made to optimizxin production, since, most toxins
produced by harmful dinoflagellates are required iftstrument calibration, and further
research is required on toxicology and other biaonadaspects. Furthermore, studies on
dinoflagellates in bioreactors would help in untkmging their complex physiology and the
link between growth and toxin production.

The work presented here indicates that spinosumcan grow in stirred
photobioreactors, even though it is a fragile dexpdllate. The study shows the effect of
growth rate on AZA cell quota, thus contributing thee understanding of the biosynthetic
behaviour ofA. spinosumFurthermore, the set-up developed may be usextgess more

generally ecophysiological characteristics of diagéllates.

2.6.2. Separation procedure of A. spinosum from the culture medium

AZA extraction procedures were developed to optmAZA recovery from theA.
spinosum pilot-scale culture. Two methods were tested, ¢atigl flow filtration and
continuous centrifugation.

In the harvesting tanki.e., prior to large-scale separation of cells fromtund
medium, 95 + 4% of the AZAl and -2 present wereantellular, as estimated by toxin
quantification in both algal pellet and supernat&idwever, after tangential flow filtration
(Method 1), 50 to 70% of the toxin was in the concate and 30 to 50% had been released
into the permeate. Toxin release was time-dependetit longer filtration times leading to
higher proportions of toxin in the permeate (depegdn age of culture and cartridge). This
procedure allowed for the separation of 200 L dfure into 0.7-1.0 L of algal concentrate
(equivalent to 40-46 g of wet algal paste aftertrifeigation) and ~200 L of permeate.
However, the release of a non-negligible amountdistolved AZAs into the permeate
necessitated the development of AZA adsorptionguores to avoid significant AZA losses.
Interestingly, after tangential flow filtration, éhalgal cells retained their integrity and the
permeate was clear, demonstrating the weak effesttear forces oA. spinosuncells.

In contrast to tangential flow filtration, continu® centrifugation (Method 2) led to

significant lysis of algal cells (probably due teetviolent release of concentrate from the

117



Chapitre 2 — Analyse et production d’azaspiracides

centrifuge), and few entire cells were observedrosicopically. This last procedure allowed
for the separation of 200 L of culture medium irtlh L of algal concentrate and ~185 L of
permeate containing, respectively, 76% = 7% and 24%% of the toxin in each fraction.
Continuous centrifugation was less time consumiranttangential flow filtration and can
easily be scaled up to much larger volumes of celtllowever, the initial purchase cost of
centrifugal equipment is higher than for tangentialv filtration, and it was not possible to
recover an algal paste under the test conditiomg uw®ntinuous centrifugation. The choice of

cell recovery technique therefore depends on filmnesources and other research needs.

2.6.3. AZA1 and -2 extraction from the retentate and permeate

After tangential flow filtration, most toxin fromhé concentrated cells was recovered
in the algal paste after centrifugation of the m&ge (Method 3), with only minor loss of
AZAs into the retentate supernatant (9 £ 1%).

Three organic solvents were tested to assess tatrageld and purity (Method 3):
acetone, acetonitrile (ACN), and dichloromethan€KD. No differences were observed
between the three solvents (Table 10), confirmiegults previously obtained during.
spinosumanalysis (Jauffrais et al., 2012a). Methanol watsused as it was shown to induce
AZA extraction artifacts as solvent foh. spinosumanalysis (Jauffrais et al.,, 2012a).
Significant differences in purity were observed [{l[Ea10), with acetone producing more
residue than ACN and DCM. These procedures were etsnpared with adsorption on
Diaion HP-20 polymeric resin (adaptation of Methd)l The resin gave comparable
extraction efficiency to solvent extraction, butlwsignificantly better selectivity (i.e., purity)
(Table 10).

Table 10. Azaspiracid yield (ug g'1 + SD, n = 3) and purity (%) from algal paste after extraction with acetone, ACN
or DCM (method 3), and using HP-20 resin.

Acetone ACN DCM HP-20
AZAl + 2 (ug gl) 17.4+0.5 18+ 2 17+ 1 17+ 1
Purity (%) 0.036 £ 0.002 0.07 £0.01 0.09 +0.01 210+ 0.03

To recover AZAs from the permeate and retentatesigiant, representing up to 50%
of the total AZAs, solid phase adsorption procedusere implemented using HP-20 resin
(Methods 5 and 6). The HP-20 polymeric resin wasvipusly used and studied by
MacKenzie et al. (MacKenzie et al., 2004) and Fuale(Fux, 2008; Fux et al., 2009; Fux et
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al., 2008a) for adsorption of lipophilic toxins. 83e studies demonstrated that HP-20 resin is
a suitable adsorbent for AZAs (Fux et al., 2009né&herget et al., 2007). In the present study,
HP-20 resin was used for adsorption of AZA, witHwoes ranging from 0.75 L of algal
concentrate to 200 L of permeate. Method 4 was Idped to recover both the intra- and
extra-cellular toxins from the retentate. The ressaf this work are summarized in Table 11.

To optimize extraction yield, four separate expemts (using different lots of
concentrate) were carried out to determine: (1) wbkime of solvent; (2) the optimum
amount of resin to be used; (3) the time of conbetiveen the sample and the resin; and (4)
the method for AZA desorption from the HP-20 resin.

Table 11. Azaspiracid yield (ug mL™of concentrate or %, + SD, n = 3) using various HP-20 adsorption and elution

procedures (Method 4) *.

Acetone Volume/5 g HP-20 3x5mL 3x10mL 3x25mL
AZA yield (ug mL?) 1.61 +0.07 21+0.1 2.19 +0.06
Mass HP-20/100 mL concentrate 1g 25¢g 59
AZA yield (ug mLY 26+0.2 26+0.1 21+0.2
Time of contact 2h 6 h 24 h 72h
AZA yield (ug mL? 0.48 + 0.06 052+0.03 061+0.02 0.52+0.08
HP-20 adsorption efficiency
(% after 24 h of contact with the 93.8+0.1
concentrate)
Desorption procedure Soaking using acetone Column using
(2.5 g HP-20-3 x 7.5 mL acetone) and filtration acetone
Time of soaking (a and b), and flow rate (¢)  (a) 5 min (b)2h (c) 1 mL-min*
Fraction 1 (%) 773 74+5 98.2+0.5
Fraction 2 (%) 211 22+3 16+0.8
Fraction 3 (%) 3.0+04 3.8+0.2 0.2+0.1
AZA yield (ug mL?) 2.43 +0.09 2.4+0.1 2.58 +0.01
Desorption yield (%) 83+3 81+4 88.5+0.2
Total extraction yield (%) 78+3 76 £ 4 83.1+0.1

* A separate lot of concentrate was used to detengach parameter, so yields are only

comparable within each experiment.

Smaller resin masses (1 and 2.5 g) gave betteaatixin yield after 24 h of contact
(Table 11). 2.5 g of HP-20 resin for 100 mL of retge was chosen to avoid difficulty of
elution and to ensure sufficient adsorption capaot the resin in case of high AZA

concentration.
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Results showed that, to reach the optimum desorplield a minimum of six times
the HP-20 resin volume of extracting solvent wagumed. The best results of AZA
desorption from the resin were obtained using asgtlumn with three successive elutions
with acetone at 1 mL min This last procedure eluted 98.2% + 0.5% of théntoecovered
in the first elution volume, showing a better dgsion than with the other procedures. Using
the optimized procedure, a final yield of 83.1%.2% of the initial amount of AZAl1 + 2 in
the algal concentrate was obtained. The yield Wasecto that obtained by Fuet al. for
AZA1-3 (85%-93%) (Fux et al., 2008a), but is lowlean for other lipophilic toxins (Fux et
al., 2008a; MacKenzie et al., 2004).

Extracellular toxin was extracted using two sepanatocedures, each with HP-20
(Methods 5 and 6). SPATT bags were initially destjms a monitoring tool to follow and
predict microalgal toxic events around shellfistodarction areas (MacKenzie et al., 2004,
MacKenzie, 2010). The procedure with HP-20 packea column as a solid phase extraction
method was implemented for biotoxin extraction freeawater after naturally occurring
microalgal blooms (Rundberget et al., 2007). Thtese methods were adapted to laboratory
conditions after tangential flow filtration of thmulture medium to recover dissolved AZA
from the permeate (Method 5 and 6).

Both methods gave similar recovery (~80%—85% ofdalised toxins); however,
recovery using SPATT bags (method 5) showed morahiity than the SPE procedure
(method 6, Table 12).

Table 12. AZA mass balance (% + SD, n = 3 for Methods 4 and 6, and n = 7 for Methods 3 and 5) obtained after

tangential flow filtration using extraction Methods 3—6 (indicated in parentheses). Recovery was calculated from

the sum of AZA1 + 2 concentration measured in the harvesting tank before tangential flow filtration.

Method No. Method description % Recovery of total
3) Algal paste 56+9
4) Algal retentate + HP-20 54 +3
(17025) Algal permeate + SPATT 21+9
(6) Algal permeate + SPE 26+4

Finally, these optimized procedures allowed usemover ~3 mg of AZAs in crude
extracts after tangential flow filtration of 200df culture. This crude extract was obtained in
12 working days, with 8 days of culturing (at steathte) at a flow rate of 25 L ddy1 day
(between 5 and 8 h work) of filtration, and 2—3 slaf extraction.
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2.6.4. Isolation of AZA1 and -2 from A. spinosum crude extract

Isolation of AZAs from contaminated shellfish waegeyously performed using a
seven-step procedure (Kilcoyne et al., 2012). Hered. spinosunextracts obtained using
HP-20 were considerably purer (0.5% w/w, on averégy pilot-scale recovery, line 1 Table
13) than the shellfish extracts in the study ofi¢yne et al., 2012). Hence, it was expected
that fewer steps would be required to purify AZAdda-2 to obtain certified reference
standards and to perform toxicological studieswith the isolation from shellfish, the crude
extract was initially partitioned between ethyl tate and 1 M sodium chloride. The step
resulted in a clean-up of 57% and a recovery of 9Beévious studies have shown that AZAs
are unstable in acidic environments, and that asad temperature will accelerate any acid-
catalysed degradation of AZAs (Alfonso et al., 20®08wever, small scale purification trials
by chromatography on a silica gel column showed ithaas safe to have acetic acid in the
eluent at this point of the procedure. Thus, as dlEmonstrated by (Perez et al., 2010) and
(Kilcoyne et al., 2012), the sample is still quiteide at this stage of the isolation, and hence
the remaining matrix exerts a similar protectivieetf to that of shellfish tissue (Alfonso et al.,
2008). Silica gel chromatography (step 2) gave iy Wgh efficiency in terms of clean up
(87%) and recovery (~91%, Table 13).

Table 13. Batch summary table for purification of AZAl and AZA2.

Step No. Step AZAl (mg) AZA2(mg) Weight(g) Purity%) '
HP-20 resin extract 12.5 3.2 3.04 0.5
1 Partitioning 11.2 3.0 1.32 1.1
2 Silica gel 10.2 2.8 0.17 7.6
3 Flash (Phenyl-Hexyl) * 9.7 2.4 0.01 >90
4 Prep HPLC (C8/C18) 9.3 2.2 - >95
% Recovery (steps 1-4) 75 70

* AZA1 and AZA2 were separated from each otheriis step. Total AZA1 + 2, based on w/w.

The third step in the procedure employed flash miatography using a phenyl-hexyl
stationary phase and a weakly alkaline mobile phas@revent degradation of toxins.
Separation of AZA1 and -2 was achieved in this stép separate fractions being collected.
This step resulted in the highest clean-up (93%l)ranovery (95%) (Table 13).

Final purification was achieved by semi-preparativelL.C using a neutral mobile

phase. Fractions were collected based on UV dete€¢810 nm) to prevent contamination
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from other non-AZA analytes. This step resultedrenoveries of ~93% while clean-up is
minimal at this stage.

SPE cartridges were used to remove any buffer r@ngain the sample, as well as to
reduce the water content, and volume of the AZAtioas prior to evaporation, and as an
additional final clean-up step to remove trace aonhants introduced via the LC eluents.
This SPE procedure resulted in very little lossoxin, with recoveries of >95%, and greatly
facilitated evaporation of the purified AZA-fractis to dryness. ThéH NMR spectra of
AZA1l and -2 were compared to published NMR data fandid to be identical. Examination
of the spectra indicated purities of >95%.

Purified AZA1 (9.3 mg) was obtained along with g of AZA2. Overall recoveries
(steps 1-4) were 75% for AZAl and 70% for AZA® NMR spectra ofAZAl and -2
following purification fromA. spinosumare presented in Annexe 9 to demonstrate purity.
This recovery is a significant improvement compatedisolations from shellfish with
recoveries increasing by a factor of ~1.5. Furtfeeanthe procedure is significantly easier to
perform with two fewer clean-up steps after eximacteing required to achieve sufficient

purities.

2.7. Conclusions

This study presents the first data @ spinosumproduction in pilot scale
photobioreactors. It demonstrates the ability o #mall and fragile dinoflagellate to grow in
this type of reactor. The effect of growth rateAsA cell quota and toxin production outline
the secondary metabolite character of AZAs. A @lutate of 0.25 day was found to yield
the highest volume-specific toxin production pey.dBhe system of two bioreactors coupled
in series at higher dilution rate allowed for an AAproduction rate of 475 pg ddy(19
ng Lt day ). Under these conditions we obtained ~3 mg of AZi\srude extracts over 12
days (8 days of culture, 1 day of filtration andl@ys of extractions). Further work is under
way on the influence of environmental and nutriibbparameters other than dilution rate on
A. spinosungrowth and toxin production.

The production of large volumes Af spinosunmecessitated the development of rapid
procedures to concentrate and harvest algal agllsgdtimal toxin recover. Both continuous
centrifugation and tangential flow filtration habeen successfully applied in this study to

concentratéA. spinosunculture. A simple and efficient procedure of egtian allowed for
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retrieval of toxins from both the retentate and pleemeate to provide a crude spinosum
extract rich in AZA and low in interfering matrivomponents.

Thanks to the high concentration of AZAs relative the matrix in the extract,
purification of AZAl1 and -2 could be simplified 8 four-step procedure with recoveries of
75% and 70% for AZAl1 and -2, respectively, a 1.5 foncrease when compared with
isolation of AZAs from shellfish. In this studyxssuccessive culture lots (1200 L harvested
in total) enabled the recovery of 9.3 mg of pudfi®ZAl and 2.2 mg of purified AZA2.

Future production of AZAs from. spinosuntould involve bioreactors at this scale, or
at an even larger scale. Still, one limitation lué present approach is that only AZAl and -2
may be produced froA. spinosumyet a number of other analogues are also rel¢gafticial
control (McCarron et al., 2009). As a consequencanother recent study (Jauffrais et al.,
2012c), which suggests some self-limitation of nelsexposed to livé\. spinosum our
current work investigates the use of crude extratts. spinosunfor the exposure of mussels
with a view to producing shellfish metabolites 0ZAL and -2. Such studies are aimed at
more efficient production of shellfish metabolitdsut may also contribute to the
understanding of the uptake from the dissolved @laasl metabolism of AZAs by mussels.

More generally, this work showed that even thodghspinosumand many other
dinoflagellates are known to have slow growth rated low maximum cell concentrations
compared to many other microalgae for shellfishaagliure, their culture in photobioreactors
is a viable biotechnological approach to the prddacof toxins with applications in research
and operational food safety surveillance prografmgthermore, metabolite production in
chemostat bioreactors is stable and predictabtkhas the possibility to influence secondary

metabolite production by varying different cultwenditions.
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Contexte

A. spinosumest producteur d’AZAl et -2. C’est donc un orgam@spouvant étre
responsable de I'accumulation d’AZA par les molluss| bivalves. Bien qu’ayant fait I'objet
de plusieurs publications (Salas et al., 2011n¥hn et al., 2009), un manque d'information
subsiste concernant les facteurs influant sur sooplésiologie : taux de croissance,
concentration cellulaire et quotas en AZA des tetluEn effet, les articles portant sur
I'isolement et la description A. spinosumont souligné une grande variabilité du quota
cellulaire en AZA, qui selon les auteurs varie emction des conditions environnementales (5
a 40 fgAZAL1 cel* en culture « batch » (Salas et al., 2011; Tillmenal., 2009) et peut donc
avoir une incidence directe variable sur I'accutnutades AZA par les mollusques bivalves
filtreurs.

La croissance, la concentration cellulaire et leotgucellulaire en toxines des
microalgues dépendent de divers facteurs enviroentux et nutritionnels. Par ailleurs les
biotoxines microalgales présentent des structurasigues qui dépendent des espéces qui les
produisent. Par conséquent les facteurs influedeaguiota cellulaire en toxine peuvent varier
en fonction des espéces étudiées (Granéli, 20@8nifes divers facteurs environnementaux,
la salinité, la température et la lumiére sontfdeteurs qui peuvent affecter la croissance des
dinoflagellés et leur contenu toxinique (Flynn let B996; Gedaria et al., 2007; Maclean et al.,
2003; Parkhill et Cembella, 1999; Xu et al., 2008, méme que l'aération (Hu et al, 2006b;.
Morton et Bomber, 1994). En outre, les facteursritiotinels, et en particulier le ratio
azote/phosphore, peuvent également influer surdessance des dinoflagellés et sur leur
quota en toxines (Flynn et al., 1996 ; Hu et a&06a ; Hwang et Lu, 2000; Lartigue et al,
2009).

Les premiers travaux que nous avant réalisés epaent sur I'écophysiologie A
spinosunvisent a comprendre, d’'une part, |'effet des fast@mvironnementaux tels que : la
salinité, la température, la lumiére et I'aéragbd’autre part, I'effet des facteurs nutritionnels
tels que : le milieu de culture, la source d'azptiérate, urée, ammonium) et de phosphore
ainsi que les ratios N/P, sur la croissance desoalgues et la production de toxines, que se
soit en culture « batch » ou en continu.

Ce chapitre présente donc le travail effectué alen déterminer les parametres
environnementaux et nutritionnels qui permetteantliorer la croissance Al' spinosurret
d’augmenter la production de toxines de cet ogmaaj I'objectif étant de proposer une

production durable d’AZA a partir de culturesAd’spinosumEn outre, il a aussi comme
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objectif d'améliorer notre compréhension sur I'dogologie dA. spinosumpour mieux
appréhender les facteurs pouvant influer sur I'dppa et la dangerosité d’éventuelles

efflorescences.

3. Effect of environmental and nutritional factors on growth
and azaspiracid production of the dinoflagellate Azadinium

spinosum

Article en préparation pour publication: “Jauffrais, T., Séchet, V., Herrenknecht, C.,
Truquet, P., Tillmann, U., Hess, P., 201X. EffeCenvironmental and nutritional factors on
growth and azaspiracid production of the dinofligelAzadinium spinosuin

3.1. Résumé

Azadinium spinosupest un petit dinoflagellé producteur d’azaspulael et -2 (AZA)
qui a été récemment isolé en mer du Nord. Ces daofoxines sont reponsables
d’intoxications alimentaires suite a l'ingestionrdellusques bivalves contaminés.

Cette étude a évalué l'effet de différents facteemsironnementaux tels que: la
salinité (10-40 psu), la température (10-26°Chténsité lumineuse (50-400 pmol“ns?),
I'aération, ainsi que de facteurs nutritionnels tgle : la composition des milieux de culture
(K modifiés, L1 et L1 + extrait de terre), des sms d'azote (N) (N NH4', urée), des
sources de phosphore (P) (organique et inorganieiuds ratios N/P (NGNaHPO,%) en
culture « batch » et en continu, sur le taux dessamce, la concentration cellulaire et la
concentration en AZA dans les cellules.

A. spinosunpeut croitre dans une grande plage de conditiomsomnementales: de
30 a 40 psu, de 10 a 26°C, a toutes les intengidseuses testées et avec ou sans aération
par bullage. Cependant, le taux de croissance ebraentration cellulaire maximale sont
optimaux a 35 psu, entre 18 et 22°C et avec aérdfio ce qui concerne le quota cellulaire en
AZA, l'effet le plus significatif est observé a basempérature ou la concentration cellulaire
en AZA & 10°C est 20 fois plus élevée (220 fgBetjue celle obrenue & des températures,
comprises entre 18 et 26°&. spinosuncroit dans tous les milieux de cultures testéset
seulement de légeres variations du taux de craissah des quotas cellulaires en AZA.

Cependant, l'utilisation d’'une faible concentratien milieu K modifié (0.1Kmod) permet
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d’ameliorer la teneur en toxines dans les cellul@sdis que des concentrations plus élevées
(0.5Kmod, 1Kmod, 2Kmod) améliorent le taux de csaisce et la concentration cellulaire
maximale.A. spinosunmest également capable d'utiliser différentes semd'azote pour sa
croissance, mais son taux de croissance est @upitésence de NH

Ces premieres expériences Auispinosunont permis d’améliorer notre connaissance
sur son ecophysiologie et vont permettre d’obtdeimeilleurs rendements de production en
AZA.

3.2. Abstract

Azadinium spinosumis a small dinoflagellate recently isolated ine tNorth Sea,
produces azaspiracid-1 and -2 (AZAs), two biotoxaasociated with human illness following
ingestion of contaminated shellfish.

In the present study, we investigated the effeétslifferent environmental factors
such as salinity (10-40 psu), temperature (10-26p8dton flux density (50-400 pmolfis
1), aeration, as well as nutritional factors suclcasure media (modified K and L1 media),
nitrogen source (N§ NH,", urea), phosphate source (organic and inorgaanc),N/P ratios
(NOs/NaH,PO;*) in batch and/or continuous culture on the grovater maximum cell
concentration, and AZA cell quota.

A. spinosungrew in a wide range of conditions, from 30 top$d and from 10 to 26°C,
under all irradiance conditions tested, with orheiit aeration. Growth rate and maximum
cell concentration were optimal at 35 psu, fromtd&2°C, and with aeration. Concerning
AZA cell quota, the most significant effect was ehed at low temperature; the AZA cell
quota was more than 20 times higher at 10°C (22f#id) than at temperatures between 18
and 26°C.A. spinosungrew on all media tested and with only slight elinces in growth
rate and AZA cell quota. However, low K-modifiednoentration (0.1Kmod) improved AZA
cell quota, whereas higher concentration (0.5Knid¢ihod, 2Kmod) increased growth rate
and maximal cell concentratioA. spinosungrew also on the different sources of nitrogen
tested, but showed a lower growth rate onsNH

These first experiments of. spinosumncreased our knowledge on its ecophysiology

and improvedA. spinosunculture in pilot scale photobioreactors for AZ/ogduction.
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3.3. Key words

Temperature, salinity, aeration, irradiance, netragmmonium, urea, phosphate, N/P

ratio, Dinophyceae, photobioreactor, chemostat, AZA

3.4. Introduction

Azadinium spinosuns a small dinoflagellate (12-16 pum length and I7-4dn width)
producing azaspiracid-1 and -2 (AZAs) (Tillmann adt, 2009). This dinoflagellate was
isolated in the North Sea, during a research crwgl on-board LC-MS/MS to discriminate
toxins among different size fractions of phytoplenmkfor the characterization and isolation of
AZA producing organisms (Krock et al., 2008). Fallog an AZA producing organism
discovery, a new genuszadiniumwas erected (Tillmann et al., 2009) and rapidliaegyed
with other speciesA. obesumnot known to produce AZAs (Tillmann et al., 201@),
poporum (Tillmann et al., 2011) and. cf. poporum (Potvin et al., 2012), two species
recently found to produce new AZAs, also isolatedimphidoma languidaa species closely
related toAzadinium(Krock et al., 2012; Tillmann et al., 2012). Fatimore, a new strain of
A. spinosunwas isolated in Ireland and found to produce AZAkM -2 (Salas et al., 2011)
and anA. cf. spinosunmorphotype was observed and described in Argeikaelman and
Negri, 2012). The authors reported a bloom (9.a8%cell L) in 1990; however,
intoxications following shellfish consumption weret reported at that time.

Concerning AZAs, the toxin was found 12 years befthe primary producing
organism. In 1995, contaminated musséy/tilus edulig from Killary Harbour (Ireland)
were consumed in the Netherlands and caused huimaassi (McMahon and Silke, 1996).
The symptoms were diarrhea, nausea, vomiting amaehagth cramps, typical for diarrheic
shellfish poisoning (DSP). However, DSTs levels aevdoelow the regulatory limit.
Subsequently, AZAl1 was discovered (Satake et &984) and later structurally revised
(Nicolaou et al., 2006b). The base structure o toxin group is composed of an cyclic
amine group (aza group), a tri-spiro ring assenalolg a carboxylic acid group (Satake et al.,
1998c). Since its identification, the toxin was riduto be responsible of additional human
intoxications in Europe (Furey et al., 2010) andha US (Klontz et al., 2009). AZAs were
identified throughout Northern and Western Eurofim{il et al., 2008; James et al., 2002;
Magdalena et al., 2003a; Vale et al., 2008), andMorocco (Taleb et al., 2006), Chile
(Lopez-Rivera et al., 2009) and Japan (Ueoka et 2009), indicating a worldwide
distribution of the toxin and consequently of theducing organism. Moreover, many AZA
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analogues were found in bivalve shellfish flesreratiotransformation of the algal toxin

(AZA1l and -2), and toxicological studies suggestt tAZA1 to -3 are potent toxins (Ofuji et

al., 1999a; Twiner et al., 2012) and thereforevaai¢ for human health. The long list of

analogues and artefacts now include AZA2-5 (Ofugle 2001; Ofuiji et al., 1999a), AZA6-12

(Diaz Sierra et al., 2003; James et al., 2003bALFZ32 (McCarron et al., 2009; Rehmann et
al., 2008).

FurthermoreA. spinosunwas found to directly contaminate mussels, witash AZA
accumulation and biotransformation after a day orexof exposure té. spinosunfJauffrais
et al., 2012c; Salas et al., 2011) showing itsatlirelevance to human health. Nonetheless,
there is a lack of information on factors affectiAg spinosumphysiological responses:
growth rate, cell concentration and AZA cell quoarthermore, results oA. spinosum
isolation and description pointed out a wide vahgbof AZA cell quota depending on
environmental conditions (5 to 40 fg ¢eih batch culture (Salas et al., 2011; Tillmanmlet
2009) and thus, directly affecting AZA accumulatrate by suspension feeding bivalves.
Growth, cell concentration and toxin cell quota dsgically dependent on various
environmental and nutritional factors. However, roi@l structures of algal biotoxins differ
among species of toxic microalgae. Thus, factoflsencing toxin cell quota might vary in
function of the group and/or species (Graneli, 20@86nong various environmental factors,
salinity, temperature, and light might affect dilagellate growth and toxin content (Flynn et
al., 1996; Gedaria et al., 2007; Maclean et alg32@arkhill and Cembella, 1999; Xu et al.,
2010) as well as aeration (Hu et al., 2006b; Mogond Bomber, 1994). Moreover, nutritional
factors and especially nitrogen and phosphate adgio affect dinoflagellate growth and toxin
cell quota (Flynn et al., 1996; Hu et al., 2006aardg and Lu, 2000; Lartigue et al., 2009).

This early work onA. spinosumecophysiologyaims to understand the effect of
environmental factors —salinity, temperature, lightl aeration— as well as nutritional factors
—culture medium, nitrate, urea, ammonium, phosphdwP ratios— on growth and AZA cell
quota in batch culture and/or stirred photobioreact

This study presents the work done to assess the faeiors influencingA. spinosum
growth and AZA cell quota to enhance a sustainpbbdeluction of AZAs fromA. spinosum
culture. These toxins are still necessary for ursgnt calibration in continuous monitoring
programs and for toxicological studies. Furthermdrevill improve our understanding &.
spinosunecophysiology and will give the first informatiotigat might influenceé\. spinosum

blooms and their relevance to shellfish contamamati
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3.5. Material and methods

3.5.1. A. spinosum

3.5.1.1. Stock culture condition

The dinoflagellateA. spinosun(3D9) was obtained from the Alfred Wegner Insstut
The strain was maintained in the laboratory in 30 tmatch cultures (70 mL sterile
polystyrene flask) without aeration, at 18°C, 3&,p& photon flux density (PFD) of
200 pmol it s* and a photoperiod of 16 h of light and 8 h of d&tr maintenance, cultures
were grown in 0.22 um filtered seawater, enrichedimodified medium (Keller et al.,
1987), without NHCI, silicate and Tris buffer (Tris-base was avayd tiechnical reason, see
below), and with addition of N&eQ (10° M).
The stock culture was maintained in the growth phlag transferring weekly into fresh

medium.

3.5.1.2. Experimental culture conditions

For experimental purposes, batch and continuousareulvere used:
(@) Batch cultures were prepared in two different volumes, 70 mL ikepolystyrene
flasks or 10 L flat bottomed glass flasks. Theiahitulture cell concentration was between
5t0 20 x 16 cell mL* and the culture was grown until stationary phaseeun the same
condition as the stock culture.
(b) Continuous cultures were maintained in 2.5 or 100L chemostats. The
photobioreactors were made of transparent polynetieghacrylate and operated under the
following conditions: the pH was regulated at 7€ng CQ addition, the temperature at
18°C, light was provided on one side of the reaaking neon tubes at identical PFD and
photoperiod as the stock cultures and a Rushtdnneiwas used to homogenize the algae.
Prior inoculation, photobioreactors were sterilizasing peroxyacetic acid at 5 ppm for
30 min and rinsed twice using filtered sea wate2Z@m). The photobioreactors were
inoculated withA. spinosuntulture to reach an initial concentration of 70 cell mL* and
dilution rate (0.3 and 0.2 ddyin 2.5 or 100 L chemostats, respectively) was iadpand
maintained until steady state.
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Unless otherwise specified these culture conditiorese applied for the following

experiments.

3.5.2. Environmental factors

3.5.2.1. Salinity, photon flux density, temperature

To assess independently the effect of salinity,penmature and PFD oA. spinosum
growth and toxin production in batch culture, tledlscwere inoculated from an inoculum in
growth phase and grown under the different conastion triplicate batch cultures (50 mL)
until stationary phase.

- Effect of salinity was assessed at: 10, 20, 20,35, 40 psu. The salinity was adjusted by
dilution with Milli-Q® water (Millipore) or evaporation and verified with refractometer
(Atago, S/MILL).

- Effect of the PFD was also assessed at 50, 181, 200, 250 and 350 pmolns*
and verified with a spherical quantum sensor (LO-#§ht meter, LI-COR). Subsequently, the
effect of the PFD orA. spinosumgrowth and toxin production were evaluated uswg t
photobioreactors (100 L, 0.2 dgyat 100, 200 and 400 pmols™.

- Effect of temperature was assessed at 10, 1£22.86°C in a culture chamber with
a PFD at 50 pmol ihs™.

3.5.2.2. Aeration

To evaluate the effect of aeration on growth fdufa experiments in chemostat mode,
A. spinosumwas cultured in triplicate 10 L flat bottomed galasks with and without

aeration.

3.5.3. Nutritional factors

3.5.3.1. Culture medium

To avoid physiological stress the culture strains wae-adapted to experimental
media. The first medium was the K modified mediusedito maintain the stock culture, the
second contained tris buffer (Keller et al., 198RAg third one an L1 medium (Guillard and
Hargraves, 1993) and the last one an L1 medium waattlition of 3 mL of soil extract
(CCAP).

133



Chapitre 3 — Ecophysiologie d’Azadinium spinosum

Subsequently the amount of K modified medium withtiis buffer was assessed.
Different medium concentrations were then teste@ll&mod, 0.5Kmod, Kmod, 2Kmod and
5Kmod medium were then used to grdwspinosumin 50 mL batch culture. Subsequently,
A. spinosumwas inoculated in photobioreactors (100 L, 0.2%aysing the following

concentration: 0.5Kmod, Kmod and 2Kmod.

3.5.3.2. Nitrogen source

A factorial plan was carried out in duplicate tsess the effect of nitrate (50 to
1714 pM), ammonium (0 to 100 uM) and urea (0 to @™ on A. spinosumgrowth and
toxin production in 50 mL batch culture. The mediwas based on K modified medium for
the other nutrients (Table 14). Subsequently, ffexieof nitrate (882 uM) and urea (100uM)
on A. spinosumgrowth and toxin production were compared using photobioreactors
(2.5 L, 0.3 day).

Table 14. The 17 conditions used during the factorial design experiments to assess the effect of 3 nitrogen

sources on A. spinosum growth, maximum cell concentration and toxin production.

NaNO; NH,Cl Urea

Conditions (M) (M) (M)
882 50 50
2 50 0 0
3 1714 0 0
4 50 100 0
5 1714 100 0
6 50 0 100
7 1714 0 100
8 50 100 100
9 882 50 50
10 1714 100 100
11 50 50 50
12 1714 50 50
13 882 0 50
14 882 100 50
15 882 50 0
16 882 50 100
17 882 50 50

3.5.3.3. Phosphate source

K modified medium with organic (N&-glycerophosphate) and inorganic (N&@,
H,0) phosphate were used to evaluate their respeetiget onA. spinosungrown in batch
cultures (50 mL)

3.5.3.4. N/P ratio

Cells were inoculated into medium at the followihgoretical N/P supply ratios: 1, 2,

10, 20, 40, 100 by adjusting phosphate (bR®, H-O) concentration while maintaining
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nitrate concentration at 100 pM concentration. $ghently, 3 N/P ratios (NGPO,> in puM:
40/5, 160/10, 882/10) were tested using the 2.hatgbioreactors at 0.3 dayof dilution
rate.

3.5.4. Cell growth

Cell concentrations (cell mt), mean estimated spherical diameter (E$®n) and
cellular volume (ummL™, spherical equivalent) were assessed daily usipgrticle counter
(Multisizer 3 Coulter counter, Beckman).

In batch culture: specific growth rates (1 in daywere calculated following the equation
(Guillard, 1973):

H=(nX-InXy)/t

Where X is the initial cell density and s the cell density after t days (t equal to thd ef
the growth phase in this study).

Maximum growth rate (pax in d%), maximun cell concentratioru (= In(X/X0) with X in
cell mLY) and latency timeA(in day) were calculated following a Gompertz modsing
MatLab software:

f(t) = axexp(-exp(phaxexp(L)bx(A-t)+1))

In continuous culture, the bioreactors were considered to have reacteedl\s state after a
minimum of 3 days at the same microalgal conceptrgt: 10%).

3.5.5. AZA analysis

3.5.5.1. Reagents

Acetone and methanol (MeOH) were obtained as HPia@egsolvents from JT Baker.
Water for analysis was supplied by a Milli-Q intagB8 system (Millipore). Formic acid
(Puriss quality) and ammonium formate (Purity foBMvere from Sigma Aldrich. AZA1-3
calibrants for LC-MS/MS analysis were dilutions adrtified AZA1-3 solutions obtained

from the National Research Council Canada.

3.5.5.2. A. spinosum

The analytical procedure had previously been optuwhi (Jauffrais et al., 2012a).
Briefly, A. spinosunmculture (10 mL) was collected and centrifuged @2§020 min, 4°C)
from the culture medium. The supernatant was diechiand the pellet re-suspended using

0.5 mL of acetone, transferred to an Eppendorf {ilbg mL) and bath sonicated (10 min).
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After sonication, the aliquot was centrifuged (18@0 10 min, 4°C). The supernatant was
transferred into a 5 mL glass tube and the pellas we-suspended in 0.5 mL of acetone,
homogenised and centrifuged again. The supernatars transferred again into the same
5 mL glass tube and gently evaporated under nitraye a heating block at 35°C. This
process was repeated three times in total. Aftaperation of supernatants, the residue was
reconstituted in 1 mL methanol, filtered with NANBB MF centrifugal filter 0.2 um
(PALL) (6000g, 3 min, 4°C), and transferred into a HPLC vial éoialysis.

3.5.5.3. LC-MS/MS analysis

The samples were analyzed by LC-MS/MS using anefgil 100 model coupled to a
triple quadrupole mass spectrometer (API2000, ScApplied Biosystems) for
quantification of AZAs. Chromatography was perfodnesing a Hypersil BDS C8 column
(50 x 2 mm, 3 um, Thermo scientific) and an isacratution at 250 pL.min at 20°C for
10 min. Mobile phase A was 100% water (25%) and ilagbhase B (75%) consisted of
acetonitrile—water (95:5) both containing 2 mM anmioon formate and 50 mM formic acid.
The injection volume was 5 pL and the column and@a temperatures were 20 and 5°C,
respectively.

The declustering potential was 140 V, the entrapotential 10 V, the cell exit
potential 35 V, and the collision cell were 50 atdV for fragmentation 1 and 2 respectively.
The electrospray ionisation interface (ESI) wasrat@el using the following parameters:
curtain gas: 19 psi; temperature: 350°C; gas Jsg0Ogas 2: 50 psi; CAD gas: 5 psi; ion spray
voltage: 5800 V.

Azaspiracids were quantified against NRC certiff/edAl standards. The two most
intense product ions were selected with the follgniransitions: AZA1m/z 842.5-.824.5
and 842.5.672.4, and AZA2n/z856.5- 838.5 and 856.5672.4.

3.5.6. Nutrient analysis in culture medium

For the analysis of dissolved nitrate and inorggmosphate, the culture medium was
filtered through a 0.22 um syringe filtered (FP3B/@Vhatman) in 50 mL pretreated plastic
tubes (Sarstedt) pre-washed with 1 M HCI and tsed three times with Milli-Q water. and
stored at -20°C until analysis according to thehmétof (Aminot and Kerouel, 2007).
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3.5.7. Statistical analysis

Data are expressed as mean * standard deviatiop [(BEpending on the data, statistical
analyses consisted either in one-way analysis nanvee (ANOVA), or in a Kruskal-Wallis
test, followed, when necessary, by a Fisher's leigsificant difference procedure or a box-
and-whisker plot. Differences were considered sicgmt at p<0.05. Before each ANOVA
analysis or Kruskal-Wallis test, normality and ddyaof variance were tested to decide
which test was going to be used.

To study the direct effect of the nitrogen sourasswell as their interactions gh
spinosumgrowth, a 2 experimental design was carried out in duplicdtee 2 central
composite design involved nitrate, ammonium anda.uféhis experiment allowed for the
assessment of the effect of each factor, as welleascombination simultaneously (Marchetti
et al., 2012b).

W = Bo + BaXa+ B2 Xo+ Ba Xa+Bio X1 X 2+B13 X 1 Xa+B2s Xo Xa+Bu1 X17+B20 X2+ a3 Xa'+€

Where [ is the growth rate (assess as abyg)ij, andii are model coefficients
the main effect for the factor Xij theinteraction between the factdrandj, Xi?the quadratic
effect of the factor ande theresidual error. HereX; was chosen for N§ X, for NH;" and
Xsfor urea.

Statistical analyses were carried out using Stptgca Centurion XV.I (StatPoint

Technologies, Ing.

3.6. Results

3.6.1. Environmental factors

3.6.1.1. Salinity

A. spinosuncells cultured in batch culture at a salinity @ @dsu died rapidly after
inoculation, and cell inoculated at 20 psu survivetil the second day of the experiment but
no further; however, growth &. spinosunwas observed between 30 and 40 psu (Table 15),
with a specific growth rate assessed between #9081 &. The best growth rate and cell
concentration was obtained at 35 psu whereas gteesii toxicity was obtained with the two
extreme values, 30 and 40 psu. Nevertheless, gmfisant difference in AZA cell quota
found at 40 psu can be partially explained by gdamean ESD and a largeellular volume

found at 40 psu than at 35 psu.
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Table 15. Batch culture: A. spinosum specific growth rate, (d'l), maximum cell concentration, Cmax (103
cell mL’l), and AZA cell quota (fg cell’l) in batch culture at different salinities (psu), photon flux densities (PFD,
pmol m? s'l), temperatures (C) and with the presence or absen ce of aeration (values with different letters are
statistically different at P<0.05). Standard batch culture conditions were applied for all conditions unless specified

in a given treatment (n=3).

Environmental vl Cmax AZAs
factors (dh (10°cell mLY)  (fg cel®)
Salinity 30 0.19+0.06 48+1° 31+2°
(psu) 32  0.29+0.00 65+2° 29 +3°
35 0.31+00P 77+3% 23 +1°
40 0.21+0.0f 32+2¢ 37 +3°
PFD 50 0.31+0.01 95+7 16 +2
(umol m?s?) 100 0.42+0.0f 94+2 22+1
150 0.41+0.0% 95%2 16 + 4
200 0.41+0.0% 94+3 16 +1
250 0.41+0.08 98+1 21+1
350 0.49+0.02 108+3 12+1
Temperature 10 0.12+0.601 53 +5° 220 + 38°
(°C) 14 0.25+0.0f 80+2° 80 + 10°
18 0.33+0.03 86+7™ 14 + 2°
22 0.46+0.03 90+5° 8+1¢
26  0.40+0.09 58+7¢ 14 +1°
Aeration Yes 0.41+0.02* 316+15* 122 +2*
No 0.37+0.02 90#2 15+ 2
3.6.1.2. Photon flux density

A. spinosumgrowth was observed between 50 and 36®I| m?s*. The specific
growth rate was found to be comparable between a89® 250 pmol s’ however
significant differences were found and the lowestgh rate was observed at 50 umof &t
and the highest at 350 pmol%s®. Nonetheless, for the highest growth rate, a coeti
effect of PFD and temperature cannot be excludedtdiuhe proximity to the light source.
Concerning AZA cell quota and the maximum cell antcation, no differences were found
between the different PFD tested.

To refine results found in batch cultufe spinosumwas subsequently grown in
continuous culture (Figure 42). In stirred photobaxtors, a slightly higher cell concentration
was observed at 200 and 400 pmdi 1t compared to growth at 100 pmof’ra®. However,
the main effect found was on the AZA cell quota,ewhan increase by a factor of 3 was
observed between the lowest PFD and the highes{Taide 16). Like AZA cell quota, ESD
increased as PFD increased which thus partiallyjaéxp the differences found between
cellular volume (Figure 42) and AZA cell quota, migiat 200 and 400 pmol fs™.

138



Chapitre 3 — Ecophysiologie d’Azadinium spinosum

350 120
E ‘l’ M a A
= 300 4 Anbng b oA Bok a —
E 2°28—azz— 4 - 100 7
= A £

250 - ApAl o
%U AA:A_A_gﬁ_ﬁ L 80 g
i
2 200 4 A ¢t 0— 5o L 2

sa—3a s @ $¥e—5Sge
,S AA 3888 ¢ & - 60 g
© 150 A AS Q
s £a * S
S 100 4004 *° 0 g
= S0 >
= 50 20 3
3 3
0 + T T T T T T T T T T 0
0 5 10 15 20 25 30 35 40 45 50 55
Time (days)
& R1cell mL-1 ¢ R2 cell mL-1 AR1 pum3 mL-1 AR2 um3 mL-1

Figure 42. A. spinosun concentration (cell mL'l) and cellular volume (um3 mL'l) kinetics in 100 L photobioreactors

(R1 and R2, replicates) at a dilution rate of 0.2 day'1 and at three different irradiance conditions 100, 200 and

400 pmol m?s™t. The steady states are represented by the red lines and the arrows represent the day where the

irradiance was changed from 100 to 200 pmol m?2 s™and from 200 to 400 pmol m?s™ respectively.

Table 16. Continuous culture:

A. spinosum concentration (103 cell mL'l), mean estimated spherical diameter

(ESD, um), cellular volume (um3 mL'l) and AZA cell quota (fg cell'l) in continuous culture at steady state using

different photon flux densities (PFD, pmol m? s'l), K medium concentration, nitrogen sources (nitrate and urea)

and N/P ratios (values with different letters are statistically different at P<0.05). Standard continuous culture

conditions were applied for all conditions unless specified in a given treatment (nine sampling occasions for each

of the two bioreactors).

Factors Concentration ESD cellular volume  AZAs
(10° cell mLY (um) (A0 un? mL?Y)  (fg cel®)

PFD (umol nfs®) 100 185 + 7 9.5+0.1° 85 + 3° 21+2°
u =0.2 day 200 194 + 5° 9.9+0.1° 101 +3° 58 + 92
400 195 + 72 10.1 + 0.2 108 + 42 69 + 112

Kmod 0.5 122+7 10.1 +0.2% 66 + 3° 58 + 5?2
u =0.2 day 1 196 + 7° 9.9+0.1° 104 +3° 47 + 6°
2 346 + 29° 9.7+0.2 170 17 25+ 7°

Nitrogen source Nitrate (882 uM) 207 £33 10.2+0.2 119+ 8 41+8
g =0.3 day Urea (100 pM) 182 + 10 9.9+0.1° 95 + 7° 42+ 6
NOs/PQ;* ratio (UM) 40/5 59 + 6 9.6+0.3 29 + 4° 18 + 3P
g =0.3 day 160/10 187 + 1% 9.7 +0.1® 92 +4° 14 +1°
882/10 216 + 10° 10.0 + 0.3 117 + 62 36 +2°
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3.6.1.3. Temperature

The largest differences found in specific growtteraf A. spinosumwvere observed
using temperature (Table 15). However, even thayrghwth rate seemed to be temperature
dependenA. spinosums able to grow in a large range of temperatufet¢126°C) to reach in
all cases cell concentration above 50 *déll mL™. The best growth rate was assessed at
22°C and equal to 0.46'dvhereas a growth rate of 0.12 was found at 10°C.

In the case of temperature, AZA cell quota werentbto be antagonist to growth rate,
as at low growth rate a high AZA cell quota wasnd10°C, 22dg cell') whereas at high
growth rate a low AZA cell quota was found (22°Gg&elr™).

3.6.1.4. Aeration

In 10 L batch culture flasks with aeration of thataere A. spinosunwas found to have
a specific growth rate situated around 0.Z1wlith K modified medium, and reached
maximum cell concentration of 315 x*1gll mL* with aeration and of 90 x i@ell mL*
without aeration. AZA cell quota was also highethwvaeration than without aeration, i.e
122 + 2 and 15 + 2 fg céliat the stationary phase, respectively.

The batch culture in 10 L aerated flasks was at®ml o asseds. spinosunmaximum
growth rate, maximum cell concentration, lateneyetj the variation of the mean ESD, the
AZA cell quota and the of nitrate and phosphatesaamption during a batch culture (Figure
43).

The ESD decreased during the first days of theumluntil the first limitation
appeared and growth rate begun to decrease (dagd4jhen increased until the end of the
stationary phase and finally decreased as senaespbase begun (Figure 43a). The maximum
growth rate found under this condition was equalOt67 day’, with a maximum cell
concentration of 302 x £@ell mL* (95% coefficient bound: 288 x 1@ 324 x 18 cell mL
) and a latency time of 0.2 day (Figure 43b). Udimg K modified medium (with NaPQ,
as source of phosphate), phosphate was found tolimeiting nutrient, as after 14 days of
culture the concentration was close to 0 uM (Figdge). Interestingly, AZA cell quota
increased from the beginning of the culture toehd of the stationary phase and drastically
decreased at the beginning of the senescence. ZR&/AZA1 ratio was also similar during
the growth curve of. spinosumand equal to 0.30 £ 0.2, corresponding to a prtaporof
AZA1l equal to 77 £ 0.2% of AZA1+2.
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Figure 43. (a) A. spinosum cell concentration and mean spherical diameter (ESD) as a function of time in aerated
10 L culture flasks, (b) Gompertz model fitted to the cell concentration with its 95% confident bounds for the
maximum cell concentration (Cmax), growth rate (umax), latency time and its adjusted R?, (c) NOs and PO,
consumption by A. spinosum as a function of time and (d) AZA1+2 cell quota as a function of time (error bars =
SD, n=3).

3.6.2. Nutritional factors

3.6.2.1. Medium

A. spinosumgrowth was observed in the four media tested vgtbwth rates
fluctuating between 0.39 and 0.45 da§fable 17). Even though growth rates were close to
each other, statistical differences were found, tredK modified medium (Kmod) without
NH,CI and without tris buffer yielded the highest gtbwate. However, no statistically
significant differences were found concerning Ahespinosunmaximum concentration. Some
small but statistically significant variations wer@oticed in AZA cell quota
(Kmod2 > Kmod = L1 = L1+SE). Maximum AZA concenimat was found using the second
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K modified medium (Kmod2, with tris buffer). It wadso noticed that the addition of soll

extract to the L1 medium slightly increased grovete and decreased AZA cell quota.

Table 17. A. spinosum specific growth rate, (d'l), maximum cell concentration, Cmax (103 cell mL'l), and AZA
cell quota (fg ceII'l) in batch culture using different culture medium and concentration (values with different letters
are statistically different at P<0.05). Standard batch culture conditions were applied for all conditions unless

specified in a given treatment (n=3).

Nutritional factors ? IS Ezltggac):(ell mLY) égﬁzul)
Culture  Kmod 0.45+0.01 98+3 20+ 2
medium Kmod2 0.39+0.01 88=+1 27+ 1
L1 0.40+0.0F 101+1 22+ 7
L1+SE  0.42+0.0Y 100+3 14 + 4
Kmod 0.1 0.39+0.02 40 +4 75 + 22
0.5 0.39 +0.02 83+2 26 +1°
1 0.40+0.02 88+2° 24 + 2"
2 0.41+0.02 99+1° 23 +3°

As Kmod (without NHCI and tris buffer) resulted the highest growtresaand for
technical reasons discussed below), this medium tested at different concentrations in
batch culture as well as in continuous cultuée.spinosumdid not grow at the highest
concentration (5Kmod medium) even if the cells swgs throughout the experiment. Under
the other four conditiongy. spinosungrew, and no differences were observed in groath. r
Nevertheless, the cell concentration was positigelyelated to the concentration in medium
whereas the highest AZA cell quota were found atléhivest concentration in Kmod medium
(0.1Kmod, Table 17). As well as for the PFD, thespinosuncells were inoculated in a
continuous culture to strengthen the results faangatch culture. In continuous culture, cell
concentration was positively correlated to the eoi@tion in medium (Table 16), and AZA
cell quota was negatively correlated to it. Diffeces were also found in ESD as at a lower

medium concentration the ESD was found to be latggr at high medium concentration.

3.6.2.2. Nitrogen and phosphate source

A factorial plan carried out to assess the effdcthoee different nitrogen sources
(Nitrate, ammonium, urea) OA. spinosumgrowth rate had a good adjusted R2? (0.95),
indicating that the model as fitted explains 95%hef variability in the growth rate measured.
A. spinosumgrowth was observed in all conditions tested; hmwe whereas the
concentrations of nitrate and urea were not afigogirowth rates, the addition of ammonium

reduced it from 0.38 to 0.26 dayFigure 44b and a). These variations were mairbfaéned

142



Chapitre 3 — Ecophysiologie d’Azadinium spinosum

by the negative effect of ammonium AnspinosungFigure 44b, ¢ and d), while no combined
effect (interaction) of nitrate and urea concerdrat(neither positive nor negative) were

found; only a small combined effect of ammonium aitthte was noticed.
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Figure 44. (a) Standardized effect nitrate, ammonium and urea on growth rate (U in day'l), (b, ¢, and d) surface
plots of the modeled growth rate for two of the three factors when the third one is centered (nitrate: 882 uM,

ammonium and urea : 50 pM).

Concerning the effect of nitrate, ammonium and umeaell concentration and AZA
cell quota, the model used only explained 58 arfb,52spectively, of the variability found
and consequently cannot be exploited without appration. However, the maximum cell
concentration in the factorial plan was situatetivieen 88 x 19and 115 x 1dcell mL*, and
the AZA cell quota between 10 and 20 fg ¢é\nnexe 10).

The effects of nitrate and urea were also studiephiotobioreactors (Table 16), and
results found between the two conditions were ¢lgs#, a slight difference was found in
favor of nitrate in cell concentration as well asmean ESD and cellular volume but no
differences were found in AZA cell quota (4442 fg cell®).

Two sources of phosphate were also tested, maingmplify nutrient analysis and
results were found to be similar in growth rate &xA cell quota using either NalRO, or

B-glycerophosphate (data not shown).
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3.6.2.3. N/P ratios

A. spinosungrew in all conditions tested; however, using lgwosphate concentration
(< 2.5 uM) growth was limited while at high phosfghaoncentration (> 10 uM), growth rate
very slightly decreased compared to the optimun®. fdtios seemed also to affect AZA cell
quota, as at high N/P ratio higher AZA concentradiovere found (Table 18). To verify these
effects, the cells were inoculated in photobioreas;tand AZA cell quota were found to be
maximized at the highest N/P ratio tested; alsd, cencentration seemed to be less
dependent of the N/P ratio (Table 16).

Table 18. A. spinosum specific growth rate, (d'l), maximum cell concentration, Cmax (103 cell mL'l), and AZA
cell quota (fg cell'l) in batch culture using different N/P ratios (values with different letters are statistically different
at P<0.05).

NO; PO4 /P H Cmax AZAs

M) (uM) (dh) (10 cellmL?Y  (fg cell®)
100 0 100/0  0.16 + 0.0 14 +0° 40 + 12
100 2.5 40/1  0.40+0.01 77 £ 2° 21+2°
100 5 20/1 041001 87 +1° 11 + 2%
100 10 10/1  0.38+0.01 80 +1° 11 +1°
100 50 2/1  0.36+0.0% 71+1° 11 + 3%
100 100 1/1 0.35+0.01 77 + 2° 13 +1°

3.7. Discussion

TheA. spinosunused in this study was a dinoflagellate recersityated in the North Sea
near the coast of Scotland and producer of AZA1l &hih situ and in cultures. Since its
discovery,A. spinosumwas found to directly contaminate mussels (Jaisffea al., 2012c;
Salas et al., 2011) and interrogations were rassedow mussels are able to accumulate high
AZA concentrations (>5000 pg Ryin situ Contrarily, such very high concentrations have
not yet been observed in laboratory studies. Thderstanding of environmental and
nutritional factors affectingA. spinosumgrowth and AZA accumulation in the field
constitutes thus a pre-requisite to effective a@agbne management and mitigation of
harmful blooms. Furthermore, a lack of purified AZ Aampered toxicological studies and
LC-MS/MS calibration in the frame of monitoring grams. Consequently, the optimization
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of A. spinosungrowth and toxin production in culture was an &ddal motivation for the in-

depth study of its capacity to produce AZAs.

3.7.1. Environmental factors

Data reported here reveal that spinosumis able to grow well in a relatively wide
variation of salinity (30 to 40 psu), and to beeat survive for a few days at 20 psu. Even
though this range does not classiyspinosunas a euryhaline species (at 10 psu no survival
was observed), the tolerance for short periodsetreised salinity may at least partially
explain why A. spinosumfares relatively well in Irish bays or Norwegiajortls, where
rainfall may temporarily contribute to large freskter inputs. Furthermore, cells grown at the
extreme values of the range (30 and 40 psu) waradfdo contain slightly more toxins.
Therefore, salinity fluctuations in the coastal a@rewhereA. spinosumis found can
significantly influence both its growth rate and tbxin content. Some studies performed on
the effect of salinity on various toxic dinoflageks highlighted both intraspecific effects and
interspecies differences of salinithlexandrium tamarensexposed to different salinities
showed a maximum toxin cell quota at either a higbadinity than the optimal growth
conditions (White, 1978) or at salinity equivalémthe most appropriate growth (Parkhill and
Cembella, 1999). FoGymnodinium catenatyma decrease in salinity did not cause a
significant increase in toxin production (Flynn at, 1996); however, wittAlexandrium
minutumlow salinity were found to increase toxin quotarA€byk et al., 2003) and more
recent studies showed similar conclusions for otteroflagellates (egProtoceratium
reticulatum(Guerrini et al., 2007)Alexandrium ostenfeld{Maclean et al., 2003)).

The different PFDs tested in batch cultures shotliatiA. spinosungrowth rate could be
slightly enhanced by increasing irradiance. Furtiee, the experiment using stirred
photobioreactors highlighted the effect of PFD orint production and showed that high
irradiance significantly enhanced AZA cell quata three-fold. A study oA. tamarensealso
found a reduction of light intensity to reduce tome extent growth rate but to only slightly
increase toxin cell quota (Ogata et al., 1987). @héhors agreed with our study in that
decreasing light intensity might reduce growth dhdt photosynthesis in dinoflagellates
plays an important role in the synthesis of toxems,shown to some extent in the bioreactor
experiments of our study.

Temperature was found to play major role An spinosumgrowth, displaying an
optimum (at 22°C) as for other dinoflagellates (hiaat al., 2011; Matsubara et al., 2007;
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Nielsen, 1996; Xu et al., 2010). Similar to theeefs of salinity, a drop in temperature
corresponded to a decrease in growth rate conguwith a more pronounced increase in
toxin content (Anderson et al., 1990; Guerrini let 2007; Navarro et al., 2006; Ogata et al.,
1987). However, a temperature above the optimunwviraan also lead to an increase in
toxin quota in some specieBrptoceratium reticulatunfGuerrini et al., 2007 )RProrocentrum
hoffmannianum(Morton et al., 1994)). Such observations are sstige of the hypothesis
that an increase in toxin concentration may be ssipte answer to either an environmental
stress or to the decrease in growth rate. In coleergith the results found in literatur,
spinosumwas able to grow in and to adapt rapidly to a wiege of temperatures, and the
reduction of growth rate observed when the tempegalecreased was counter-balanced by
an important increase in AZA cell quota.

The addition of turbulences by either aerationtadigin, shaking into a dinoflagellate
culture is known to either increase cell concemmatand toxin production (Morton and
Bomber, 1994; Pollingher and Zemel, 1981) or takittyrowth (Berdalet, 1992).

In the case oAlexandrium minutugrturbulence cause a decrease in growth rate, lsma
and lower concentration of paralytic shellfish toxiand a production of ecdysed cysts (Bolli
et al., 2007). However, all authors do not agreth whese effects of turbulence and some
believe that these tests were conducted abovevétyrhibition threshold (Burkholder et al.,
2006). Indeed, turbulence seemed to be an intrdgpictor and depended upon the applied
intensity. Using turbulence intensities compardbleatural conditions, a wide range of toxic
dinoflagellate species were stimulated (growth ratel cell concentration,ingulodinium
polyedrum Gymnodinium catenatymAlexandrium fundyen¥e unaffected Ryrocystis
noctiluca Ceratium tripos Alexandrium tamarensePyrocystis fusiformis Alexandrium
catenella Gyrodinium sp.) or affected Geratium fusus (Sullivan and Swift, 2003).
ConcerningA. spinosumagitation can be applied to enhance biomass atal &ell quota,
furthermore, in our study, agitation enlarged thegth of the stationary phase. Particularly,
aeration significantly improved culture conditiog promoting the exchange of gases and
nutrients betweei\. spinosumand the culture medium. This positive enhancent@aiigh
agitation was somewhat surprising in view of thia theca ofA. spinosumwhich may have
been considered synonymous to fragility of the piga.

During growth in batch culture, this study showedircreasing toxin quota during the
exponential growth phase as for PSTs (Boyer etl@By; Guillard, 1975; Kim et al., 1993).
However, the AZA cell quota keep increasing durihg late growth phase and stationary

phase, and consequenfly spinosums more comparable to other dinoflagellates predwt

146



Chapitre 3 — Ecophysiologie d’Azadinium spinosum

polyether toxins (Bomber and Tindall, 1988; Guerehn al., 2010; Pan et al., 1999). This
higher AZA cell quota was corresponding to phospHanhitation and consequently to an

increased N/P ratio, as for other polyether toximdpcers, where, toxin production appeared
to be maximized when phosphorus is depleted fraenctiiture medium (McLachlan et al.,

1994; Morlaix and Lassus, 1992; Vanucci et al.,®01

3.7.2. Nutritional factors

Dinoflagellates growth and toxin production arduehced by nutritional factors such
as nitrogen and phosphate (Anderson et al., 199@nFet al., 1994; John and Flynn, 2000).
Consequently, different culture media, with difierél/P ratios and phosphate sources were
tested onA. spinosumThe first reports o\. spinosunctulture, mentioned the use of a half
strength K modified medium without addition of anmaon ions (Tillmann et al., 2009), a
nutrient known to be rapidly toxic to some dinofiigtes (Chang and McClean, 1997; Leong
and Taguchi, 2004) and (Salas et al., 2011) uset anedia (Guillard, 1975; Guillard and
Ryther, 1962) that also does not contain ammonians.i The present study explored the
effect of two K modified media, one was similarth® one used by (Tillmann et al., 2009)
and the other one was without the tris buffer. algae were adapted to a K medium without
tris buffer for technical reasons: in continuouiume the pH is already controlled by addition
of CO, then the media was simplified; furthermore, alleveral experiments precipitations
were observed to gradually reduce the flow ratetarfthally clog the pump used to supply
the culture medium to the photobioreactors whenribduffer was used.

However, even though it was primarily for technicadson we found out that this
modification of the K medium also improvéd spinosungrowth but unfortunately not toxin
production. The two other media also resulted irmgarable growth rate and toxin
production, and the use of these different mediauhure collections will ensure a safer
maintenance of this species.

To evaluate the required amount of medium neceskaryoptimum growth and
enhancement of the toxin production when necessdifferent K modified medium
concentrations were tested. A concentration abovk vas found to be necessary to reach
relatively high cell concentration in batch cultwbereas a low K concentration seemed to
enhance AZA cell quota. As K medium is rich in ai&r and poor in phosphate, the reduction
in maximum cell concentration at 0.1 K indicategaagsible enhancement of AZA cell quota

through P limitation in presence of high nitratencentration. Furthermore, increasing K
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medium concentration up to 2K did not decreAsepinosungrowth. However, at 5K, the
medium became inhibitory té. spinosum ConsequentlyA. spinosumwas inoculated in
photobioreactors to assess the effect on biomabk&2aA productions. The data reported here
showed that by increasing the addition of K mediwun-fold the biomass was multiplied by
a factor of 1.75 but AZA cell quota was decreased-fold. However, using a maturation
period and an optimized flow rate, as developedJawffrais et al., 2012b), will enhance
AZA production.

The reported results showed that spinosumcan grow on different sources of
nitrogen and thaA. spinosungrowth was reduced by increasing ammonium conagaotr
into the culture medium as for other dinoflagea(€hang and McClean, 1997; Leong and
Taguchi, 2004). Furthermore, the factorial plan #racontinuous culture showed that either
urea or nitrate could be used as source of nitrogeh almost no effect on cell concentration
and AZA production. This finding is important asrithg the last four decades the amount of
urea in fertilizers has increased drastically imgnagricultural regions of the world and has
been linked to increasing paralytic shellfish poisg events (Glibert et al., 2006).
Furthermore, anthropogenic addition of nitrogen mtosphate into the costal water
unbalanced the Redfield N/P ratio (16/1) commomlynid in the ocean and might modify
growth and toxin production of toxic dinoflagellatéGlibert et al., 2006; Heisler et al., 2008).
In PST producers, N limiting conditions usually ukksin a limited toxin production and
growth (Siu et al., 1997; Wang and Hsieh, 2002)levRiSTs seem to be stimulated in culture
under P limitation, which also limits growth (Anden et al., 1990; Boyer et al., 1987;
Frangopulos et al., 2004; Guisande et al., 2002g8al., 1997). In polyether toxin producers,
P limiting conditions seemed to enhance toxin potidn as already mentioned and N
limiting conditions can also maximize toxin prodoat (Vannucci et al., 2010), but in both
cases, N or P limitation reduced growth and evaintproduction forOstreopsiscf. ovata
(Vanucci et al., 2012). These results found inliteeature matched what has been found with
A. spinosumwhere limiting N or P limits growth, however, lirmg P when N is still

abundant will enhance AZA cell quota.

3.8. Conclusions

A. spinosunwas found to grow in a wide range of conditiomenf 30 to 40 psu, from
10 to 26°C, 50 to 400 pmolfis* and with or without aeration; with an optimum gtbwate
and cell concentration found at 35 psu, from 1226C and with aeration. AZA cell quota
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were significantly increased by low temperatures 87A cell quota was more than 20 times
higher at 10°C (220 fg célJ than at temperatures comprised between 18 ar(@. 26Rewise,
but to a lesser degree, AZA cell quota were entatéigh irradiance and using aeratian.
spinosungrowth rate and AZA cell quota were found to bghtly different with all media
tested. However, low K modified medium concentma{id. LKmod) improved AZA cell quota
while higher concentration (0.5Kmod, 1Kmod, 2Kmaaiproved growth rate and maximal
cell concentration.

These experiments on the effects of environmental autritional factors onrA.
spinosummproved our knowledge on its ecophysiology anoved its growth in pilot scale
photobioreactors for AZA1 and -2 production (Jaaiffret al., 2012b). Furthermore, it gave
first insights into environmental and nutritionatfors that could impact natural blooms.

However, further studies using factorial plan desigre now required to determine
the optimum parameters Af spinosuntulture in order to investigate if further improvents
of AZA production can be made usi#g spinosumn continuous cultures. Interestingly, the
ability of this species to support conditions apglin continuous cultures will help to study
the effect of nutrient limitations on growth, AZAoxin production andA. spinosum
biochemical composition. Thanks to its small sigasy growth in continuous culture and
large differences observed under different envirental and nutritional conditions, the
organism could also be an appropriate model forellneidation of the genes involved in

toxinogenesis.
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Contexte

Les azaspiracides (AZA) ont été découverts suita &onsommation de moules
irlandaises contaminées (McMahon and Silke, 1996Azadinium spinosumproducteur
d’AZAl et -2, a été isolé recemment au large ded$se (Tillmann et al., 2009). Ces toxines
affectent régulierement les fermes conchylicolésndaises et entrainent des périodes de
fermetures prolongées des zones de péche et dactimd Ces fermetures ont un impact
économique sur le secteur conchylicole et envaiestimage négative de cette filiere aupres
des consommateurs. Cependant, la relation diredte &s contaminations de moules aux
AZA et ce petit dinoflagellé toxique reste a démentDe plus la présenceAl’ spinosunsur
les cbtes irlandaises bien que fort probable ntgpas encore été démontrée.

La premiere partie de ce chapitre a été réalisé®afael Salas au Marine Institute en
Irlande et par I'équipe de I'Alfred Wegner Instguen Allemagne et est consacrée a
I'isolement d’'une nouvelle soucheAd’ spinosuren Irlande et a la mise en évidence du lien
direct existant entrd. spinosunet I'accumulation d’AZA par les moules. C’est paaaliser
cette derniére expérience gue je suis allé enddam Septembre 2010.

Une fois ce lien mis en évidence plusieurs étudesost ensuite déroulées a I'lfremer
de Nantes pour approfondir les relations existamgse A. spinosumet les mollusques
bivalves.

Une seconde étude s’est par la suite intéress@ecumulation et a la détoxification
des AZA ainsi qu'au devenir de la toxine dans lesulas nourries ave@. spinosum
(biotransformation, distribution des AZA dans léalents tissus de la moule).

Pendant cette étude, les moules nourries @espinosumont montré une légere
augmentation de leur mortalité, une diminution tpdisseur des tubules des glandes
digestives et un ralentissement significatif dediamulation en toxine apres six heures de
contamination.

Ces observations pouvant étre la réponse des maules stress physiologique
provoqué pai. spinosumune troisieme étude a donc été menée. Celledtidié les effets
d’A. spinosumsur le comportement alimentaire des moules. Lig&atadn individuelle de
I'activité alimentaire, du taux de filtration, djastion et d’absorption a été effectuée sur des
moules soumises a un régime toxigée gpinosumou a un régime non-toxiqués@chrysis
aff. Galbana(T-Iso)).

Enfin pour savoir si les moules sont éventuellenwuables d’accumuler les AZA

dissous relargués en fin d’efflorescence, une g étude a cherché a évaluer si les moules
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étaient capables d’accumuler AZA1 et -2 présens deau sous forme dissoute, et a comparé
leur profil toxinique ainsi que la distribution désxines dans différents tissus de la moule
avec ceux de moules exposées aux cellulés spinosum Cette derniere étude présente
eégalement les résultats obtenus par Jane Kilcoyridatine Institute sur I'évaluation de la de
la possibilité de produire des métabolites d’AZAdr palnéation des moules dans une phase
aqueuse contenant de 'AZA1 semi-purifié.

1. The role of Azadinium spinosum (Dinophyceae) in the

production of azaspiracid shellfish poisoning in mu ssels

Article publié : “Salas, R., Tillmann, U., John, U., Kilcoyne, Burson, A., Cantwell, C.,
Hess, P., Jauffrais, T., Silke, J., 2011. The afl&zadinium spinosur(Dinophyceae) in the
production of azaspiracid shellfish poisoning inssels. Harmful Algae 10, 774-783.".

1.1. Résumé

Les azaspiracides (AZA) sont un groupe de toxiresype polyéther lipophiles. Ils
ont été détectés pour la premiéere fois a partimdales en provenances d’lrlande, et, depuis,
les AZA ont été impliqués dans plusieurs intoximasi alimentaires, suite a la consommation
de mollusques bivalves contaminés. Ces toxinesctaffe régulierement les fermes
conchylicoles irlandaises et entrainent des pésiqutelongées de fermetures des zones de
péches et de production. Le dinoflageNadinium spinosura récemment été décrit comme
producteur d’AZA; néanmoins, le lien existant erdet organisme et I'accumulation d’AZA
dans les mollusques bivalves n'a pas encore éikeéta

En Aodt 2009, des mouleMytilus eduli3 du sud ouest de I'lrlande ont été analysées
par chromatographie liquide couplée a la spectroenée masse (CL-SM/SM) et se sont
avérées contenir une concentration en AZA supériear limite réglementaire. Des
échantillons d'eau provenant de cette zone onteéteillis et un isolat de microalgues a été
identifie comme étanf. spinosumet s’est averé producteur d’AZAl et -2. |l s'agéd la
premiere souche A. spinosumsolée dans les eaux irlandaises. Cette souchela@ise est
identique aux autres souches isolées au larg&dasbe (3D9) et du Danemark (UTHE2).

Pour clarifier le processus d’accumulation des Adaks les moules, ces derniéres ont

été exposées, pendant 24 h, a trois densitésaedalldA. spinosumCette étude a montré
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gueA. spinosunest filtré, absorbé et digéré directement pamnesles. De plus, les analyses
CL-SM/SM ont souligné le fait que les AZA s'accuaiaht dans la glande digestive des
mollusques et ont permis de mettre en évidencerdaepce d’analogues d’AZA . AZA3,
AZAB, AZA17 et -19. La mise en évidence de ces tgttes d’AZA, au cours des premieres
24 h qui suivent I'ingestion &. spinosumsuggere une biotransformation rapide d’AZA1l et
-2 dans les coquillages. Aprés seulement 24 h d'&kpn les teneurs en AZA17 mesurées
dans les glandes digestives des moules étaientadguies aux teneurs en AZA1l ; cependant,
dans les tissus restants, la concentration en AZ&aik 4 a 5 fois plus élevée qu’AZAl.
Seules de petites gquantités d’AZA3 et -19 ont ééfeatées ainsi que des quantités
négligeables d’AZA6, soulignant le fait qu’AZA17tds métabolite majoritairement formeé
dans les premiére 24 h de contamination.

Cette étude est la premiére reliaht spinosuma lI'accumulation d’AZA par les
moules. Par ailleurs la mise en évidence de leepoesde fortes proportions en AZA17 dans
les tissus de moules pourrait avoir des implicatisuar la surveillance des AZA des toxines,
étant donné qu'a I'heure actuelle seuls AZA1l, -2-3etsont régulés par la législation

européenne.

1.2. Abstract

Azaspiracids (AZAs) are a group of lipophilic pdilyer compounds first detected in
Ireland which have been implicated in shellfishspoing incidents around Europe. These
toxins regularly affect shellfish mariculture op@was including protracted closures of
shellfish harvesting areas for human consumptios.@hmoured dinoflagellatézadinium
spinosunElbréachter et Tillmann gen. et sp. nov. (Dinoplagehas been described as diee
novo AZAs toxin producer; nonetheless the link betwekis organism and AZA toxin
accumulation in shellfish has not yet been estiabtls In August 2009, shellfish samples of
blue mussel Nlytilus edulis)from the South west of Ireland were analysed udiggid
chromatography-tandem-mass spectrometry (LC-MS/&i®) were found to be above the
regulatory limit (0.16 pug/g AZA equivalents) for A&. Water samples from this area were
collected and one algal isolate was identifiedAasspinosumand was shown to produce
azaspiracid toxins. This is the first strainAofspinosumsolated from Irish waterd'he Irish
A. spinosunis identical with the other two availabde spinosunstrains from Scotland (3D9)
and from Denmark (UTHE2) in its sequence of the@lregions of the LSU rDNA.
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A 24 h feeding trial of blue musselslytilus edulig using an algal suspension of the
Irish A. spinosunculture at different cell densities demonstrateat th spinosumnis filtered,
consumed and digested directly by mussels. AlseM3IMS analysis had shown that AZAs
were accumulating in the shellfish hepatopancréas.toxins AZA1 and -2 were detected in
the shellfish together with the AZA analogues AZAZA6, AZA17 and -19 suggesting that
AZA1l and -2 are metabolised in the shellfish witttie first 24h after ingestion of the algae.
The levels of AZA17 detected in the shellfish hepancreas (HP) were equivalent to the
levels of AZA1 but in the remainder tissues theelevof AZA17 were four to five times
higher than AZA1, only small quantities of AZA3 antl9 were present with negligible
amounts of AZA6 detected after the 24 h periodsTdould have implications in the future
monitoring of these toxins given that at presertoating to EU legislation only AZAl-
AZA3 is regulated for. This is the first report loiie musselsMytilus edulis)feeding on the

AZA producing algaé\. spinosunirom Irish waters.

1.3. Keywords

Azaspiracids, AZP, AZA toxins, biodeposits, dingidlates, feeding experiment,
Ireland, LC-MS/MS, mussels, phylogeny, taxonomy,

1.4. Introduction

Azaspiracids (AZAs) are a group of lipophilic padlyer toxins which were first
detected in shellfish in 1995 from a contaminatetch of musselsMytilus edulis)from
Killary harbour, county Galway on the west coastirefand. This event led to a poisoning
incident in the Netherlands in November of thatryedere eight people became ill with
symptoms typical of diarrhetic shellfish poisonifiSP), however chemistry results showed
that DSP toxins were only found in the shellfishl@tv concentrations and phytoplankton
samples did not show the presence of DSP toxinuyaind algae in the water, yet the mousse
bioassay was strongly positive (McMahon and Sitk@96). In 1998 this novel group of
compounds were isolated and chemically charactérizem shellfish (Ofuji et al., 1999a,;
Satake et al., 1998c). A few years later AZAs warefirmed in the UK and Norway (James
et al., 2002), Morocco (Taleb et al., 2006) andtiyal (Vale et al., 2008) suggesting that
AZA toxicity had a more extensive distribution adpthe west European Atlantic seaboard

and as far as north Africa. There is evidence nbat the distribution of AZAs may be
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worldwide with AZAs found in Japan (Ueoka et alQ0®2), Chile (Alvarez et al., 2010;
Lopez-Rivera et al., 2009) and Canada (Twiner.e2808).

The development of routine chemical analysis asaamitoring tool showed AZA
concentrations found iM. edulisin Ireland between 2003 and 2010 using LC-MS/MS
(Figure 45) it indicates that the presence of arasis has been a recurring problem since
2005 annually. However, AZA toxins were found amcentrations below the regulatory limit
in 2003 and not detected in 2004 and the first bBR005, suggesting that there could be a
cyclical element to AZA events.
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Figure 45. AZA equivalents concentration (mg kg'l) found in blue mussels (Mytilus edulis) in Ireland between
2003 and 2010. Please note that two data points are not shown in this figure as the AZA equivalent
concentrations were too high compare to the rest of the results and it would have caused the graph to collapse at
the lower concentrations. The following data points are not shown (7.37 mg kg'l AZA-equiv. (22/08/05) and 8.97
mg kg™ AZA-equiv. (01/10/2005)).

While the accumulation of AZA toxins has been répdrin a number of different
shellfish species (Table 19), levels above theletgry limit have only been observed in blue

mussels Mytilus edulig and pacific oystergdrasostrea gigasin Ireland.
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Table 19. Maximum concentration of AZA equivalents (mg kg'l) found in shellfish species cultured in Ireland
between 2003 and 2010 analysed using LC-MS/MS. LOQ, limit of quantification.

Shellfish species Concentration
Common name Scientific name AZA-equiv. (mgkg 1)
Common Cockle Cerastoderma edule 0.08
Pacific oyster Crassostrea gigas 0.31
Razor clam Ensis arcuatus 0.05
Razor clam Ensis siliqua <0.01
Dog cockle Glycymeris glycymeris 0.01
Abalone Haliotis discus hannai <LOQ
Blue mussel Mytilus edulis 8.97
Native oyster Ostrea edulis 0.07
Common limpet Patella vulgata <L0Q
Surf Clam Spisula solida 0.15
Manila Clam Tapes philippinarum 0.10
Clam Tapes semidescussatus 0.01
Pullet carpet shell Venerupis senegalensis <L0Q
Venus Clam Venus verrucosa <LOQ

Due to the ability to accumulate high levels of AZ@xins, mussels have become an
important source of AZAs for toxin isolation (Fureyal., 2003; Perez et al., 2010). Since the
first characterization of AZAl1 by (Satake et al998c) other structural variants have been
isolated and characterised: AZA2 and AZA3 (Ofujiadt, 2001; Ofuji et al., 1999a) and
AZA6-AZA1l (James et al.,, 2003b) with AZA12 theacetly postulated, the number of
variants was increased from AZA12-AZA 32 later dyefimann et al., 2008) with the
discovery of new dihydroxy and carboxy-AZAs. Modt these AZA variants have been
reported to be shellfish metabolites (Rehmann .et2808) rather thade novoproducts of
plankton, apart from AZA1l, AZA2 and AZA3 (Furey at, 2003). However, (Krock et al.,
2009) only detected AZA1l and AZA2 in the field sdesp from Scotland generating
uncertainties over the production of AZA3 by plamkt (Fux et al., 2009) did find low
amounts of AZA3 using Solid Phase Adsorption Tokmacker Device (SPATT), a passive
sampler, but concluded that a heat treatment stelol bave influenced the enzymatic activity
of the SPATT prior to the extraction allowing thetabolism of AZA1 to AZA3.

In 2008, the causative organism was discovered frenNorth-East coast of Scotland
(Krock et al., 2009) and described as a generaspadiesnovo(Tillmann et al., 2009). This

organism, a small armoured dinoflagellate narAedpinosunwas shown to produce AZA
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toxins in culture and effectively identified de novoproducer of AZAs. Later, (McCarron et
al., 2009) reported that AZA17 and -19 are formgdokidation of the 22-methyl group of
AZAl and -2 respectively. In this study, heat inediacdecarboxylation of AZA17 and -19
from AZA3 and -6 was demonstrated showing the fbsdiioconversion pathways of these
toxins in shellfish.

The Marine Institute phytoplankton unit collectedter samples between August and
September of 2009 following positive results ineblmussels of AZA toxins. The samples
yielded several isolates and cultures, one of winak shown to produce AZAl and AZA2.
The lIrish isolate was provisionally named SM2. Heve report on the taxonomic identity of
the lIrish toxin producer and the genotypic/pheniatylationship with otherAzadinium
species and its toxin profile. The link betwe®nspinosuntoxicity and toxin accumulation in
shellfish had not yet been established. It wasknotvn whether blue mussels were able to
directly ingest the small thecate dinoflagella&e spinosumor if toxin accumulation in
mussels is mainly achieved via planktonic vectacsgs which have potentially accumulated
AZA toxins by consuming the small armoured dino#ldgte. Thus, a feeding trial was
designed to demonstrate that blue mussels aret@ldé=d and digest directly from an algal
suspension oA. spinosumthat AZA toxins accumulate in their digestive teys and that

ultimately these are metabolised into other AZAlagaes.

1.5. Materials and Methods

1.5.1. Sample collection, isolation and culture of an AZA producing

dinoflagellate

15.1.1. Field collection using a submersible pump

The culture of an Irish strain &. spinosum provisionallgesignated as SM2 was
established from water samples collected in thelSaest coast of Ireland, at Gearhies pier,
Bantry bay (latitude: 51° 39" 4.7” N, longitude? 85’ 11” E) during September of 2009
coinciding with an increase of AZA toxin in shedlfi as reported by the Marine Institute
biotoxin monitoring programme. The water sampleseweollected using a pump below
surface and at 3 m depth, approximately 100 L afvsger were pumped into a fraction
sampler to separate and concentrate the differeatfiactions (60 um, 38 um and 20 um).
The filtrate was also collected into 25 L polye#mg drums for cell concentration down to 3
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im in size using a vacuum pump at low pressure3apan pore size TSTP Millipor&”
membrane filters. Approximately 5 L of 20 pum samiteate was concentrated down (3 um)

to approximately 50 mL volume before isolation.

15.1.2. Isolation and culture conditions

The dinoflagellates were isolated using single isellation by micropipette in 96 cell
tissue culture plates (Corning, New York, USA). Tibelates were kept in F/2 without silica
(Guillard, 1975; Guillard and Ryther, 1962) madewith enriched sterile filtered seawater
from the site and kept at 18° C temperature, 18di#:dark cycle and the irradiance in the
incubator was 150 pmol photorias® measured using an Iso-tech ILM350 light meter (1ISO-
tech, Merseyside, UK). Potential AZA toxin producsslates were discriminated from the 20
um filtrate and 3 pm backwash concentrated frastibg screening for morphological
characteristics typical of. spinosum4 other isolates apart from SM2 suspected t&A\be
spinosumwere isolated and cultured successfully basedetinsize and shape, presence of
thecal plates, cell movement, and presence of malagpine, presence/absence of a
conspicuous pyrenoid and presence/absence of gmical After successful isolation, the
unialgal cultures were transferred to 25 x 150 norosilicate culture tubes (Fisherbrad
Loughborough, UK) containing 35 mL of F/2 media akept in the incubator in the
conditions as outlined before.

All cultured isolates were tested for the produttod AZA toxins using LC-MS/MS,

1 mL culture aliquots of a densely growing cultwere collected using a 1mL pipette and
placed into 0.2 um Whatmann Anopbfespin filter, the filters were centrifuged at
14,000 rpm for one minute using a Heraeus Multif@§eR (Heraeus, Hanau, Germany) and

the filter extracted using methanol.

1.5.2. Microscopy

1.5.2.1. Light microscopy (LM)

Observation of live cultured isolates was carried vsing an inverted microscope
(Axiovert 200M, Zeiss, Germany) equipped with epiflescence and differential interference
contrast optics. Light microscopic examination bé tthecal plate was performed as per
Tillmann et al. (2010).
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1.5.2.2. Scanning electron microscopy (SEM)

The material for examination was collected from timealgal cultures and prepared
following the protocol for SEM by (Tillmann et al2009) with slight variations: the cell
pellet -after re-suspension and removal of 40% a&awwas fixed with formalin (2% final
concentration) instead of glutaraldehyde in cacatdybuffer and stored in the fridge for 2 h
before washing and dehydration steps. The filteesewmounted on stubs, sputter coated
(Emscope SC 500, Ashford, UK) with gold-palladiundaviewed under a scanning electron
microscope (FEI Quanta FEG 200, Eindhoven, Nethddp

1.5.3. Chemical analysis of the AZAs producing culture

1.53.1. Solvents and reagents

Acetonitrile and methanol were purchased as pestirade solvents from Labscan
(Dublin, Ireland). Formic acid, ammonium formatenraonium hydroxide and sodium
hydroxide were purchased from Sigma Aldrich (Steinty Germany). Hydrochloric acid was
purchased from VWR (England). Water was obtaineunfa reverse-osmosis purification
system (Barnstead, Dublin, Ireland). AZA certifiexference materials (SlobbevanDrunen et
al.) were obtained from the NRC (Halifax, Canada).

1.5.3.2. Toxin extraction

The culture was extracted by solid phase extrac(®RE). An Oasis HLB, 3 cc
cartridge was initially conditioned with 5 mL of thanol, flushed with 10 mL of a 5%
methanol solution (in water) and then loaded withniL of culture slowly (drop wise). The
cartridge was flushed again with 10 mL of a 5% raethi solution followed by toxin elution
with 4 mL of methanol. The methanol extract wasasiadown to dryness, reconstituted back

up in 0.5 mL of methanol and transferred into a BRAial for analysis.

1.5.3.3. Analysis by LC-MS/MS

Analysis of AZAs was performed on a Micromass #igtage quadrupole (TSQ)
Ultima coupled to a Waters 2695, equipped with spray ESI source. The TSQ was operated
in positive ionization mode through multiple reacs monitoring (MRM). The following
transitions were monitored: AZAfn/z 842.5>654.4 and 842.5>672.4, AZA2 856.5>654.4
and 856.5>672.4, AZA3 828.5>640.4 and 828.5>658206 842.5>640.5 and 842.5>658.5,
AZA17 872.5>658.5 and 842.5>810.5 and AZA19 886386 and 886.5>824.5 in positive
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ionisation mode. The cone and collision voltagesewset at 60 V and 40 V respectively.
Cone and desolvation gas flows were set at 100880dL/h, respectively, while the source
and desolvation temperatures were set at 150 °GaddC respectively.

A binary mobile phase was used, phase A (100% a)emd phase B (95% aqueous
acetonitrile), both containing 2 mM ammonium formand 50 mM formic acid. HPLC
separation was achieved using a Hypersil BDS C@&nanj 50 x 2.1, 3 um; guard column, 10
x 2.1 mm, 3 um (Thermo Scientific, Runcorn, UK).eTitow rate was set at 0.25 mL/min and
the injection volume was set at 5 ul. The columd sample temperatures were set at 25 °C
and 6 °C respectively. A gradient elution was empth starting with 30% B, rising to 90% B
over 8 mins, held for 2.5 min, then decreased % 3 in 0.5 min and held for 4 min to

equilibrate the system.

1.5.4. Molecular phylogenetic analysis

1.54.1. Extraction of genomic DNA

A 50 mL sample of exponentially growing culture veastrifuged (Eppendorf 5810R,
Hamburg, Germany) at 3,220 x g for 15 min at roemperature. The cell pellets were frozen
at -20 °C for 20 min before being subjected tolt@iBA extraction with the DNeasy Kit
(Mini) (Qiagen, Hilden, Germany) according to maautbirer’s instructions. The purity and
quantity of the DNA was checked by UV-spectroscopth a NanoDrop ND-1000 system
(Peglab, Erlangen, Germany) and the integrity ofADikagments of a molecular weight of
about 20 kb was verified on a 1 % agarose gel.

1.5.4.2. PCR amplification and sequencing

The total extracted DNA from the isolate was satged to polymerase chain reaction
(PCR) amplification of the 28S ribosomal DNA .Thenfard and reverse primers for
amplification of 28S rDNA (D1-D2 regions) were: EHr (5- ACC CGC TGA ATT TAA
GCA TA - 3) and Dir-2CR (5’- CCT TGG TCC GTG TTTAA GA - 3'), respectively. For
the 50 ul PCR reaction, HotMasterTaq® (Eppendoaimidurg, Germany) buffer 1X, 0.1 mM
of dNTPs, 0.1 mM of each forward and reverse priamet 1.25 units of Tag polymerase were
added to 10 ng of the extracted genomic DNA. F&@ BBNA amplifications, the reactions
were subjected to the following thermocycling caiotis: an initial denaturation at a
temperature of 95 °C for 7 min was followed by 3&les of denaturation at 94 °C for 45
seconds, annealing temperature at 54 °C for 2 méhedongation temperature at 72°C for
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1.5 min. A final extension step at 72°C was caroed for 10 min. The completed reactions
were kept at 10 °C until the next step. The PCRIl&ams were analysed on 1% agarose by
electrophoresis. Sequencing was conducted withaadatd cycle sequencing chemistry
ABI 3.1 (Applied Biosystems, Darmstadt, Germanyjngsthe PCR primer sets. Cycle
sequencing products were analyzed on an ABI 3130 c4pillary sequencer (Applied

Biosystems, Darmstadt, Germany)

1.5.4.3. Sequence alignment for phylogenetic analyses

Sequence alignment was done with CLUSTAL X softw@reompson et al., 1997)
and improved manually for all sequences; ambigualighments positions were excluded
from the analysis. Alignments are available upoguest and sequences are available at
GenBank under accession number for LSU: SM2 JN1B51daximum likelihood
phylogenetic tree was calculated with PhyML (Guim@md Gascuel, 2003) using a BIO-NJ
(neighbour-joining) tree as a starting tree, arel dbneral time reversible (GTR) nucleotide
substitution model (Whelan and Goldman, 2001) wathgamma distribution parameter
estimated from the data, bootstrap analysis wadonpeed with 100 replicates. The

dinoflagellateOxyrrhis marina(Dujardin) was selected as the outgroup.

1.5.5. Blue Mussels feeding experiment

1.55.1. Experimental design

A batch of approximately 10 kg ®&fl.eduliswere harvested from Carlingford Lough,
Greenore (Lat: 54.0339°N, Long: -6.1417W) in thestt@oast of Ireland. The mussels were
cleaned of all fouling organisms and placed in 2€&ar plastic carboys filled with sterile
filtered seawater (30 psu) in the walk-in incubabd8°C. Any dead mussels were removed
from the carboys. The experiment consisted of & #eding experiment withM. edulisand
the AZAs producing dinoflagellatéd. spinosumat three cell densities to study feeding
activity, toxin uptake and bioconversion of toximsthe shellfish digestive system. The
cultures of A.spinosumand the mussels were maintained under the samieoemental
conditions for a week before the experiment wasezout.

Triplicate treatments were prepared in 5 L boroatk conical flasks (Lennox, Dublin,
Ireland) at three cell densities; 30,000 cell mR0,000 cell mL* and 5,000 cell mt of A.
spinosum The mussels used in this study were weighed, mmedsand labelled before the
start of the experiment; 100 g of mussels’ whokslHil was dissected from the batch of
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mussels for LC-MS/MS analysis to test for AZAs lmetmussels prior to the experiment.
Also, a sample of seawater (50 mL) used for growirgpinosunculture before inoculation
of the algae was extracted for AZA toxins using REScolumn. The feeding experiment
consisted of three mussels placed in each corl@si tontainingA.spinosumTwo control
samples were set up, one containing three mussihs o algal suspension and one
containing algal suspension with no mussels. Therl@ontrol was prepared to account for
potential decline of algae in the water column twesedimentation. 3 x 10 mL suspension
samples from each of the flasks were collected gusin automated pipette (Hirsmann
Laborgerate, Heilbronn, Germany) to measure théaincell density and AZA toxin
concentration. During the first two hours of thgestiment, 1 mL aliquots of seawater were
collected from each flask every 20 minutes usidgnal pipette (Eppendorf, Cambridge, UK)
and preserved with lugol's iodine (Clin-tech, Dublireland) 1% final concentration to
estimate cell concentrations Af spinosunduring the experiment. After two hours samples
were collected every hour and finally at 24 h. Aafi suspension sample (10 mL) was
collected at 24 h to analyse the final toxin cohtd#iremaining algal cells or other particles in
the water column.

Pseudo-faeces and faeces excreted by the musseig) dhe experiment were
harvested using 25mL serological pipettes (Sartisdtmbrecht, Germany) and filtered after
24 h using GF/C Whatman (1.2n, 47 mm diameter) glass microfiber filters undacwum
for toxin analysis to determine the total toxin gatifor the experiment. Before harvesting,
the water was removed from the flasks carefullyiding the re-suspension of the faeces and
pseudo-faeces, while most of the water was remavadhall amount of water was left at the
bottom of the flasks and picked up in the pipettfole filtering, which means that it is
possible that other material was present in theptaother than the faeces and pseudo-faeces.
The hypothesis here would be that since the alggdension was depleted after 24 h,/o

spinosuncells are believed to be present in the waterigtpbint.

1.55.2. Azadinium spinosum cell counts

Cell counts of the 1 mL lugol's iodine preservedjabts were carried out using a
Sedgewick-Rafter cell counting chamber (Pyser-¥e&ht, UK) for each flask at each time

interval using an inverted optical microscope Ldddl 6000B (Leica, Wetzlar ,Germany).
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1.5.5.3. Dissection of mussels and toxin analysis of shellfish tissues

After 24 h, the mussels were harvested from thek#aweighed and dissected into
hepatopancreas (HP) and remainder tissues. ThectBelsHP and remainder tissues were
placed into labeled 15 mL polypropylene centriftigiees (Sardstediyimbrecht, Germany).
A volume of 1.5 mL methanol was added to each taheé the sample was homogenized
using an ultra-turrax (T25 Basic IKA®-Werke, Gerrgarat 11,000 rpm for one minute.
Samples were then centrifuged in a Heraeus Mukif8§-R (Heraeus, Hanau, Germany) at
4,500 rpm for five minutes. The supernatant wasadisz into 5 mL volumetric flasks
(Hirsmann-Techcolor, Heilbronn, Germany) and thépgepeated twice for each pellet. The
volume was then brought up to the mark using pastgrade methanol, inverted five times
for each and filtered through 0.22 um filters(Sau® Surrey, UK) into HPLC vials (AGB,
Dublin, Ireland) to be run on the LC-MS/MS.

1.55.4. Toxin analysis of A. spinosum samples

The toxicity of A. spinosuncells was measured during the feeding experimett@
time intervals. 10 mL samples in triplicatesffspinosumwere collected from each flask in
15mL centrifuge tubes at initial time {)Tand at the end of the experiment after 24 h. The
samples were centrifuged at 4 500 rpm for 15 miline supernatant was decanted off and
500 pL of methanol was added to each pellet. Saanplere then vortexed in a V400
Multitube Vortex mixer (Alpha Laboratories, Hamp®hiUK) mixed for 1 min at maximum
speed then centrifuged again. The supernatant vlected into labeled HPLC vials. The
process was repeated twice to obtain a final volom&.5 mL for each HPLC vial. These
samples were blown down to dryness under nitrogen(BOC gases, Dublin, Ireland) and
reconstituted with 500 pL methanol to be analysed®-MS/MS.

1.555. Toxin analysis of biodeposits

After harvesting the mussels from the flasks, bpmddts (pseudo-faeces, faeces and
any detritus left in the flask and a small amounivater) were collected from the bottom of
the flasks and then filtrated on GF/C Whatman (uf, 47 mm diameter) glass microfiber
filters. Filters from each flask were placed inadbéled 50 mL centrifuge tubes. A volume of
3 mL methanol was added to each tube and vortexdnat maximum speed for 1 minute.
Samples were then centrifuged at 3500 rpm for @b at 4°C. The supernatant was

transferred to 10 mL volumetric flasks. This wageaed twice and the volume was made up
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to the mark using methanol. The flasks were ingefetimes each then through 0.22 pm

filters into HPLC vials to be analysed via LC-MS/NM&the conditions described previously.

1.6. Results and discussion

1.6.1. Azadinium spinosum Irish strain

The armoured dinoflagellatd. spinosumhas been described by (Tillmann et al.,
2009) as a new species and a new genus. Sincetiheradditional but non-toxic species
have been described,. obesum(Tillmann et al., 2010) and. poporum(Tillmann et al.,
2011). The Irish isolate provisionally named SM2ady is a new geographical strain Af
spinosumas it is sharing all morphological details (Tillnmaet al., 2011; Tillmann et al.,

2010) to describA. spinosunand to differentiate this species from the twceotpecies.

e

Figure 46. Azadinium spinosum (SM2 isolate). Light microscopy view (A) of live cell at 100x objective, SEM
(scanning electron microscopy) micrographs of thecae (B) ventral view; (C) dorsal view. Scale bars: 5 um. APC,
apical pore complex; P, pyrenoid; N, nucleus; S, spine.

Figure 46a depicts a light microscopy image ofltlsh strain ofA. spinosunshowing
the main morphological characteristics typical bé tspecies, a conspicuous Apical Pore
Complex (APC), a conspicuous pyrenoid (P) in thes@pe which can be used to
differentiateA. spinosunfrom A. obesumthe large spherical nucleus (N) posteriorly ledat
and the antapical spine (S).This antapical spiteatad in the second antapical plate is an
important feature for the identification of the sj@s as it is present iA. spinosumbut
lacking in the two other described specikespbesunandA. poporum(Tillmann et al., 2011,
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Tillmann et al.,, 2010). For the Irish strain SMbhetspine was visible using X100 oil
immersion objectives under the light microscopefanmalin preserved water samples,
although it was difficult enough to discern.

Anyhow, the best way to visualise the spine antindjaish the delicate thecal plates
in this dinoflagellate is to use Scanning ElectMitroscopy (SEM) which allowed us to
identify the plate tabulation to be Po, cp, X,3a, 6", 6C, 5?7S, 6", 2”” which is the same
as reported in (Tillmann et al., 2009). Figure 46ld ¢ show complete cells Af spinosum
In ventral view (Figure 46b) the ventral pore (igglearly visible in the left suture of the first
apical plate, the thecal plates cleaned of therootembrane appear smooth and some
scattered pores can be seen on the plates. Figbrshbws the three intercalary plates on the
episome of the cell; the second intercalary plag (s smaller than the other two plates and is

located above the third pre-cingular plate.

Figure 47. Azadinium spinosum (SM2 isolate). SEM micrographs of epithecal plates from different cells in (A)
ventral view; (B) mid-dorsal view; (C) full epitheca from an apical view; (D) apical pore complex detail (APC).
Scale bars: 2 ym (A and C), 5 um (B) and 0.25 pm (D).
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Figure 47c shows the complete epithecal plates. gpinosumthe detail view of the
APC (Figure 48d) shows an identical configuratibnhe@ pore described fa&. spinosunand
A. obesunm(Tillmann et al. 2010). The apical pore located centrally in theepplate (Po)
which is topped by the cover plate (cp). The Xeglatsituated between the first apical and the
pore plate which protrudes and extends to toucledker plate.

The sulcal plates (Figure 48a and b) were detemnnyeSEM and we can distinguish
5 plates from the outer side of the theca. Theramtsulcal (Sa) plate is large and roughly the
same height as the width of the cingulum, the rgglital (Sd) and median sulcal (Sm) plates
form an intricate cavity around the emerging pointhe flagella with the left sulcal (Ss) plate
extending from the cingulum where it touches thstfcingular (C1) and Sa plates then
follows the contour of the Sm and Sd on the lefesand finally touches the Sulcal posterior
(Sp) in the hypotheca. The cingulum is wide and posed of 6 cingular plates (Figure 48a
and c).The hypothecal plates can be seen from ntepiaal view in Figure 48d, 6 post-
cingular and 2 antapical plates with the spinetgo®d in the second antapical plate.

Figure 48. Azadinium spinosum (SM2 isolate). SEM micrographs of hypothecal plates from different cells showing
details of hypotheca, cingulum and sulcus. (A) Hypotheca and cingulum in dorsal view; (B) detailed view of the
sulcal region. Sa, anterior sulcal plate; Sm, median sulcal plate; Sd, right sulcal plate; Ss, left sulcal plate; Sp,
posterior sulcal plate. (C) Dorsal view showing antapical spine. (D) Antapical view. Scale bars: 5 pum (A, C and
D), 1 um (Figure 48b).
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Figure 49. Maximum likelihood (ML) phylogenetic tree of the dinoflagellates inferred from the D1-D2 region of the
28S/large subunit (LSU) from the rDNA operon. The branch of the dinoflagellate Oxyrrhis marina, which was used

as outgroup, is not shown proportionally. Bootstrap analysis was done with 100 replicates.
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1.6.1.1. AZA composition and content in culture

The cultured Irish strain SM2 &. spinosunproduces the AZA analogues AZAl and
-2. AZA1l is the major toxin component in the sampled AZA2 is found at lower
concentrations. The cell quota from parallel ctukept in the same conditions as the culture
used for the feeding experiment ranged from ~1B5fg cell* for AZA1 and ~1 to 5 fg cefi
for AZA2 (data not included). This toxin profile welates with that found by (Krock et al.,
2009) in the 3D9 isolate from the Scottish coasto€k et al., 2009) also reported a potential
new analogue (AZAx) which was later found to beeatraction (with methanol) artefact,

personal comms.

1.6.1.2. Molecular genetic analysis

We amplified and sequenced the D1-D2 regions oitidear ribosomal RNA gene
from strain SM2. The sequenced region encompas8édbése pairs, and was exactly
identical to the homologous sequences from twoipusly characterized. spinosunstrains
(strains 3D9 and UTHE?2), and differed in 10 anduBssitutions from sequences available

from A. poporumandA. obesumrespectively (Figure 49).

1.6.2. Feeding experiment

1.6.2.1. Mussels feeding activity

All mussels started feeding after a few minutesdeing introduced into the flasks
containing the algae; this continued for the 24hht tthe experiment lasted. Figure 50
illustrates the decreasing concentration of algaéhe different treatments over 24 h. The
control line demonstrates that sedimentation ofalgal suspension in the control treatment
during the experiment was negligible. The data sagghat most of the algae have been
consumed within three hours of the start of the eexpent, low baseline algal cell
concentrations below ~3xi@ell mL! were found after 5 h in the 30x10cell mL*
treatment, ~850 cell mbin the 20x16cell mL* treatment and ~67 cells rilin the 5x16
cell mL* treatment and after 24 h the estimates were ~Fnte', ~50 cell mL* and ~4 cell
mL™ respectively.

During feeding, all individual mussels were obsedrte produce pseudo-faeces in all
treatments. The amount of pseudo-faeces producqitaegd to slow down after
approximately one hour, while some faeces were plealuced after approximately two

hours. One mussel in one of the 30%&éll mL* treatment replicates started spawning after
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two hours copiously but continued filtering afterds, which could suggest some level of

stress however this appeared to be an isolateddspis
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Figure 50. Cell concentrations of A. spinosum over 24 h in three treatments (30,000, 20,000, 5,000) and control.

1.6.2.2. Shellfish AZA toxin analysis

The mussels and the media used for this experimerd analysed by LC-MS/MS for
AZAs to demonstrate that there weren’t any toxim#adlly in the seawater used to grow the
algae or in the shellfish tissue prior to carrymyg the feeding experiment. Both controls were
below the limit of quantification (LOQ) for AZAs. 80, a control using mussels without algal
suspension throughout the 24 h experiment was se@lysing LC-MS/MS and found to be
negative for AZAs (data not included).

After 24 h the mussels were harvested, dissectddaalysed via LC-MS/MS. Figure
51 shows the concentration of AZA toxins detectedhie mussels hepatopancreas for each
treatment. In all treatments, significant amountsA@Aland AZA2 were found in the
mussels with considerably higher concentrationgHertwo highest cell concentrationsAaf
spinosumcompared to the lower concentration. Tl&monstrates that mussels do ingest
spinosumdirectly and accumulate AZA toxins in their digestsystem with toxicity being

related to the density of the algae in the water.
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Figure 51. Azaspiracid concentrations (mg kg'l) found in mussels hepatopancreas (n = 9 per treatment). T1 =
30x10° cell mL?, T2 = 20x10° cell mL™, T3 = 5x10° cell mL™* and control.

The amount of AZA1 in both the 30x%6ell mL* treatment and the 20x316ell mL*
treatment was already above the regulatory limitA@A equivalent toxins suggesting that
mussels can become intoxicated with AZAs At spinosumcell concentrations of
20x10 cell mL* over a 24 h period. The concentration of AZA1 ahdoxins is higher in the
HP tissue compared to the toxin concentration foumdhe remainder with negligible
amounts between the limit of detection (0.01 |1y and the limit of quantification for the
instrument (0.02 ug with the highest amount detected ~0.015 [fgofy AZA1 in the
20x10 cell mL* treatment. The concentration of the toxin analo§dA3 in the mussel HP
was below the limit of quantification suggestingttthe decarboxylation of AZA17 to AZA3

probably occurs over a longer period of time tharn2

1.6.2.3. AZA toxin analogues results

The amount of toxins found varied significantly amgomussels, replicates and
treatments; this is possibly due to normal phygwal differences like size, weight, age and
condition of the mussels. We found that AZA1 ando®@ns were already bioconverting into
their carboxylated analogues AZA17 and -19 witlie first 24 h .This is evidence that toxin
bioconversion takes place in the shellfish digestract quite rapidly. The ratio of AZA17 to
AZA1l toxins were found in all treatments (n=9) omeeage to be 1:1 in the mussel
hepatopancreas.
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High levels of AZA17 compared to AZAlwere also fdum the remainder tissue
supporting the study performed by (O'Driscoll et aD11) which shows that the oxidation
process of AZA toxins occurs primarily in the gillBhe ratio of AZA17 to AZA1 toxins in
the remainder tissues was approximately 5:1 tarball treatments.

The concentration of AZA17 in shellfish samplesia a monitoring requirement in
the current legislation as AZA17 is converted natyrto AZA3 in the shellfish over time,
and it is not thought to be a large component efttiial AZA toxin content, however as this
feeding experiment indicates, it is possible thahussels have been contaminated recently
with AZAs, the amount of AZA17 can equal that of AZ or even exceed that of AZAl
resulting potentially in an underestimation of theal amount of AZA toxins in the samples.
As shellfish samples are analysed raw, AZA17 woaitvert readily to AZA3 unless mussels

are cooked or the method incorporates a heatipgistine extraction process.

1.6.2.4. Toxin budget feeding experiment

The total toxin budget for the feeding experimardluded the initial and final toxin
content of the algal suspension, the toxin founthexmussel tissues (HP and remainder) and
the toxin found in the biodeposits (faeces/pseustmda). This budget doesn’t include any
extracellular dissolved toxin fraction. The budgetasures the amount of the principal toxins
AZA1l and -2, the oxidation analogues AZAl17 and &l the decarboxylated analogues
AZA3 and-6. The final toxin budget illustrated et30,000 cells mit treatment (Table 20)
shows a high % recovery of toxins from the expentraccounting on average for ~87% of
AZAl and AZA2 of the initial toxin content in thdgal suspension, ~ 36% of AZA1l and
34% of AZA2 were recovered in the mussel tissues-ar6% of AZA1 and ~21 % of AZA2
were found in the biodeposits which indicates stéewel of toxin excretion , however, after
24 h ~35% of AZAland ~32% of AZA2 toxins were sfilund in the final water samples
which at this point should only contain baseling densities ofA. spinosunsuggesting that
some toxins were possibly re-suspended from theeipiosits due to aeration, so it is possible
that the amount of toxins in the biodeposits cduddlarger than the reported budgets. The

remaining ~13% of AZAland AZA2 were not accounted f
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Table 20. Azaspiracid toxins budget in the 30,000 treatment.

Flasks Initial toxin culture (ng) Final toxin culture Tissue after 24 h (ng) Biodeposits (ng) Total (ng) %
Replicates AZA1 AZA1 AZA17 AZA1 AZA17 AZA3 AZA1 AZA17 AZA3 Total recovered

30,000 F1 2291.67 708.33 5.61 414.18 371.10 3245 454.00 6.32 3.36 199534 87.1
30,000 F2 2258.33 808.33 172.23 136.61 370.84 2532 285.00 9.17 183 180934 80.1
30,000 F3 2500.00 625.00 68.44 292.07 480.13 3276 391.00 7.91 2.26 189957 76.0
Mean 2350.00 713.89 82.09 28095 407.36 30.18 376.67 7.80 248 190141 81.1
% toxins in mussel tissue 306
% toxins in suspended particulate matter 339
% toxins in biodeposits 165
Replicates AZAZ AZA2 AZAG AZA2 AZA19 AZAG AZA2 AZA19 AZABG Total recovered

30,000 F1 31262 121.17 0.00 86.20 2995 0.00 58.56 0.85 0.00 296.74 949
30,000 F2 263.84 103.14 0.00 35.06 2931 0.00 5095 1.61 0.00 220.07 834
30,000 F3 348.87 7139 0.00 69.32 43.88 0.00 79.10 1.58 0.00 26528 76.0
Mean 30844 96.57 0.00 63.53 3438 0.00 62.87 1.35 0.00 260.69 8438
% toxins in mussel tissue 317
% toxins in suspended particulate matter 320
% toxins in biodeposits 208

The toxin budget of the 20,000 cell fhland 5,000 cell mt treatments returned a
recovery above 100%, ~113% AZA1 and ~120% AZA2he 20,000 cell mt budget and
~150% AZAl and 175% AZAZ2 in the 5,000 cell thibudget. The high recovery in the
5 000 cell m* treatment could be explained by the lower toxintent and the uncertainty in
the measurement of the AZA peaks at these condemsa The recovery in the
20,000 cell mL* while above the 100%, demonstrates overall thatettmust be very little
loss of toxins into the dissolved phase in any caéhkes latter point is only hypothetical as we

have not calculated the dissolved fraction for éxperiment.

1.7. Conclusions

Based upon the morphological characteristics desdrand the Kofoidean tabulation
of the recently isolated AZA toxin producer Iridginasn SM2 we conclude that the Irish isolate
fits perfectly with the description &. spinosumThe sequence of the variable D1-D2 regions
of the nuclear LSU rDNA of the Irish strain SM2also identical to those available from the
Scottish 3D9 and Danish UTHEZ2 strains, further suppg their conspecificity. This is the
third strain ofA. spinosunreported to producAZAs from a different geographical location
in the North Atlantic after the discovery of the 8xolate from the Scottish coast and the
UTHEZ2 isolate from the Danish coast (Tillmann et 2011; Tillmann et al., 2009). So far no
other species of the genAgadiniumthat have been tested to date have produced A##s o
than the type speciégs spinosumFrom a monitoring perspective this organism is/\emall
and difficult to identify to species level in preged water samples, yet using a good research
compound microscope fitted with oil immersion lexsé is possible to view several
important morphological features that describés gpecies, in particular the antapical spine,

which is typical of A. spinosumWhile this feature provides reliable identificatiof the
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species together with other morphological charattes typical of the genus, it will be
ultimately the development of gene probes that witbve a useful tool in the future of
monitoring, quantification and identification ofettyenus. Molecular methods however may
yet take some time to become available for reaé tmonitoring as this genus is still only
recently discovered and the continued discovenyesf species oizadiniumand strains oA.
spinosumand other species in this size range, means thia¢ grobes will have to be
exhaustedly tested for cross reactivity betweengéeus and within the different strains
before they can be relied upon.

Here we have for the first time proof of a dirextih transfer of AZA toxins fronA.
spinosumby feedingM. edulis without the need for vector species. Mussels adlively
filter, ingest, accumulate and bioconvert AZA toxiquite readily into other AZA analogues.
AZA1l and -2 were found to be concentrated mainlthe HP tissue whereas AZA17 and -19
were distributed throughout the whole flesh. Theults show that the ratio of AZA17 in the
remainder tissue can be up to five or six timesahmunt of AZAl. AZA17 is known to
convert readily to the decarboxylated analogue AZA®n cooking, however monitoring
samples are analysed raw and the analogue AZAAGtisonitored as the present legislation
only sets limits for the forms AZA1, AZA2 and AZAJhis means that the total AZA toxin
content in shellfish samples could be underestichdtbe toxin budget indicated that most of
the AZA toxins detected in the plankton can be aoted for in the shellfish tissues, the
biodeposits and the particulates in the water sstggethat the dissolved fraction of AZAs in
the water should be quite small. These resultstie the need for further experiments in the
kinetics of the principal plankton AZA toxins indltish tissues.
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2. Azaspiracid accumulation, detoxification and
biotransformation in blue mussels ( Mytilus edulis)

experimentally fed Azadinium spinosum

Article publié : * Jauffrais, T., Marcaillou, C., Herrenknecht, C.uquet, P., Séchet, V.,
Nicolau, E., Tillmann, U., Hess, P., 2012. Azasgotaaccumulation, detoxification and
biotransformation in blue mussel§lytilus edulig experimentally fedAzadinium spinosum
Toxicon 60, 582-595".

2.1. Résumé

Azadinium spinosunest un petit dinoflagellé marin récemment décamme un
producteur d’azaspiracide-1 et -2 (AZA1 et -2), tizanes provoquant des intoxications de
types diarrhéiquesA. spinosumest maintenu en culture pour optimiser sa prodocgd
évaluer et comprendre I'accumulation et la biotfamsation des AZA1 et -2 dans les moules
(Mytilus eduli3 nourries ave@. spinosum

Des moules adultes ont été continuellement expo&éks spinosumpendant une
semaine dans des bassins cylindro-coniques de 1@00is conditions différentes ont été
testées lors de cette période de contaminatiort:05,x10 x1G cell mL* de A. spinosunet
un mélange de 5 x¥0cell mL* de A. spinosumavec 5 x18 cell mL* d’'Isochrysis aff.
galbana(T-lIso, CCAP 927/14). Un periode de détoxification dexdeemaines a ensuite suivi
de contamination. Au cours de cette période dexd@ation les moules contaminées ont été
alimentées en continu avec 5 *1@ll mL* de Tiso. Les cinétiques d'accumulation, de
détoxification et de biotransformation ont été éeals, ainsi que la distribution des toxines
dans les moules et I'effetAl’ spinosunsur I'épaisseur des tubules de la glande digesiiage
moules.

Dans les trois conditions testé®s, edulisa accumulé des AZA. Les toxines d'origine
algale (AZA1l et -2), ainsi que leurs métabolites&ZA3 a 12, -17, -19, -21 et -23 ont été
détectés au cours de cette expérience. Apres 6dordamination, le contenu en AZA dans
les moules a atteint la limite réglementaire eueop@, et les métabolites représentaient

environ 25% de la teneur totale en AZA. Le pouragat de métabolites a continué
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d’augmenter et était supérieure a 50% apres 24 todwmination et ce jusqu'a la fin de
I'étude.
AZA17 et -19 sont les principaux métabolites déectlans les moules avec des

teneurs dans la chair totale en AZA17 équivaleateslle d’AZAL.

2.2. Abstract

Azadinium spinosun(Elbrachter and Tillmanp)a small marine dinoflagellate, has
been recently described asda novoproducer of azaspiracid-1 and -2 (AZAl and -2)
diarrhoeic toxins. A culture oA. spinosunwas established in our laboratory and optimised
for pilot-scale production of this organism, to kexde and understand AZAl and -2
accumulation and biotransformation in blue mus@digtilus edulig fed withA. spinosum

Adult mussels were continuously exposedAto spinosumover 1 week in 160 L
cylindrical conical tanks. Three different diets revetested for contamination: 5 %10
10 x1G cell mL* of A. spinosumand a mixture of 5 xf0 cell mL* of A. spinosunmwith
5 x10 cell mL! of Isochrysisaff. galbana (T-Iso, CCAP 927/14). During the subsequent
period of detoxification (2 weeks), contaminated ssals were continuously fed with
5 x1C cell mL? of T-Iso. Kinetics of accumulation, detoxification and batsformation
were evaluated, as well as the toxin distributiowl ghe effect ofA. spinosumon mussel
digestive gland tubules.

M. edulisfed onA. spinosunin the three tested conditions; this finding canid our
recent experiments feedidg spinosunto mussels. The original algal toxins AZAl1 andag,
well as mussel metabolites AZA3 to 12, -17, -19, ahd -23 were found during these trials.
After as little as 6 h, azaspiracid content in nelssseached the EU regulatory limit, and
metabolites were found in all conditions at appmoatiely 25% of the total AZA content. This
fraction exceeded 50% after 24 h, and continueddease until the end of the study. AZA17
and -19 were found to be the main metabolites, WiflA17 concentrations estimated in the

same order of magnitude as that of the main atgaht AZA1.

2.3. Key words

Azaspiracid, Azadinium spinosummarine biotoxins, AZA, tissue distribution,
histology, bivalve molluscs, liquid chromatograpigupled to tandem mass spectrometry
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2.4. Introduction

The group of phycotoxins now known as azaspira@idgAs) was first detected in
Ireland (McMahon and Silke, 1996), when musselsvdsted from Killary Harbour and
exported to the Netherlands in 1995 caused humiaxigations due to these toxins. The
symptoms were similar to diarrhetic shellfish poisg (DSP), but, only very low
concentration of okadaic acid and dinophysistoxime2e found (McMahon and Silke, 1996).
Three years later, the toxin was isolated and naazedpiracid (Satake et al., 1998c). The
structure of the molecule was revised later thaokdarifications given by total synthesis of
azaspiracid-1 (Nicolaou et al., 2004a). SubsequeAZA2-5 were purified and identified by
nuclear magnetic resonance (NMR) and liquid chrograiphy coupled to tandem mass
spectrometry (LC-MS/MS) (Ofuiji et al., 2001; Ofeji al., 1999a) and AZA6-32 (Diaz Sierra
et al., 2003; James et al., 2003b; McCarron e2@D9; Rehmann et al., 2008) by LC-MS/MS
alone. Despite repeated AZA occurrences, twelvesy@are necessary until the discovery of
the primary producer, the dinoflagella&eadinium spinosurgElbrachter and Tillmann, strain
3D9) (Krock et al., 2008; Krock et al., 2009; Timn et al., 2009). This micro-alga produces
AZA1l and -2 and belongs to a new genus, specieshidh have now been identified in
Scotland (Krock et al., 2008; Tillmann et al., 2p@enmark (Tillmann et al., 2011), Ireland
(Salas et al., 2011), Italy and France (Siano aédaN, personal communication), Argentina
(Akselman and Negri, 2010), Mexico (Hernandez-Beicet al., 2010) and recently in Korea
(Potvin et al., 2012). In Ireland, AZA is a recurt@roblem as mussels frequently accumulate
this group of toxins to reach concentrations alibreeregulatory limit in shellfish,e. 160 pug
AZAl-equivalents per kg of shellfish flesh (Salasat, 2011), thus causing important
economic losses to the shellfish industry and eemgal threat to consumers. In other
countries, AZAs are carefully monitored as theseénwere also found in Europe, Morocco,
America as well as Japan (Alvarez et al., 2010; Wrak al., 2008; Furey et al., 2010;
Magdalena et al., 2003a; Taleb et al., 2006; Uabkd., 2009).

Direct accumulation of. spinosunby blue mussels was recently demonstrated for the
first time (Salas et al., 2011). Blue mussels wabke to feed orA. spinosumand the
presence of AZAl and -2 metabolites (AZA3, -17 aid®) was confirmed after 24h
exposition to the microalga with AZA17 as a majoetabolite. This last point poses a

problem to public health as AZA17 and -19 are nqtlieitly regulated in the EU, even
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though they were shown to form AZA3 and -6, respebtt, when mussels are cooked
(McCarron et al., 2009). Current EU regulation (Apmous, 2005) only includes AZA1-3,
as they were the main analogues identified in cdakessels in 2001 when the first toxin-
specific regulation was formulated. Furthermore AAZoxicity equivalent factors (TEF) of
1.8 and 1.4 were given for AZA2 and -3 (Ofuji et, 4999a) whereas for AZA4 and -5 the
factor was 2.5 and 5 times less toxic than AZA1ufOdt al., 2001). Concerning the relative
in vitro potency of AZAG, it appears to be not unlike tb&tAZA1 (M. Twiner, personal
communication). Thus, a provisional TEF of 1 waslaited to AZA6 as a crude estimate of
its toxic potency. Since the current guideline bg tEU reference laboratory prescribes
analysis of raw shellfish tissues, AZA17 and -191rha seen as a risk to human health, as the
total AZA content might be significantly underessited. In Ireland, maximum concentrations
of monitored AZAs in bivalve molluscs between 2@081 2010 were reviewed (Salas et al.,
2011) and showed records above regulatory limit§®ng.kg" AZA1l equiv.) for blue
mussels (8.97 mg.KgAZAl equiv.) and Pacific oysters (0.31 mgkdZAl equiv.). In
France, high values have been recorded for kinfopsaPecten maximus).32 mg.kg')
(Magdalena et al., 2003a) and queen scalldgsjgipecten operculari€).27 mg.kg AZA1
equiv.) (Amzil et al.,, 2008). AZA distribution iniNalve molluscs was studied in King
scallops (Magdalena et al., 2003b) and musselsyfreiral., 2003; Hess et al., 2005b; James
et al., 2002). In blue mussels from Norway, toxam@entration in the digestive gland (DG)
was significantly higher than in the remaining i¢RF) (James et al., 2002). However, as the
RF represents £85% of total mussel flesh it st la considerable sanitary impact (Furey et
al., 2003). The total AZA tissue distribution favaked and uncooked tissues was also studied
(Hess et al., 2005b), the ratios between the DGthadwvhole flesh tissues were 5.20 and
5.89, respectively, and hence the authors concltittdthe whole tissue should be analysed
for official control.

Due to the large number of AZA-analogues observedanussels (Rehmann et al.,
2008), recent investigations on AZA biotransformatiin mussels focussed on AZA
metabolic pathways and chemical transformationg décarboxylation of AZA17, -21, -19
and -23,i.e,. carboxy-AZA analogues, into AZA3, -4, -6 and -3spectively, was
demonstrated by (McCarron et al., 2009), while themation of AZA17 was observed
following immersion of mussels in seawater contagndissolved AZA1 (O'Driscoll et al.,
2011). A previous study (Salas et al., 2011) ewstabtl a link betweeA. spinosunand AZAs

in bivalves and pointed towards rapid biotransfdaramaof AZA1 and -2 over a 24 h period of
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time when mussels were féd spinosumHowever, to our knowledge there has not been any
controlled study of accumulation, detoxificatiorddnotransformation kinetics.

The present study was designed to confirm ourmreéiry results (Salas et al., 2011)
regarding the accumulation of AZAs in blue musgblgtilus eduli3. As in the previous trial
A. spinosunwas used and a particular attention was paid ttarsformation into analogues
that could represent a potential threat to humaittheFurthermore, the study provided some
information on accumulation and detoxification King, as well as on tissue distribution of

toxins and possible effects Af spinosunon mussel digestive tissues.

2.5. Materials and methods

2.5.1. Maintenance of bivalves

Blue musselsNlytilus eduli3 were collected from a mussel farm in Pen Bé (Enen
Atlantic coast) and delivered alive. Through roatofficial control, this area was considered
at that time not to be affected by any known toxMsssels collected in January 2011, had a
mean individual dry weight of 0.35 + 0.1 g and aaméndividual shell length of 47 + 4 mm
(i.e. commercial size, n=30). Mussels were cleaned ofidzdes on their shells and 20 kg
were selected (>4cm length) and divided into batafel kg. Mussels were then maintained
in two 160 L cylindro-conical tanks for 5 days tmseare acclimatisation to laboratory
conditions,i.e. re-circulated filtered seawater (35 psu) at #215C with aeration. Prior to the
experiment, seawater in the holding tanks was darnigice and any dead mussels were
removed. During this period, mussels were not fleds allowing for food clearance from the
digestive tract. Before starting exposureAtospinosumfour 1 kg batches were placed into
each of the 5 cylindro-conical tanks. For inforroation initial conditions, 30 mussels were
randomly selected for wet and dry weight, ten fualt flesh toxin analysis, and ten for DG

and RF toxin analysis.

2.5.2. Mass culture and cell count

2.5.2.1. A. spinosum

The 3D9 strain ofAzadinium spinosunwas the source of AZAl and -2 for
contamination trial. This dinoflagellate was iselhiduring a research cruise in the North Sea

near the coast of Scotland (Tillmann et al., 2088) obtained from the Alfred Wegner
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Institute (Bremenhaven, Germany) The algae weraymed in stirred photobioreactors
(100 L) operated in chemostat mode at a flow rdt8.25 day*. Culture medium was a K
modified medium (Keller et al., 1987), without ME and with NaSeQ (10° M). The
following conditions were controlled in the bioréac pH was maintained at 7.9 by €0
addition, temperature at 18°C, photon flux denatt00 pmol rif s*, photoperiod was 16 h
of light and 8 h of dark (Jauffrais et al., 201A)stirring paddle was used to homogenize the
culture at 40 rpm. The algae were then collecténl am aerated harvesting tank (300 L) and

maintained at 18°C until the feeding experiment.

2.5.2.2. Isochrysis aff. galbana
Isochrysisaff. galbana(CCAP 927/14, Tiso), a prymnesiophycea flagellate widely

used in aquaculture and especially in bivalve heieB, was chosen as a non-toxic diet. Like
A. spinosunthe T4sois a small 4-6 pum motile single cell alga, buslightly smaller tharA.
spinosum Thus cell concentrations of both species in atunediet were easy to quantify
using a particle counter. [60 was grown in a bioreactor (100L) in batch cultureler the
same environmental conditions as farspinosumput /2 culture medium (Guillard, 1975;
Guillard and Ryther, 1962) was substituted.

2.5.2.3. Cell counts

Cell concentrations (cell mt), were determined using a particle counter (Mizkis 3
Coulter counter, Beckman) and assessed 3 timey andhe different conditions studied to

control and adjust spectrofluorometric values (selew).

2.5.3. Experimental design

2.5.3.1. Systems used

The first experiment on azaspiracids accumulatiwh detoxification inM. eduliswas
carried out with four identical re-circulation sgsts. Each system was composed of a glass
vessel (25L) containing Aspinosum T-Iso or the mixture of both connected to a thermo-
regulated cylindro-conical tank (160 L) with aeoati(airlift system). Algal cell concentration
in these experimental tanks was maintained by sgigi@ddition of algae. The concentration
was continuously assessed with a spectrofluoronf&tener Design 10-AU-105) connected
through a datalogger to a computer system (softwaed View®). When the algal

concentration was below the required level, algdiuce was automatically added by means
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of an electro-valve. Water level was maintainedstamt in the tank by a peristaltic pump
connecting an overflow tube to a bin. Temperaturé salinity were the same as during the
acclimatisation period and maintained at 12.5°C 2m@su, respectively.

For a second experiment on the distribution of AZW®ughout mussel organs, only
the thermo-regulated cylindro-conical tank (160nlith aeration (airlift system) was used.

2.5.3.2. Accumulation and detoxification experiment

Blue mussels were used to examine the effe&.dpinosunmon AZA accumulation,
detoxification and biotransformation in bivalvesing 3 diets. Over 7 days, mussels were
exposed to: (1) a constaAt spinosunmconcentration of 5xfell mL?, (2) a constanA.
spinosunconcentration of 10x£0cell mL?, (3) a mixed diet oA. spinosunand Tiso, both
at a concentration of 5xi@ell mL™. Two different concentrations were assessed tiyviér
AZA accumulation could be dependent é&n spinosumconcentration. Furthermore, the
mixture of a toxic alga with a non-toxic alga wased to confirm that mussels are unable to
selectively feed, and to see if this addition hagfect on AZA accumulation.

For detoxification, mussels of all 3 conditions weexposed to a constant
concentration of Tiso at 10x18 cell mL? for 14 days. The fourth system was a control,
where mussels were fedI3oe diet at 10x18cell mL* along the 3 weeks of this trial. Mussel
total wet flesh (3 analysis of 10 individuals pablevas sampled for AZAs analysis in each
condition at 0, 0.25, 1, 2, 3, 6, 7, 8, 14, 21 dafysxperiment. Mussel DG and RF (3 analyses
of 10 DG or RF pooled) were sampled for AZAs anialys wet tissues in each condition
after 3 and 7 days contamination and after 1 welksly (14) and 2 weeks detoxification
(Day 21).

(Note: the hypothesis was made that AZA concemwinath mussel of similar size
followed a normal distribution under the same eipental condition. Thus, a large nhumber

of mussels were sampled and subsequently pooletitae analytical work.)

2.5.3.3. Distribution of AZAs in blue mussels

To assess AZAs distribution throughout tissues,seigs(4 kg) were exposed for 24 h
to an initial A. spinosunconcentration of 60x£@&ell mLY. Mussels (30 individuals) were
then carefully dissected and rinsed with Milli-Qterato avoid possible contamination with
remainingA. spinosuntells. The following tissues were pooled for asalydigestive gland
(DG), gills, mantle margins (MM), mantle (M), labipalp (LP), posterior adductor muscle
(PAM), foot, and remaining flesh (RF).
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2.5.4. Extraction procedures

254.1. Reagents

Acetone and methanol (MeOH) were obtained as HRa@egsolvents from JT Baker.
Milli-Q water for the HPLC mobile phase was supgliy a Milli-Q integral 3 system
(Millipore). Formic acid (Puriss quality) and amnmam formate (Purity for MS) were from
Sigma Aldrich. AZA1 calibrants for LC-MS/MS analgsivere dilutions of certified AZAl
solution obtained from the National Research Cdu@einada.

2.5.4.2. A. spinosum

Triplicate samples oA. spinosunwere takerafter each addition of algae in the 25 L
algal tanks (4 times over the 7 days of the contation period) at day 0, 1, 3 and 5
respectively. The analytical procedure had prewolisen optimised (Jauffrais et al., 2012a).
Briefly, aliquots (10 mL) ofA. spinosuncultures were collected and centrifuged (2 §00
20 min, 4°C) in 15 mL centrifuge tubes. The suptmntwas discarded and the pellet was re-
suspended with 0.5 mL of acetongfH(9/1,v/v), transferred to an Eppendorf tube (1.5 mL)
and bath sonicated (10 min). After sonication, ahguot was centrifuged (15 0@ 10 min,
4°C). The supernatant was transferred into a 5 maksgtube and gently evaporated under
nitrogen on a heating block at 35°C. The pellet veasuspended in 0.5 mL of acetonglH
(9/1,vlv), homogenised and centrifuged again. The superatas transferred again into the
same 5 mL glass tube used before and gently evagdoréhis process was repeated three
times in total. After evaporation of supernatarite residue was reconstituted in 1 mL
methanol/HO (9/1, v/iv). Subsequently, an aliquot was filtered throughlANOSEP MF
centrifugal filter (0.2 um, PALL) (15 009, 3 min, 4°C), and transferred into an HPLC vial

with 250 pL insert for analysis.

2.54.3. Mussel tissues

Mussel tissues were collected at the different tpumts of the experiments. Tissues
were carefully removed using a dissection scalirained for 5 min and weighed to measure
wet weight. They were then placed into labelledr80 centrifuge tubes and stored until
extraction at -20°C. Prior to extraction, the tsswere thawed and homogenized using a
high-speed homogeniser (Polytron PT1200c) at 15rp@0 for 5 min. Aliquots (2g + 0.29)
were taken in triplicate, weighed on a 3-place mega(Sartorius Cubis MSA) and placed into

labelled 50 mL centrifuge vials. Methanol (9 mL) svadded to each vial and samples were
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extracted using a high-speed homogeniser (PolyBd®300D) at 15 000 rpm for 2 min.
Samples were then centrifuged at 4 @0for 5 min at 4°C, and the supernatant was
transferred into 20 mL volumetric flasks. Anothem@ of methanol was added to the
remaining pellet and homogenized again. Centrifogaivas repeated at above parameters,
and supernatants were transferred into the sanmelL2@lumetric flasks. Volumetric flasks
were then made up to the full mark with methanombgenised and aliquots (400 pL) were
spin-filtered through 0.22 um Eppendorf in-viakdils (15 000y, 3 min, 4°C), and filtrates
were subsequently transferred into HPLC vials to damalysed by LC-MS/MS (Villar-
Gonzalez et al., 2011).

2.5.5. LC-MS/MS analysis

The samples were analysed by LC-MS/MS to quanti8As using a HPLC (model
UFLCxr, Shimadzu) coupled to a triple quadrupolessnapectrometer (APl 4000Qtrap,
Applied Biosystems). Separation was performed osiliea-based reversed phase column
(injection volume 5 pL), MOS-Hyperclone C8 (50 xn2n, 3 um particle size; Phenomenex).
The mobile phases A and B were 100% water and @aitel@'water (95/5v/v) respectively
both containing 2 mM ammonium formate and 50 mMmiior acid. The column was used
with a gradient elution of 200 pL minat 20 °C. Gradient elution for AZA determination
started with 70% B rising to 100% B for 2 min, hétad 7 min, decreasing to 70% B over
0.5 min, and held for 5 min until the next run. Thmass spectrometer was operated by
multiple reaction monitoring (MRM) in positive iomode. Based on a previous study
(Rehmann et al., 2008), the transitions presemtddble 21were used for quantification. The
declustering potential was 116V, the entrance patehOV, the cell exit potential 12 and
16V, and the collision cell were 41 and 69V forgimeentation 1 and 2 respectively. The
electrospray ionisation interface (ESI) was opetatsing the following parameters: curtain
gas: 30 AU (Arbitrary Unit); temperature: 450°C;sgh 50 AU; gas 2: 50 AU; CAD gas:
medium; ion spray voltage: 5500V. Quantificationsrevcarried out by external calibration
against AZA1, with Analyst 1.5 software (ApplieddBystems), assuming that all analogues
have the same response factor as AZA1.

Toxic Equivalent Factors (TEFs) were also appleédtimate the true toxic potential
of mussel samples during the experiment. AZA1 TEpslied were equal to 1.8 and 1.4 for
AZA2 and -3, respectively (Ofuji et al., 1999a) amgrovisional TEF of 1 was used for crude
estimation of the toxicity represented by AZA6. Gequently, a TEF of 1.4 and 1 were
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applied to AZA17 and -19, respectively, as AZAltad9 transform into -3 and -6 after

cooking (McCarron et al., 2009).

Table 21. MS/MS transitions used for quantification of all AZAs observed.

Transition 1 Transition 2
AZAl1l 8425/824.5 842.5/672.5
AZA2 856.5/838.5 856.5/672.5
AZA3 828.5/810.5 828.5/658.5
AZA4 844.5/826.5 844.5/658.5
AZA5 844.5/826.5 844.5/674.5
AZA6 8425/824.5 842.5/658.5
AZA7 858.5/840.5 858.5/672.5
AZA8 858.5/840.5 858.5/688.5
AZA9 858.5/840.5 858.5/658.5
AZA10 858.5/840.5 858.5/674.5
AZAl1l 872.5/854.5 872.5/672.5
AZA12 872.5/854.5 872.5/688.5
AZAl17 872.5/810.5 872.5/658.5
AZA19 886.5/824.5 886.5/658.5
AZA21 888.5/826.5 888.5/658.5
AZA23 902.5/840.5 902.5/658.5

2.5.6. Histology

Chapitre 4 — Transfert trophique

Mussels (five individuals) were sampled for eachditbon at days 0, 2, 7 and 21, to
observe possible changes in digestive gland tutaridsecovery of digestive tissues over the
feeding experiment (toxic and non-toxic diets weoanpared). The mussels tissues were
fixed in Davidson’s fixative (Shaw and Battle, 195@r 48 h and conserved in 70% ethanol
until inclusion. Sections of mussel tissues wereenthdehydrated using ClaRAL
(tetrachloroethylene) and ethanol solutions. A srssction (5 um) was then cut from each
mussel tissue sampled, including the digestive djlagills, mantle and gonad. Afterward,
staining was carried out using haematoxylin-eosilut®ns. Slides were examined under
light microscopy (Leica DM2000). The thickness lo¢ tdigestive gland tubules was assessed
to determine their state (Medhioub, 2011); measargsmwere carried out on each individual
at three distinct locations on the histologicalt@lain each location, the thickness of 10

digestive gland tubules was measured with Leicalidajon Suite 2.8.1 software.
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2.5.7. Statistical analysis

All data are expressed as mean +* standard devidimtistical analyses consisted of
one-way analysis of variance (ANOVA) followed byFesher's least significant difference
(Battle et al.) procedure. Differences were congidesignificant at p<0.05. Statistical
analyses were carried out using Statgraphics GentXV.l (STATPOINT TECHNOLOGIES
INC.). Before each ANOVA analysis normality and equadt variance were tested.

Detoxification was modelled as one or two compartnkénetics, for comparison with
previously reported detoxification of bivalve mats contaminated by lipophilic toxins. A
one compartment model supposed a similar detoxibicakinetic of the mussel tissues,
whereas a two compartment model is explained byasiteexcretion of the toxin non retained
by the digestive tract (compartment 1) and by tbev sletoxification of the toxins bound to
the mussel tissues (compartment 2) (Blanco efl@87; Bricelj and Shumway, 1998; Lassus
et al., 2007).

To improve the strength of the detoxification modeid as all treatment groups were
given the same diet for detoxification, the valfmseach condition were standardised using
the average of the toxin concentration at the stHrtdetoxification. Subsequently,
standardised values were averaged, and detoxdicéinetics were assessed according to the
following models using MTLAB version 7.4.0:

Ci= G x exp(-k x 1) (equation 1)
Ci = Gax exp(-k x 1) + (1-G) x exp(-k x 1) (equation 2)

WhereCy is the initial toxin concentratior;, the toxin loss by the first compartment,
k the mean detoxification rate (d9yof the one compartment modéd, and k, are the
detoxification rate (da$) of the first and second compartment, respectj\atyt is the time
in days. Subsequently, the half-lifes, i.e. the theoretical time in days to reach a 50%
reduction in toxin concentration was calculatednifrthe equation below (deduced from
equation 1):

Ty =In(1/2) K* (equation 3)

For this first approach to detoxification kineticand as noA. spinosumwere
consumed by mussels during the last day of contaimim (experimental observation),
detoxification was considered to have started op ®@aNe also hypothesized that diets used

during the contamination period did not affect dédtoation kinetics.
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2.6. Results

2.6.1. AZA profile of A. spinosum culture

The culturedA. spinosumstrain 3D9 produced AZAl and -2, with AZAl as the
predominant azaspiracids with a proportion of 74.6%8 + 6 fg celf') of the total AZAs
content (59 + 6 fg cefi, n=6). Consequently, AZA2 proportion was 25.4% (16 fg cell*).

2.6.2. AZA accumulation and detoxification

Toxin content of mussels fed with all three toxietd followed the same pattern over
the first days of contamination. A rapid contamioiatof M. eduliswith azaspiracids was
observed; after only 6 h of exposure, all toxinaantrations were above the regulatory limit
in bivalve molluscs (160 pg KgAZAl equiv., Figure 52). Further accumulation zaeel
much slower until day three, where AZA total contstabilised for diet 2 at + 400 pgkg
until the end of the contamination period (day hvA. spinosumFor diets 1 and 3 AZA
toxin content reached a maximum of approximately0 B kg* after 6 days of
contamination. For those two conditions, a shamgradese was observed from day 6 to 8, in
coherence with experimental observations betwegn 6and 7 (where no or only low
amounts ofA. spinosunwere consumed) and the beginning of the detoxifingoeriod (day
7).

From day 7 to the end of the feeding trials, mssélall treatments were then fed
with the non-toxic alga Tso. Detoxification appeared to be a biphasic procesgu(e 53,
tables 2-3). Detoxification rateki( ko and k) for total AZAs, AZAl and -2 and AZA
metabolites, presented in Figure 53 and Table 2P Table 23 differed. In particular, the
detoxification rate of AZAs originating from biotraformation of AZA1 and -2 in mussels
was lower than of the AZAs biosynthesised Ayspinosun(AZAl and -2, Figure 53b and
Table 22 and Table 23).
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Figure 52. Total AZA toxin concentration (z std) in mussels (3 analyses of 10 pooled mussels) in ug kg'1 of wet
flesh (sum of all analogue concentrations quantified against AZA1) during contamination (Day 0-7) and
detoxification (Day 7-21) from the four experimental treatments (Diet 1 =5 000 cells.mL™ of A. spinosum, Diet 2 =
10 000 cells.mL™ of A. spinosum, Diet 3 = 5 000 cells.mL™ of respectively A. spinosum and T-Iso, and control =

10 000 cells.mL™ of T-Iso). Horizontal dash line represents AZA regulatory limit for shellfish (160 ug kg'1 AZAl
TEQ).

Table 22. AZA depuration rates (k) in day'1 using a 1-compartment model, the adjusted square of correlation
coefficient (Rz) from equation 1. Time in days to reach a 50% reduction in toxin concentration (T ¥2) from equation
3, for each diet after normalisation of the values and for AZAs, AZA1+2 and AZA metabolites using average value

of diet 1-3, during the detoxification period (Day 6-21).

k Adjusted B T
AZAs diet 1 -0.07 0.48 9.9
AZAs diet 2 -0.06 0.80 11.6
AZAs diet 3 -0.05 0.57 13.9
AZAs -0.06 0.72 11.6
AZA1+2 -0.08 0.68 8.7
AZA metabolites  -0.05 0.79 13.9
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Table 23. AZA depuration rates (ki and ky) in day'1 and the toxin loss by the first compartment (C,) using a 2-
compartment model, the adjusted square of correlation coefficient (RZ) from equation 2, for total AZAs, AZA1+2,
AZA metabolites, and AZA1 and -2 with their respective metabolites during the detoxification period (Day 6-21),
using average value of diet 1-3 after normalisation of the values.

ky ky C, Adjusted B
AZAs -0.87 -0.03 0.38 0.96
AZA1+2 -1.13 -0.04 0.43 0.95
AZA metabolites -0.65 -0.02 0.32 0.96
AZALl + related metabolites -0.75 -0.03 0.39 0.96
AZA2 + related metabolites -0.72 -0.03 0.35 0.98

Overall, AZA1 and -2 were eliminated more rapidhg, they were both transformed
into other analogues (Figure 53b, 3 and 4) andet¢edr Additionally, AZA1 and -2 may be
excreted prior to any assimilation (absorption oot@n binding). Nonetheless, after two
weeks of detoxification the total AZA content wail greater than 160 pg KgAZA1 TEQ
(toxic equivalents: concentrations weighted by rth€EF) in all three diets studied.
Detoxification kinetics appeared to be comparab&wben the sum of AZAl + its

metabolites and the sum of AZA2 + its metabolitégire 53c).
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Figure 53. AZA detoxification kinetics, (a) total AZAs, (b) AZA1+2 and AZAs metabolites and (c) AZAlor AZA2
plus their related AZAs, during the detoxification period (Day 6-21, a, b, ¢ correspond to averaged normalised

values for all 3 diets, 2-compartment model).

2.6.3. AZA biotransformation during accumulation and detoxification

Biotransformation of AZA1 and -2 was a fast proce&fter 6 h of contamination,
25% of the AZA proportion in total mussel flesh qased metabolites in all 3 conditions
tested, and this proportion increased up to 50%r aft and 2 days of contamination.
Furthermore, the metabolite proportion tended towbl increase until the end of the

contamination and detoxification period to reprées65% of the total in all 3 conditions
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tested (Figure 54). Interestingly, when DG wereasaied from RF the global pattern differed

between the two fractions as shown in Figure 5dnfFthe third day of contamination to the

end of the detoxification period the ratio betweebAl and -2 and their metabolites was

stable (around 50%) in the DG, whereas in the RFpiercentage of metabolites increased
from day 3 to the end of the detoxification perfozin 50 to 70%.
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Figure 54. Variation of AZAl and -2 from A. spinosum compared to AZA metabolites in total flesh (a, b, c),

digestive gland (d, e, f) and remaining flesh (g, h, i ) as a function of time in diet 1 (a, d, g), diet 2 (b, e, h), diet 3

(c, f,

i).

The temporal variation in the proportion of thefeliént AZA toxins in mussel tissues

Is presented in Table 24 for diet 1 (the temposaaidation with diet 2 and 3 followed the same

kinetics of AZA biotransformation). In less tham $iours, biotransformation of AZA1 and -2

occurred. In order of decreasing importance, AZA-1B, 7-8, 6, 11-12 and -3 were found,
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with a proportion of AZA17 equal to AZA2. After Zdof contamination AZA5 was found in
addition to the previous AZAs; the proportion of AZ7 and -19 increased twofold, with a
proportion of AZA17 equal to AZA1l. From then urttile end of the contamination period the
proportion between metabolites and primary AZAdidited. It is important to notice the
increase in the number of metabolites over timeAAZ10 and 21 after 2 days, followed by
AZA23 at Day 3 and AZA9 at Day 6. After six days new AZA analogues were detected.
Over the detoxification period, bioconversion pissrs were still occurring, with an increase
in the proportion of AZA4-6 and AZA21-23. Nonethede during this feeding trial AZA17
appeared to be the major metabolite, with propostisimilar to AZAL.

Table 24. Temporal variation in the proportion of AZA toxins (%), and AZA toxin concentrations (pg kg'l and
Hg kg’l AZA1 TEQ) in whole mussels over time for diet 1 (5 000 cell mL™ of A. spinosum). Highlighted in grey are
the toxin proportions related to AZA1, in white to AZA2 and in bold are the four major toxins. TEQ are toxic
equivalents (concentrations weighted by their toxic equivalence factor = TEF); TEFaza17 = 1.4 (as AZA17
transforms into 3 after cooking); TEFaza10=TEFazas=1 (as AZA19 transforms into AZA6 after cooking, and TEFazas
is estimated the same as TEFaza1).

Time (days) 0.25 1 2 3 6 7 8 14 21
Algal AZAs AZA1 579 395 353 415 351 317 258 229 293
(%) AZA2 174 150 156 164 145 140 148 120 117
Algal AZAs (1 kg?) 283.1 1695 169.1 248.3 308.9 218.7 120.6 94.5 5.110
AZA3 0.3 0.6 0.6 0.5 0.7 0.8 0.7 0.7 0.7
AZA4 0.0 0.0 0.2 0.5 2.0 2.5 2.3 5.2 7.3
AZA5 0.0 0.7 1.1 1.1 15 1.9 1.8 3.9 5.3
AZA6 0.8 2.1 1.9 1.8 2.3 2.5 2.4 3.6 2.8
AZAT7-8 2.9 2.6 1.7 2.0 2.9 2.7 1.7 1.6 1.9
AZA metabolites AZA9 0.0 0.0 0.0 0.0 0.2 0.3 0.4 0.8 1.2
(%) AZA10 0.0 0.0 0.3 0.4 0.5 0.6 0.6 11 15
AZA11-12 0.4 0.3 0.2 0.3 0.3 0.3 0.3 0.3 0.3
AZA17 16,7 323 354 282 298 310 368 338 255
AZA19 3.6 6.9 7.4 6.4 6.9 7.8 8.5 9.0 7.5
AZA21 0.0 0.0 0.3 0.8 2.8 3.2 3.4 4.3 4.4
AZA23 0.0 0.0 0.0 0.1 0.4 0.5 0.6 0.7 0.8
AZAs metabolites (} kg?) 93.0 141.0 163.3 180.7 3139 2589 176.6 176.71.515
AZA total (pkg?) 376.1 3105 3324 429.0 622.8 477.7 297.2 271.86.62

Regulated AZAs (AZ-3)
(ug kg* AZA1 TEQ)
AZAsl, 2,3,6,17 and :
(ug kg* AZA1 TEQ)

336.9 209.3 2135 3078 387.2 2774 158.7 1233 .7131

4416 377.6 4094 5125 7045 5342 3443 2859 .6249
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The proportion of AZA toxins at the end of the periof contamination and
detoxification in DG and RF is presented in Talle s mentioned before the proportion of
metabolites was significantly different in the twgpes of tissues. All AZA analogues
detected during this feeding trial were found ia G, whereas AZA9-12 were not found in
the RF. A larger proportion of AZA17 was presenttlre RF than in the DG. In the RF,
AZA17 became the dominant AZA analogue, increadmogn 1.5 to 2 times the AZAl

concentration, whereas the other analogues fouttteiRF remained at low levels.

Table 25. Temporal variation in the proportion of AZA toxins (%), and total AZA toxin contents (ug kg'l of digestive
gland or remaining flesh or total flesh) in mussels at the end of the contamination and detoxification period for diet
1 (5000 cell mL™* of A. spinosum). Highlighted in grey are the four major AZAs.

Digestive gland Digestive gland Remaining Flesh Remaining Flesh

(Day 7) (Day 21) (Day 7) (Day 21)

Algal AZAsAZAl 29.2 40.4 27.1 19.8

(%) AZA2 15.6 14.0 12.0 104
AZA3 0.4 0.6 0.8 1.0
AZA4 2.0 5.7 13 23
AZA5 2.3 4.2 1.6 2.2
AZAB 2.6 2.1 23 34

AZA AZAT7-8 2.6 2.0 2.0 0.8

metabolites AZA9 0.3 0.8 0.0 0.0
AZA10 0.4 1.3 0.0 0.0

(%) AZA11-12 0.3 0.2 0.0 0.0
AZAL7 29.1 17.3 42.3 47.1
AZA19 9.3 6.1 8.0 10.5
AZA21 4.9 4.4 21 2.0
AZA23 0.9 0.8 0.4 0.4

AZA total

1 2673.1+44.1 1153.7 £ 21.6 193.1+3.5 111.3+1.6
(ug kg'DG or RF)
AZA total (pg kg'TF)
i ) 336.9+5.6 208.1+17.7 168.8+3.1 91.3+1.3
weight standardised

193



Chapitre 4 — Transfert trophique

2.6.4. AZA distribution in blue mussels

A separate batch of mussels was contaminated feretlaluation, carried out over
24 h usingA. spinosunat an initial concentration of 60 000 cells.thiThe total flesh toxicity
was 517 + 18 pg kfj(Table 26). The proportion of AZAs is presentedrigure 55, where
73% of the AZAs were found in the DG, 11% in the &€ 8% in the gills. The other tissues
showed minor amounts of toxins with values below®&%he total toxin accumulated (Figure
55). AZA concentrations iM. edulistissues are presented in Table 26 and the AZAlprofi
each dissected tissue in Figure 55. AZA1-6, -8121-17, -19, -21 and -23 were found in the
DG. In decreasing order of concentration, the fowjor AZAs were AZAl, -17, -2, -19.
These four analogues were found in all tissuesglrewonly AZA1 and -17 were significant
in tissues with minor amount of toxins (MM, LP, MAM, Foot).
Table 26. AZA concentration in different mussel tissues after exposure for 24h (3 analyses of pools of 30
individuals for each tissue type, TF = Total Flesh, DG = Digestive Gland, RF = Remaining Flesh, MM = Mantle

Margin, M = Mantle, LP = Labial Palp, PAM = Posterior Adductor Muscle) and proportion of each tissue in
mussels analysed.

AZA(ugkg) TF DG RF Gils MM LP M PAM Foot

AZAl 189 836 76 89 30 64 29 14 19
AZA2 61 301 22 25 8 19 7 3 5
AZA3 4 18 2 2 0 0 0O o 0
AZA4 4 29 2 0 0 0 0 O 0
AZA5 6 43 4 2 1 2 2 1 1
AZAG6 12 51 5 5 1 0 1 1 0
AZA8 21 117 11 4 3 5 4 2 3
AZAl11-12 3 17 1 0 0 0 0O O 0
AZAL17 178 723 105 117 29 77 36 22 16
AZA19 36 161 21 21 4 14 6 4 3
AZA21 3 20 2 0 0 0 0O O 0
AZA23 0 4 0 0 0 0 0 O 0
Total AZAs 517 2319 251 264 77 182 85 48 46
Tissue %

16 22 16 17 4 10 10 7
of total wet flesh
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Figure 55. AZA profile and distribution in different mussel tissues over 24 h (3 analyses of pools of 30 individuals
for each tissue type, TF = Total Flesh, DG = Digestive Gland, RF = Remaining Flesh, MM = Mantle Margin, M =
Mantle, LP = Labial Palp, PAM = Posterior Adductor Muscle).

2.6.5. Assessment of A. spinosum effect on mussels

2.6.5.1. Mortality

Mortality rates of mussels fed the different digtere low as shown in Table 27.
However, mortality rates were higher in the diesasda onA. spinosumnthan in the control

condition with Tiso that showed 2% mortality during the whole feedirajs.

Table 27. Mortality (%) observed in the different conditions at the end of the contamination and decontamination

period.
Mortality (%) Diet1 Diet2 Diet3 Control
Contamination (day 0-7) 1.2 7.0 2.7 0.5
Detoxification (day 7-21) 6.6 4.6 2.9 15
Total 8 12 6 2
2.6.5.2. Histology

To assess a possible effect Af spinosumon the digestive tissues of mussels,
digestive gland tubules were examined at the baggnorf the feeding trial, after 2 and 7 days
of contamination and at the end of the detoxifamateriod A. spinosunhad a negative effect
on the thickness of digestive gland tubules whemparing the different diets based An
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spinosumatfter 2 or 7 days of contamination with the cohtiothe initial condition of the
digestive gland tubules (Figure 56). After two weedf detoxification a recovery was
observed for all survivors examined as no diffeesnigetween toxic and non-toxic diets were

noted.

:g i A. spinosum Control T-Iso
301 p |
25
20 -
15
10 -

dic b cd

Digestive gland tubule
thickness (um)

0 2 7 21 2
Time (days)

Figure 56. Evolution of the digestive gland tubule thickness (um) in toxic (A. spinosum) and non-toxic control (T-
Iso) diets during contamination (days 2 and 7) and at the end of the detoxification period (day 21). The errors bars
represent the standard deviation (n = 150 digestive tubules). Values with different letters are statistically different
at P<0.05.

2.7. Discussion

TheA. spinosuntoxin concentration per cell from the harvestiagkt (59 + 6 fg celf)
was within the large range already observed fas $ipiecies, from 5 to 40 fg célin batch
culture (Salas et al., 2011; Tillmann et al., 20@®)d up to 100 fg céll in chemostat
bioreactors (Jauffrais et al., 2010; JauffraislgtZz011) and had the usual toxin profile with
AZA1 as the major AZA.

After 6h, the total AZA content reached twice tlegulatory limit in all three different
diets studied. Therefore, the AZA accumulation mssels should be considered as a very fast
process, at least at the concentrations testedBei@ x13 ml™). Comparison of these results
to the field situation, however, is hampered tofdet that abundance dataAf spinosumn
European field samples are completely lacking. Kbedess, the cell concentration
corresponds to the reports Anspinosuntoncentration in coastal Argentinian waters, where
a maximum concentration of 9x%€ells.L’* in 1990 and values ranging from 0.5 to 3%10
cells.L* in 1991 were determined (Akselman and Negri, 2020Yapid accumulation of
AZAs in case ofA. spinosunblooms underlines difficulties in monitoring tosifior sanitary
purposes and the necessity to predict when sucévant might occur. Over 7 days, toxin

196



Chapitre 4 — Transfert trophique

content in mussels increased to reach a maximurmeodration of around 600 pgkdn diet

1 and 3 both containing 5 000 cell thbf A. spinosumwhereas in diet 2 (10 000 cell Miof

A. spinosum the toxin content reached a maximum concentratibrt 400 pg kg. The
addition of a non-toxic species £0 spinosumeither significantly affect AZA accumulation.
Also, the higheA. spinosuntoncentration did not result in increased AZA axalation but
rather seemed to reduce AZA accumulation. Howetlese findings should not be over-
interpreted as such trials should be repeatedctease statistical significance.

These toxin contents in blue mussels were withenréimge of what is frequently found
in the Irish monitoring program (Salas et al., 20However, mussels did not build up very
high levels over the duration of the accumulatiblage (7 days). This result suggests that, in
natural conditions, exposure of musselsAadiniummay be either longer than 7 days or
involve more complex trophic mechanisms such asnagnification via other planktonic
organisms. Furthermore, the study shows the liofilgreparative-scale production of AZA-
metabolites throughn vivo exposure of mussels. Still, the procedure may sefuli for
production of in-house metabolite reference matesaa suggested by (Hess et al., 2007), and
demonstrated for paralytic shellfish toxins (Hignzard Turner, 2010).

Detoxification of mussels fed with 5o was carried out over two weeks. Supplying
non-toxic diet has been previously proposed by sdwaeithors to enhance detoxification after
exposure of bivalves to saxitoxin (STX) or lipophitoxins (okadaic acid, gymnodimine)
(Lassus et al., 2005; Lassus et al., 2000; Macza#gt al., 2010; Medhioub et al., 2010). The
detoxification kinetic was slow, even if toxin elmation from mussels followed liphasic
kinetic, with a rapid first and a slow second ph&dsgure 53and Table 23; in all cases
mussels were above the regulatory limit after tweeks of detoxification when all AZAs
found were taken into account and not only theehegulated AZAs. Biphasic kinetics of
detoxification have already been described for @dug toxins, gymnodimines and the
paralytic shellfish poisoning (PSP) group (Blantalk, 1997; Bricelj and Shumway, 1998;
Lassus et al., 2007; Marcaillou et al., 2010; Medbiet al., 2010). Mean detoxification rates
were in the same range as those previously repé@steakadaic acid (OA) and its derivative
(-0.048 for total OA)(Marcaillou et al., 2010). Detoxification rates ftotal AZAs, algal
AZAs (AZA1-2) and AZA metabolites differed becaudZAl and -2 are transformed into
other analogues during detoxification. Thus, modely taking into account regulated AZAs
(AZA1, -2 and -3), would overestimate the real ddtcation rate (Figure 53). Consequently,
detoxification models should take into accountfdlAs present or at least the major algal
and shellfish metabolites (AZAl and -2, AZA17 ari®). The slow, gradual detoxification
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(second phase, Figure 53 and Table 23) has bedniregh as a possible result of AZA
movements from the digestive gland to the othaugs where elimination would be slower
(James et al., 2004; James et al., 2002). Howeler,hypothesis was a result of situ
observations where various other possibilities d@¢ouiterfere, including reduction of the
mussel metabolism during winter time (Twiner et 2008), or possible presence of dissolved
AZAs or A. spinosumcells, even if natural conditions seem unfavowgathterestingly,
(Nzoughet et al., 2008) found that AZAs were weakbund to a protein with a molecular
weight of 45kDa in DG, a fact that may explain #glew AZA detoxification from mussels
(Twiner et al., 2008).

The detoxification rates reported here are to oovkedge the only information on
detoxification kinetics after exposure Ao spinosunand represent a first approach with this
toxin; however, the low number of points analyséwzh@ the detoxification period and the
large confidence level observed (Figure 53a) detnaies the need of further experiments.

The bioconversion of algal toxins by bivalves maffuence overall toxicity (Twiner
et al., 2008). Therefore, it is important to untemd both toxin profiles and bioconversion
kinetics. Biotransformation of AZA1 and -2 in muksseas found to be a fast process. These
results confirmed the first feeding experiment iearrout during 24 h with the Irish strain
(SM2) of A. spinosun{Salas et al., 2011), where a rapid bioconversioAZA1l and -2 into
AZA17, -19 and -3 was found, with AZA17 as the nidyconversion product after 24 h of
experiment. In addition to the study by Salas et28111, the present study revealed that all
AZA analogues (apart from AZA13-16) already obsdrue naturally contaminated mussels
were found in mussel tissues exposed .tgpinosumHowever, none of the theoretical AZAs
(Rehmann et al., 2008) were observed. This sugtjestslirect accumulation &. spinosum
by mussels may be sufficient to explain the obsgtegin profiles.

Bioconversion of azaspiracids is a recent subjéstualy. Formation of AZA3, -4, -6
and -9 via decarboxylation of AZAl17, -21, -19 ariZB,- respectively, has been shown
(McCarron et al., 2009), with some additional expental evidence provided by (O'Driscoll
et al., 2011). In the present study, the order pggearance of the bioconversion products
seemed to link AZA3, -4, -6 and -9 with their caxplated analogues and hence confirms
previous results obtained by (McCarron et al., 2088 AZAl17 and -19 appear first and
constitute already more than 20% of total AZAs raféeh. Additionally, the ratio of
AZA17/AZA19 is similar to that of AZA1/AZA2. Therefe, it is plausible to assume that
there is a direct transformation of AZA1l into AZAldand of AZA2 into AZA19.
Decarboxylation of AZA17 into -3 and of AZA19 int6 is much slower, which is consistent
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with the heat-accelerated character of this transiition already reported by McCarron et al.
(2009). Furthermore, AZA3 and -6 proportions remaeiatively constant after their
appearance, suggesting that their transformatimnAZA4 and -5 as well as AZA9 and -10,
respectively, is similar in kinetics to the decatfation reaction in C22. Simultaneous
hydroxylation of AZAs in C3 or C23 into other angies is not excluded, as the stability of
the AZA3 proportion suggests that it could be ety rapidly hydroxylated into AZA5 and
more slowly into AZA4. This phenomenon is also wothrough the earlier appearance of
AZA5, somewhat convoluted by the higher AZA4 cortcation at the end of the experiment
which can be understood through the dual route tdsv®ZA4 via AZA3 and -21 (see
below). This hypothesis is supported by the bifarmation kinetics: hydroxylated
analogues in C3 (AZA7 and -11) required more tigd8(h) to be formed than hydroxylated
analogues in C23 (6-24 h, AZA5, -8, -10) (note:piesa lack of chromatographic separation
in the analysis, using specific transitions in MSwias established that AZA7 and -11
appeared after 48 h). The formation of the carboyyroxylated analogues (AZA21 and -23)
also required more time48 h) than the formation of carboxylated analog@egAl1l7 and -
19) which suggests that hydroxylation of C3 or @22 slower process than oxidation of the
methyl-group at C22 as AZA4 and -5 were not yeseng¢ after 6h. At the end of the study
AZA4 was more concentrated than AZA5, which is e¢stesit with the dual route leading to
this metabolite. Also, overall, the biotransforratiof AZA2 and all its analogues appears
somewhat slower than that of AZA1 metabolites. Tdan be seen in the slightly higher ratio
of AZA2/AZA19 compared to AZA1l/AZA1l7 throughout thetudy. The analogues
hydroxylated in both C3 and C23 were not detectest the three weeks of experiment and
so presumably require much more time to be fornoedgistent with the fact that there are
two or more slow transformations involved). Follogi all these observations possible
biotransformation pathways of AZA1 and -2 were msgd (Figure 57).
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R1 (C3) R2 (C8) R3 (C22) R4 (C23) [M+H]" m/z
Azaspiracid-1 H H CHs; H 842.5
Azaspiracid-2 H CHjs CHjs H 856.5
Azaspiracid-3 H H H H 828.5
Azaspiracid-4 OH H H H 844.5
Azaspiracid-5 H H H OH 844.5
Azaspiracid-6 H CHs; H H 842.5
Azaspiracid-7 OH H CHjs H 858.5
Azaspiracid-8 H H CHs; OH 858.5
Azaspiracid-9 OH CHjs H H 858.5
Azaspiracid-10 H CHjs H OH 858.5
Azaspiracid-11 OH CHs; CHs; H 872.5
Azaspiracid-12 H CHjs CH; OH 872.5
Azaspiracid-13* OH H H OH 860.5
Azaspiracid-14* OH H CHjs OH 874.5
Azaspiracid-15* OH CHs; H OH 874.5
Azaspiracid-16* OH CHs; CHs; OH 888.5
Azaspiracid-17 H H CO:H H 872.5
Azaspiracid-19 H CHs; CO.H H 886.5
Azaspiracid-21 OH H CO:H H 888.5
Azaspiracid-23 OH CHs; CO.H H 902.5
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Figure 57. AZA structure, m/z [m+H]" detected in shellfish and possible biotransformation pathways in M. edulis of

AZA1l (a) and -2 (b) observed during the feeding experiment with A. spinosum. Highlighted in grey are the toxins
related to AZA1, in white to AZA2, and AZAs with * were below the limit of detection.
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As a consequence, the fast AZA oxidation procesaussels has to be considered by
regulators, as AZA17 and -19 are major metabolitesaw mussels, and are obviously not
readily converted into AZA3 or -6 over time. Thered, research should focus on AZA17 and
-19 production and isolation to determine theirepoly to human health. The different
monitoring programs currently underestimate thaltamount of AZA present in mussels. As
mussels are typically consumed after cooking, AZAhd -19 are transformed into AZA3
and -6 (AZA3 already considered toxic and regulppetbr to consumption (Table 24). Thus,
AZA17 and -19 should be accounted for, either diiyear through heat-treatment of samples
prior to analysis.

Regarding toxin distribution across mussel orgatgumulation of AZA differed
between tissues in mussels, as was found with d&hewn toxins accumulating in bivalve
molluscs (DSP, ASP, PSP), where toxins were mdoipnd in digestive gland (Blanco et al.,
2002a; Blanco et al., 2007; Bricelj and Shumway98&9Campbell et al., 2001; Chen and
Chou, 2001; Choi et al., 2003; Lassus et al., 200v}his study, 73% of the AZAs were
found in the digestive gland, 11% in the remainitegh, 8% in the gills and negligible
amounts of toxins in other tissues. This distributof AZAs has already been observed in
scallops and mussels naturally contaminated witAg\@ess et al., 2005b; Magdalena et al.,
2003b; Salas et al.,, 2011). Most AZA analogues wersnd in the DG at the highest
concentration, it is thus supposed that biotramsébion was most active in the DG. The toxin
concentrations observed in the non-digestive giesslies may result from transfer between
organs or may originate from re-adsorption of etertemetabolites as the system was re-
circulated.

Concerning the effect @k. spinosunon digestive gland tubule thickness, the decrease
in thickness was observed for all toxic diets cormagato the control diet over the
contamination period. However, a recovery was olegkrat the end of the detoxification
period. This phenomenon on bivalve physiology weesvipusly observed with other toxins
(Galimany et al., 2008b; Medhioub, 2011; Pearcal et2005), and showA. spinosunas a

possible physiological factor of stress to shdilfis
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2.8. Conclusions

The study confirmed the direct transfer of AZA toxifromA. spinosunto mussels,
and the fast biotransformation of AZA1 and -2 iother analogues, especially into AZA17
and -19. Blue mussels can accumulate AZAs to lealets/e the regulatory limit in less than
6h and up to 0.6 mgKg within a week. Detoxification kinetics were slovil1f
approximately 11 days) with detoxification ratestie same order as for other lipophilic
toxins. The study underlines that AZA17 and -19evpresent at significant levels already
after 6 h and until the end of the study. Thereftinese analogues need to be considered as
major metabolites which affect human health, eitbgrthemselves or through thermal
conversion to AZA3 and -6. It is thus necessaryetase the regulation on AZAs, currently
based on the analysis of raw bivalves by LC-MS/MS.

2.9. Acknowledgment

This study was carried out under tBea Changestrategy with the support of the
Marine Institute and the Marine Research Sub-Progra of the National Development Plan
2007-2013, co-financed by the European RegionakB@ement Fund (ASTOX2). Further
funding was obtained through Ifremer from the FreMinistry of Education, Research and
Technology through Programme 187 of the Nationabite Law. The authors would like to
thank all the members of the laboratory EMP/PHY @hatAtlantic Centre of Ifremer for their
help and technical advice during this study andeegfly Drs. Patrick Lassus and Régis

Baron for the constructive discussions and valuabiements.

202



Chapitre 4 — Transfert trophique

3. Effect of Azadinium spinosum on the feeding behaviour

and azaspiracid accumulation of  Mytilus edulis

Article accepté pour publication “ Jauffrais, T., Contreras, A., Herrenknecht, C.,qlet,
P., Séchet, V., Tillmann, U., Hess, P., 2012. EffefcAzadinium spinosuron the feeding
behaviour and azaspiracid accumulatioMgtilus edulis Aquatic Toxicologyacceptet

3.1. Résumé

Azadinium spinosurest un petit dinoflagellé toxique qui a été récemimisolé et
identifie comme producteur d’azaspiracides-1 e{AZA). Des expériences antérieures sur
l'accumulation des AZA dans les mouledy(ilus eduli3 nourries avecA. spinosumont
révélé une légere augmentation de la mortalitémdes et des effets négatifs sur I'épaisseur
des tubules des glandes digestives.

Par conséquent, des expériences ont été menéesgtpdier les effets &. spinosum
sur le comportement alimentaire des moules. Leduatians individuelles de l'activité
alimentaire, du taux de filtration, d’ingestiondéabsorption ont été effectuées sur des moules
alimentées soit par un régime toxiquA. (spinosum soit par un régime non-toxique
(Isochrysis aff. Galbana (T-Iso)). En paralléle, l'accumulation des AZA et leur
biotransformation dans les moules ont été suivias ghromatographie en phase liquide
couplée a la spectrométrie de masse (CL-SM/SM).

Azadinium spinosuna un effet significatif sur le comportement alirteere des
moules par rapport a [6o. le taux de filtration a été diminué d'un facteur le temps
d’activité alimentaire par un facteur 5, le tauxndestion par un facteur 3 et le taux
d’absorption a méme présenté des valeurs négaleedernier jour de contamination.
Toutefois, une accumulation rapide en AZA a étéeolie pendant les premiéres heures de
I'expérience, le dépassement de la limite réglemmn@tant observé moins de 6 h apres le
début de I'exposition. En cohérence avec les obsiens physiologiques, la concentration en
AZA, qui est d'environ 20Qig kg* aprés 6 h, n'augmente plus jusqu'a la fin ded&tia
bioconversion des AZA est confirmée comme étant pnacessus rapide : aprés 3 h
d’exposition, AZA17, -19 et AZA7 a -10 ont été ddtss, avec une proportion d’AZA17

équivalente a celle d’AZA2.
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Ces résultats montrent un effet négatif.dspinosumsur l'activité alimentaire des
moules et indiquent une éventuelle régulation asclimulation des AZA par une diminution

du taux de filtration et une augmentation de ladpmtion de pseudoféces.

3.2. Abstract

Azadinium spinosunag small toxic dinoflagellate, was recently isothtend identified
as a primary producer of azaspiracid toxins (AZAXevious experiments related to AZA
accumulation in blue mussels upon direct feeding Wi spinosunrevealed increased mussel
mortality and had negative effects on the thickrafsthe digestive gland tubules. Therefore
we conducted follow up experiments in order to gteffects of A. spinosumon mussel
feeding behaviour. Individual assessment of mugseling time activity (Gallardo Rodriguez
et al.), clearance rate (CR), filtration rate (TFR)bsorption rate (AR), faeces and
pseudofaeces production were carried out on mugselsither toxic A. spinosunor non-
toxic (Isochrysis aff. galbana (T-Iso)) diets. Furthermore, AZA accumulation and
biotransformation in mussels were followed by ldj@hromatography coupled to tandem
mass spectrometry (LC-MS/MSRAzadinium spinosunmad a significant effect on mussel
feeding behaviour compared tol3e: CR was lower by a factor of 6, FTA by a factorsof
TFR by a factor of 3 and AR even decreased to negaalues for the last day of exposure.
Even so, a rapid AZA accumulation was observedndutie first hours of the trial; less than
6 h of feeding were required to reach AZA concditns in mussel above regulatory level.
Consistent with physiological observations, AZA centration of about 200 pg kglid not
increase further until the end of the study. AZAdainversion was also found to be a fast
process: after 3 h of exposure AZAl7, -19 and AZA&7-were already found, with a
proportion of AZA17 equal to AZA2. These result®sha negative effect a. spinosunon
blue mussel feeding activity and indicate a possibgulation of AZA uptake by decreasing

filtration and increasing pseudofaeces production.

3.3. Key words

Bivalve molluscs, mussel, ecophysiology, AZA biostormation, AZA

accumulation, trophic transfer, dinoflagellate,s@eacid
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3.4. Introduction

Azadinium spinosuns a small toxic dinoflagellate, which was recgngolated in the
North Sea and characterised as an AZAl1 and -2 pesdTillmann et al., 2009). Since this
first identification, species of the genAgadiniumwere encountered in Europe (Salas et al.,
2011; Tillmann et al., 2011; Tillmann et al., 20T0jmann et al., 2009), Asia (Potvin et al.,
2012) , and also reported from Central and Southeroa (Akselman and Negri, 2012;
Hernandez-Becerril et al., 2010). However, amorey dhrrently described species, olly
spinosumhas been identified as an AZA1l and -2 primary poed (Salas et al., 2011;
Tillmann et al., 2009), whereas obesunmandA. poporumhave not been shown to produce
any known AZAs (Potvin et al., 2012; Tillmann et,&011; Tillmann et al., 2010), even
thoughA. poporumwas recently reported to produce a new type of AhAracterised by a
m/z 342 fragment (Krock et al., 2012). In direcédeng trials,A. spinosumwas found to
directly contaminate mussels, with rapid AZA acclation and biotransformation after one
day of exposure (Salas et al., 2011). Thas,spinosumis now considered as primary
organism responsible for azaspiracid shellfish qirsgy (AZP), a recognised widespread
phenomenon (Twiner et al., 2008).

AZA1 was isolated from contaminated mussels froelalnd (Satake et al., 1998c)
after human intoxications in The Netherlands in 8.gMcMahon and Silke, 1996). Since
then, this toxin was considered as relevant fordnumealth and a long list of analogues were
subsequently identified. AZA2-5 were purified andbsequently structurally characterised
using nuclear magnetic resonance (NMR) and lighirdmatography coupled to tandem mass
spectrometry (LC-MS/MS) (Ofuji et al., 2001; Of@i al., 1999a), AZA6-12 (Diaz Sierra et
al., 2003; James et al., 2003b), AZA13-32 (McCarbal., 2009; Rehmann et al., 2008) and
AZA1 and -2 methyl esters (Jauffrais et al., 202&%a)e identified in mussels, A spinosum
or during stability studies on AZA standards omragts using LC-MS/MS.

Suspension-feeding bivalve molluscs are known t@ Ineajor vector for the transfer
of amnesic, paralytic and diarrheic shellfish texifrespectively ASTs, PSTs, DSTs) to
humans (Bricelj and Shumway, 1998). SymptomaticaBaspiracid shellfish toxins (AZTs)
belong to the last group, as it presents similanpms: nausea, stomach cramps, vomiting
and diarrhoea (Satake et al., 1998c). As the mi@deauechanism of action of AZTs is
different from that of the toxins belonging to tbkadaic acid (OA) group, poisoning with
AZTs has also been separately referred to as AZRInEr et al.,, 2008). In Ireland,

concentrations of AZAs in bivalve molluscs wereareled above the regulatory limit (160 pg

205



Chapitre 4 — Transfert trophique

kg! AZA1 equiv.) causing large closure periods of Kisél production area and important
economic losses to shellfish growers; with maximeoncentrations found for blue mussels
and Pacific oysters of 8970 and 310 pg KA1 equiv., respectively (Salas et al., 2011).

Phycotoxins may also directly affect bivalve motisiout mussels are considered to be
the least sensitive and consequently can accumialager amount of toxins than most other
bivalve molluscs (Bricelj and Shumway, 1998; Maétal., 2010b). As other suspension
feeding bivalve molluscdyl. edulisfeeds on seston of various quality and quantityiarable
to adjust their clearance and rejection rate (Bagnhal., 1993). Furthermore, it has been
shown that the American oyste€r@ssostrea virginicg when exposed to a mono-specific
diet of the toxic diatomPseudo-nitzschiacan reduce domoic acid uptake by lowering
clearance rate and by rejecting toxic cells ingbeudofaeces (Mafra et al., 2009).

In a previous study (Jauffrais et al., 2012c) ushgpinosunto feed mussels, a fast
AZA accumulation was observed during the first ddycontamination. Within a few hours
following exposure, AZA concentration in musselsrgased above the regulatory limit. This
fast accumulation was followed by a slower increasstabilisation of contamination for the
next couple of days. AZA accumulation was also ol when mussels were
simultaneously fedA. spinosumand non-toxiclsochrysisaff. galbana Thus, addition of a
non-toxic source of food tA. spinosundid not allow particle selection by mussels, arthA
accumulation was neither enhanced nor decreasad. oliservation showed that mussels
could not initially regulate AZA accumulation byrpale selection. Nevertheless, the short
period of fast AZA accumulation was soon displatgda period of a limited or stopped
accumulation, which led us to assume that afteh@atsexposure t@A. spinosunmussels
adjust their feeding activity, which then limits AZaccumulation. However, physiological or
ecological data oA. spinosunand its possible role and effect on trophic inteca are still
lacking.

We hypothesize tha. spinosuntould be considered as a micro-alga either taxmrt
of poor nutritional value for mussels, and thahseguently, AZA uptake might be limited by
a decrease in clearance rate and an increasespinosunrejection via pseudofaeces. Hence
the present study was designed to compare thenfgdmiihaviour of mussels fed toxic and
non-toxic diets based gk spinosunandl. aff. galbang respectively. To do this, we assessed
physiological factors such as feeding time actiyallardo Rodriguez et al.), clearance rate
(CR), absorption rate (AR), faeces and pseudofgam@ekiction to confirm the negative effect

of A. spinosunon mussels.
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3.5. Materials and methods

3.5.1. Collection and maintenance of bivalves

Blue musselsNlytilus edulig were collected from a mussel farm at La PlainmenEh
Atlantic coast in October 2011. Through routingaidl control, this area was known at that
time to be free of known marine biotoxins. Musgél&g) were transported alive to aquarium
facilities, cleaned of epibionts and maintained obefthe experiment for five days in
circulating filtered seawater (2 aquaria of 20 lpaeaity; salinity 35) to ensure acclimatisation
to laboratory conditions and to avoid possible &aal contamination. During this time, the
temperature of the water was gradually decreasmd 6+ 1°C to 12.5 1°C to the same
conditions as a previous experiment. Mussels wetad libitumwith Isochrysisaff. galbana
(T-Iso) and seawater was renewed dalpte, one aquarium with environmental and feeding
conditions identical to the acclimatisation periwds kept during the experiment with 40
mussels, thus they could be taken from the aquataumeplace mussels sampled for toxin

analysis during the second period of the experirtead below).

3.5.2. Micro-algal culture and cell count

A. spinosunstrain 3D9 used in this study had been isolateitienNorth Sea near the
coast of Scotland by (Tillmann et al., 2009). Tlhgaa were grown in pH-controlled stirred
photobioreactors (100 L) operated in chemostat nab@edilution rate of 0.15 ddyJauffrais
et al., 2012b). Culture medium was a K modified med((Keller et al., 1987)i.e. without
NH,CI and Tris buffer but with N&eQ (10® M)). The following conditions were controlled
in the bioreactor: pH was maintained at 7.9 usi &ddition, temperature at 18°C, photon
flux density at 200 pmol ts?, photoperiod was 16 h of light and 8 h of darke Taigae
were then collected into an aerated harvesting ad®& L), maintained at 18°C until the trial.

Isochrysisaff. galbana(CCAP 927/14, Tiso) served as control as it has a cell size
similar to A. spinosumand is widely used in algal diets for farmed biealmnolluscs
(Marchetti et al., 2012a). |60 was grown in aerated batch culture, in 10 L flattdmed
flasks under the same environmental condition®aA fspinosumexcept with f/2 (Guillard,
1975; Guillard and Ryther, 1962) instead of K asuta medium.

Cell concentrations (cell mt) and cellular volume (ufrmL™) were determined using
a particle counter (Multisizer 3 Coulter countegcBman). Subsequently, cell concentration

values were used to calibrate and adjust fluororaetering the experiment.
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3.5.3. Experimental design

After acclimatisation to laboratory conditions, @fissels were randomly chosen for
the experiment and placed individually in experitaérboxes. At the same time, 30
additionally mussels were also randomly selecteagn&asure condition index (wet tissue
weight 2.65 + 0.86 g per mussel; shell length 4538 mm; 27% of dry matter) and 5 others
mussels were chosen for initial total flesh toxmalgsis.

The experimental design to follow individual physeigical responses involved a
closed recirculating water system similar to tHe¢ay described in (Bougrier et al., 2003)
and in (Lassus et al., 2007). Briefly, the systenbuild-up of 22 experimental boxes (0.5 L
each), 20 containing one live mussel each and gasong one mussel shell each for control.
Temperature and salinity were the same as durim@dhlimatisation period. Seawater flowed
through the 22 experimental boxes at 80 mL htiefore returning to the feeding tank (40 L).
Cell concentration level was continuously monitoredhe feeding tank with a Turner 10AU
072 fluorometer coupled to computer software (Lawji To maintain cell concentration
constant, an electrovalve connected to the algkilireutank (25 L) was opened or closed
according to cell fluorescence level. The fluoroanetas calibrated using a particle counter
(Multisizer 3 Coulter counter, Beckman). Cell comization in the system was routinely
checked during the experiment with the particlenteu Mussel clearance and filtration were
assessed by comparing the algal concentrationeabtitiet of the control boxes to algal
concentration at the outlet of the experimentaldsoX he algal concentration in each box was
assessed once every 11 min for 1 min by two othendr fluorometers coupled to the

computer software (Figure 58).
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Figure 58. Experimental system to follow the effect of the non-toxic and toxic diets on the feeding behavior of

mussels (for clarity: connections 3 to 10 and 13 to 20 were not shown).

In this experimental system, mussels were firsbegd to a non-toxic diet of 5o for
4 days (20,000 cells mi, total particular matter (TPM) = 0.88 + 0.07 md, Lparticulate
organic matter (POM) = 0.61 + 0.07 mg,Lorganic matter = 69%) for 4 days. After this
period, the non-toxic diet was changed to a tox&t df A. spinosum(5,000 cell mL?,
TPM=1.77+0.14 mg &, POM = 1.61 + 0.14 mgt, organic matter = 90%) for another 4
days. To assess TPM and POM, 1L of algal diet vikezed (twice daily) on pre-weighted
burned GF/C Whatman filters and rinsed. The filt®ese then dried (24 h, 60 °C), weighed
and combusted (1 h, 450°C) and weighed again &rmate by comparison their organic and
inorganic matter content.

In order to generate a full time course of AZA @oailation for the four-day period
and with sufficient replication given the limitedimber of 20 experimental boxes, mussels
were sampled after 3, 6, 12, 24, 48, and 72 h apthced by new mussels originating from

the aquaria used for acclimatisation to laboratoonditions. We thus obtained three
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replicates at 6 h and six replicates for the otitee points (3, 12, 24, 48, 72 h) and five
replicates at 96 h (Table 28).
Table 28. Box number and time when mussels were sampled and replaced in each experimental box during the

feeding period with A. spinosum (note; boxes 1-6 were not used to assess physiological parameters due to the

larger number of samples and replacements taking place).

Time (h):
Box number sampled + replaced
1§t 2nu 3rd
sample sample sample

1 3 6 18
2 3 6 18
3 3 6 18
4 6 18
5 6 18
6 6 18
7 24 96
8 24 96
9 24 96
10 48 96
11 48 96
12 48 96
13 72 96
14 72 96
15 72 96
16 96
17 96
18 96
19 96
20 96

Small amounts of faeces and pseudofaeces werectenllevith a Pasteur pipette
(faeces were rinsed in filtered sea water) andeolaan a glass micro-slide for brightfield
microscopic observation. These observations allowetktermine the presence of cells in the
faeces or pseudofaeces and consequently to aseetgewcells were able to pass though the

digestive system of mussels during the experimenteve rejected beforehand.
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3.5.4. Physiological measurements

During the two feeding periods of this study withsb andA. spinosum
physiological responses were assessed daily agsl catculated according to the formulas
of(Hawkins et al., 1998; Hawkins et al., 1996).

Clearance rate (LhgDW?) was defined as the volume of water cleared ofigles
per unit of time per dry weight of mussel (CEguation ). CR was assessed using
comparison of the fluorescence of each algal speatighe output of the experimentalC
and control boxes (; flow rate (D) and mussel dry weight (DW) werebsequently
incorporated.

CR (L h* gDW™) = ((G-Cy)/ICo) x D/DW  Equation 1

TPM and POM (mg I!) were assessed daily in the water according tovkites et al.,
1996). These values were subsequently used to astitihe total (TFR) and organic (OFR)
filtration rate (mg H gDW?, equation 2and3).

TFR (mg it gDW?') = CR x TPM  Equation 2
OFR (mg it gDW?) = CR x POM Equation 3

Pseudofaeces were observed during feeding perindstleey were collected (see
below) to estimate total (TPs) and organic (OP®ugdsfaeces production (subsequently
expressed in mg-hgDW?). TPs and OPs were then used to calculate tot®, @quation 4
and organic (OIREquation J ingestion rates, as well as the accumulationfe$.O

TIR (mg h' gDW™') = TFR — TPs  Equation 4
OIR (mg h' gDW?) = OFR — OPs Equation 5

The last parameter assessed for both conditionghgasbsorption rate (AR) using the
organic matter weighed in the faeces (OFs, subs#iguexpressed in mg~hgDW?) as
presented irequation 6 Faeces and pseudofaeces were carefully sampieel daily using a
pipette, filtered and rinsed on pre-weighted condi&F/C Whatman filter. They were then
dried, weighed and conbusted and weighed agaireterrdine their organic and inorganic
matter content.

AR (mg h' gDW?') = OIR — OFs  equation 6

Feeding time activity (Gallardo Rodriguez et alasaalso assessed to determine the
time during which the mussels were active dailyva#i as during their time of exposureAo
spinosum(3, 6, 12, 24, 48, 72 and 96 h). Mussels were densd active when the difference
between the outlet of the control box and the drpamtal box was above 5% according to
(Bougrier et al., 2003).

211



Chapitre 4 — Transfert trophique

Note: Boxes 1-6 were not used for to assess CR, TIR, fA&es and pseudofaeces
measurement during exposure Ao spinosumdue to the large number of sample and

replacement to measure AZA accumulation (see T2®)le

3.5.5. Chemical analysis

3.5.5.1. Reagents

Acetone and methanol (MeOH) were obtained as HPia@egsolvents from JT Baker.
Water for analysis was supplied by a Milli-Q intagB8 system (Millipore). Formic acid
(Puriss quality) and ammonium formate (Purity foBMvere from Sigma Aldrich. AZA1-3
standards for LC-MS/MS analysis were dilutions eftiied AZA1-3 solutions obtained

from the National Research Council Canada.

3.5.5.2. A. spinosum

Triplicate samples oA. spinosunwere takerafter each addition of algae in the 25 L
algal tanks at Day 4 and 6. The extraction procegueviously optimised for AZA analysis
in cultures ofA. spinosun(Jauffrais et al., 2012a) was used in the prestmly. Briefly, A.
spinosum culture (10 mL) was collected and centrifuged @80 20 min, 4°C). The
supernatant was discarded and the pellet trandféorean Eppendorf tube (1.5 mL), bath
sonicated, and extracted three successive timag asetone (0.5 mL). After centrifugation,
the organic phases were gently evaporated, retatestiin 1 mL methanol, filtered (0.2 pm)

and transferred into a HPLC vial for analysis.

3.5.5.3. Mussel

Blue mussels were collected at the different tiroags of the contamination period
(3, 6, 12, 24, 48, 72 and 96 h). Total flesh wa=fclly removed using a dissection scalpel,
drained for 5 min and weighed to record wet wei@amples were then placed into labelled
50 mL centrifuge tubes and stored at -80°C untitaetion. Prior to extraction, the flesh was
thowed, methanol (9 mL) was added to each vial sardples were extracted using a high-
speed homogeniser (Polytron PT1300D) at 15 000 fpm5 min. Samples were then
centrifuged at 450Q for 5 min at 4°C, and the supernatant was trareslemto 20 mL
volumetric flasks. Another 9 mL of methanol was edlidto the remaining pellet and
homogenised again. Centrifugation was repeateth@teaparameters, and supernatants were

transferred into the same 20 mL volumetric fladkslumetric flasks were then made up to
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the full mark with methanol, the content was hommged and aliquots were filtered and
analysed by LC-MS/MS. (This extraction procedureswadapted according to (Villar-
Gonzalez et al., 2011) as explained in (Jauffra#d.e2012c)).

3.5.5.4. LC-MS/MS analysis

The samples were analysed by LC-MS/MS to quanti8As using a HPLC (model
UFLCxr, Shimadzu) coupled to a triple quadrupolessnapectrometer (APl 4000Qtrap,
Applied Biosystems). Separation and LC-MS/MS praoced were the same as used in the
previous experiment (Jauffrais et al., 2012c) aedevbbased on a previous study (Rehmann et
al., 2008). Quantification was carried out by emé&rcalibration against AZA1 to 3, with
Analyst 1.5 software (Applied Biosystems), assumihgt all analogues had a similar
response factor to AZAl, with exception made forA®Zand -3 for which the respective
standards were used. Toxin equivalent factors (Jkkese also applied to estimate the true
toxic potential of mussel samples during the expent (TEQ = toxin equivalent). AZAl
TEFs applied were equal to 1.8 and 1.4 for AZA2 ahdrespectively (Ofuji et al., 1999a);
concerning the relative in vitro potency of AZA®&,appears to be not unlike that of AZAl
(M. Twiner, personal communication). Thus, a prmnsal TEF of 1 was used for crude
estimation of the toxicity represented by AZA6. Gequently, a TEF of 1.4 and 1 were
applied to AZA17 and -19, respectively, as AZAltaid9 transform into -3 and -6 after
cooking (McCarron et al., 2009).

3.5.6. Statistical analysis and model

Data were expressed as mean + standard deviatid) &d when specified
standardised to 1 g dry weight (DW). Statisticablgses were multi-factor ANOVA and
differences were considered significanPat 0.05. Statistical analyses were carried outgisin
Statgraphics Centurion XV.l (Statpoint Technologi®$C). Before each ANOVA analysis,
normality and equality of variance were tested.yGddta on AZA concentration in mussel
tissues did not respect equality of the varianamsequently a non-parametric analysis
(Kruskal Wallis) was carried out followed by a baxd wisker plot to discriminate the

differences between values.
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3.6. Results

3.6.1. Feeding behaviour responses

3.6.1.1. Clearance rate

The mean clearance rate of mussel felbdalwas higher(0.84 + 0.50 L H gDW™?)
than the CR of mussels fed spinosun{0.14 + 0.17 L # gDW™). Concerning mussels fed
T-Iso, a decrease was observed during the first daxpbdsire even though mussels were
adapted to Tso before this feeding trial. However, during mosttaé period, the CR ranged
between 0.5 and 1.5 L'rgDW* (Figure 59; note that the daily drop in CR is tiu¢he daily
seawater renewal). With mussels fedspinosuma sharp decrease from 1 to 0.051LgbDW
'was observed during the first 12 hours of exposara. spinosumSubsequently, the CR
stabilised until the next day when seawater waswed. After water was renewed, CR
increased to 0.5 LtgDW™ for 3 to 5 hours, then decreased again to 0.08 + 6i* gDW™.

However this daily increase of CR following seawatenewal was only observed
during the first 2 days of the exposurefAtospinosunand was almost negligible at the end of

the experiment

3.0
25 A spinosum
2.0
15
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CR (L.h’L.gDW)
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Figure 59. Mussel clearance rate (CR) during the exposure to the non-toxic diet (T-Iso) and to the toxic diet (A.
spinosum). Note that the daily water renewal at every full day coincides with a sudden decrease and/or increase

in clearance rate (day 1 to 6).
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3.6.1.2. Feeding time activity, organic filtration, ingestion and absorption rates

The daily mussel feeding time activity (GallardodRguez et al.) (Table 29) was
clearly affected by diet. Mussel fedI3e had a FTA of more than 50%, which significantly
decreased when mussels were fedspinosumDuring the exposure té. spinosumthe
mussel FTA further decreased from 16 to 2%.

Mussel TFR and TIR presented in Table 29 were blosdated and varied as a
function of pseudofaeces production. A productiérpgeudofaeces was observed from the
first day to the end of the experiment under thactadiet, whereas, only small amount of
pseudofaeces were observed and weighed when mugsedsfed Tiso on day 4 of the
experiment, explaining that both TFR and TIR areyv@milar for the non-toxic diet. The
multifactor ANOVA showed that both factors, the éypf food and the time (where time refer
to the days within a particular diet), had a sigaint effect: A. spinosumsignificantly
decreased mussel TFR and TIR compared tsoTThe effect of time was also significant.
Furthermore, TIR was negative during the last dagedingA. spinosum

The mussel absorption rate (AR) also underlinech#uative effect of thA. spinosum
diet. Mussels significantly decreased their AR witles diet was switched from 6o to A.
spinosum This lower AR continuously decreased until thel ef the experiment to even
negative values (Tab. 1). The production of faemed pseudofaeces were assessed daily.
Production of faeces was the only parameter inftadmeither by diet nor by time. However,
the production of pseudofaeces was significantiecheéd by the diet supplied. Mussels
exposed tA. spinosunproduced significantly higher amounts of pseudoéae Furthermore,

mussel pseudofaeces production increased as adiieéttime @ = 0.07).
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Table 29. Mussel daily feeding time activity (Gallardo Rodriguez et al.), total filtration rate (TFR), total ingestion

rate (TIR) absorption rate (AR), organic faeces (OFs) and organic pseudofaeces (OPs) when fed A. spinosum

(toxic diet) or T-Iso (non-toxic diet) and P value of the main effects and interaction.

Time FTA TFR TIR AR OFs OPs

(%) (mg.h~.gDW?) (mg.h".gDW?) (mg.h~.gDW?) (mg.d~.gDW?) (mg.d~.gDW?)
T-Iso
1 63.6£19.8 0.91+0.32 0.91+0.32 0.42+0.18 423.59 -
2 65.3+27.5 0.92+0.52 0.92 +£0.52 0.47+£0.28 4%9.11 -
3 56.0 £ 26.6 0.68 +0.39 0.68 £ 0.39 0.37+0.24 0kx40.62 -
4 54.5+25.0 0.43+0.24 0.41+0.25 0.19+£0.14 9kd.40 0.09+£0.24
A. spinosum
5 16.7 £13.3 0.31+0.19 0.20+0.18 0.10+£0.16 6%d.73 1.04+0.78
6 13.8+10.0 0.27 £0.13 0.16 £0.14 0.07+0.17 1%4.01 0.88 £ 0.45
7 10.3+6.4 0.24 £0.06 0.12 +0.07 0.00 £0.10 91480.92 1.06 +0.58
8 21+£1.20 0.08+0.03 -0.10+0.06 -0.14+0.08 1.42+0.73 1.47 +0.87
ANOVA
Diet P <0.001 P <0.001 P <0.001 P<0.001 P=0.284 P <0.001
Time P=0.140 P <0.001 P <0.001 P <0.001 P=0.184 P=0.07
Diet x Time pP=0.913 P=0.291 P=0.422 P=0.927 P <0.05 P=0.312

Microscopic analysis of mussel faeces revealedttiet contained a few ecdyséd
spinosumcells while pseudofaeces contained manyspinosumcells, ecdysed cells and
empty thecae (Figure 60a and b).

)t

Figure 60. Mussel faeces (a) and pseudofaeces (b) when fed the toxic diet A. spinosum. White arrow shows intact
A. spinosum cell, black arrow ecdysed cell and black dashed arrows empty theca (scale = 20 um).
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3.6.2. AZA analysis

3.6.2.1. A. spinosum

AZA cell quota of A. spinosum during the contamination period was
93.9 + 10.4 fg celt, with a proportion of 81% of AZA1 (76.6 + 8.3 fglt") and 19% of
AZA2 (17.3 + 2.2 fg celt), the SD represents the variation observed duhiegour days of

the contamination period.

3.6.2.2. AZA accumulation and profile in mussel

A rapid accumulation of AZAs in mussels was obseérdering the first hours of
exposure toA. spinosumLess than six hours were necessary to reach Adi#cemtration
above the regulatory level (160 pggHowever, after this fast AZA accumulation, the
concentration stabilised during the experiment assignificant differences were found
between values from 6 hours to the end of the s(gdyure 61). Mean feeding time activity
(Gallardo Rodriguez et al.) of mussels fAd spinosumand used for AZA analysis was
initially as high 60% but rapidly declined to abolil0% after two days of exposure.
Consequently, it is possible to correlate the stfign in AZA accumulation to the decrease

of the FTA (Figure 61).
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Figure 61. AZA concentrations (ug kg’l) in mussel fed A. spisnosum and mean feeding time activity (FTA, %) of
the same mussels during their exposure to A. spinosum. Error bars represent 6 replicates (with the exception of

the 6h time point for which there are only 3 replicates)

Toxin profiles in mussels presented in Table 30asdtba fast AZA biotransformation,

as some AZA1 and -2 metabolites were already faafter 3 hours. AZA17 was found to
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have a proportion almost equal to AZA2, whereas AZAand a group of metabolites (AZA7-
10) were also detected, but in minor proportionriby the first 6 hours, the number of
metabolites as well as their relative proportions dot change. However, as AZA
accumulation began to stabilize, the proportion mmaehber of metabolites started to increase.
AZA17 reached a maximum proportion of 35% and AZAAdD 6% after two days of
contamination, and these two metabolites were tapmones found during the experiment.
Other AZAs found were AZA3 to -10 and AZA21, witloportions below 3% for each of
them during the study.

Table 30. AZA proportion (%) and concentration (1g kg’l, Mg kg'l TEQ) in mussel fed A. spinosum as a function of

time
Time (days) 0.125 0.25 0.5 1 2 3 4
AZAl 66.9 65.5 51.0 475 386 40.2 45.1
AZA2 14.3 15.1 134 15,0 156 148 14.1
AZA3 0.0 0.0 0.0 0.5 0.6 0.7 0.6
AZA4 0.0 0.0 0.0 0.3 0.2 0.6 0.3

%) AZA5 0.0 0.0 0.0 0.3 0.9 0.6 0.8
AZAB 0.0 0.0 0.1 0.1 0.1 0.1 0.1
AZAT7-10 25 2.6 4.1 2.2 1.8 2.2 2.2
AZAl17 13.7 14.0 26.7 29.2 350 331 29.4
AZA19 25 2.7 4.6 49 5.9 5.8 5.2
AZA21 0.0 0.0 0.0 0.1 1.3 2.1 2.2

ug kg* AZAs 1237 2428 180.3 2256 173.3 2504 161.2

4 AZA1-3 1147 2252 1356 169.7 1169 169.5 115.2
Hg kg™ TEQ

AZAl-3, -6, -17, -19 137.3 2708 1819 2319 1652B5.7 156.6

3.7. Discussion

In a previous study on AZA accumulation in blue sals fedA. spinosuma fast
initial toxin accumulation was followed by a slowrther increase or a stabilisation of
accumulated toxins. Furthermore, we observed ativegaffect of A. spinosunon mussel
digestive tissues (Jauffrais et al., 2012c). Consetly, we hypothesised that spinosunis a
micro-alga either toxic to mussels or of poor figtnal quality for mussels and thus AZA
uptake was limited by a decrease in clearancearatean increase in th#e spinosunmejection
via the pseudofaeces. This hypothesis was estellighlowing mechanisms contributing to
low toxin uptake by oyster (Mafra et al., 2009) @he ability ofM. edulisto reject bad seston
quality due to a high content in inorganic parsc{®ayne et al., 1993). Subsequently, this
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study was designed to compare feeding responsasis$els when fed non-toxic and toxic
diets based oh aff. galbanaandA. spinosumrespectively.

Non-toxic diet based on 160 had different cell densities (on purpose due ffeint
cell size) and slightly different TPM and cellulaslume compared to the toxic diet based on
A. spinosum However, both were in the same order of magnitade at adequate
concentration for mussels (Bayne et al., 1987; Baghal., 1993; Gosling, 2003), and thus
cell size or TPM did not impact our results and dosion. Azadinium spinosum
concentration applied in this experiment was simidaconcentrations used in a previous one
(Jauffrais et al., 2012c); toxin profile of Apinosumwith almost 80% AZA1 was also similar
to previous experiments (Salas et al. 2011). AZA geota has been shown to be quite
variable in the few studies presenting result@\ospinosunvarying from 5 to 50 fg cefi for
cells grown in batch culture (Salas et al., 201illiiBnn et al., 2009) and up to 100 fg cell
in stirred photobioreactors at limited or stagngmwth (Jauffrais et al., 2012b). In the
present experiment AZA cell quota was approxima5l%s higher (94 fg céf) compared to
our first experiment (59 fg céll (Jauffrais et al., 2012c)). In the present expeminA.
spinosumwas grown under the conditions developed by (daisfiet al., 2012b) to improve
AZA production, so this elevated AZA cell quotaemsy to explain. In any case, this variation
could at least partly explain the difference of AZécumulation between the two studies (400
to 600 pg kg in (Jauffrais et al., 2012c) against a maximun260 pg kg in the present
one) and could enhance a possible negative effeétZé cell quota on AZA uptake by
mussels. Effectively, significant inhibitions ofetltlearance rate are mentionedMnedulis
C. gigasand Mya arenariaabove a threshold of cell toxicity witAlexandriumisolates
(Bricelj and Shumway, 1998). Generally, comparigonthe situation in the field is still
hampered by the lack of data én spinosuntoncentration and AZA cell quota of natural
populations. Nevertheless, the cell concentratmmesponds to bloom densities of a species
of Azadiniumin coastal Argentinian waters, where concentratiom 0.5 to 9 x 10cells L*
were observed (Akselman and Negri, 2012).

Concerning the effect of toxin cell quota, it haseb shown for mussels fed
Alexandriumspecies (PST producers) with high and low toxitligt toxin accumulation rate
was positively correlated to cell toxicity (Bricejnd Shumway, 1998). Furthermore, the
effect of toxic dinoflagellates on feeding activismd PSP accumulation is species-specific
(Bricelj and Shumway, 1998): insensitive organishk® mussels can accumulate large
amounts of toxins (Bricelj et al., 1990), whereasrensensitive organisms as oyster showed

feeding responses that reduce their toxin accumulgBardouil et al., 1996; Lassus et al.,
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1999; May et al., 2010). Based on maximal concéntraof AZA found in shellfish species
cultured in Ireland (between 2003 and 2010 analysethe Irish monitoring program using
LC-MS/MS), AZA accumulation seemed also to be smespecific and/. eduliswas found
to accumulate the largest concentration of AZA aghdhe different bivalve molluscs
monitored (Hess et al., 2003; Salas et al., 2011).

Furthermore, bivalve mollusc responses to toxiofiagellates are known to differ in
their CR. Several species showed reduction offilin rate (e.g. oyster and clams) whereas
others even increased their filtration rahd. (edulisand O. eduli§ (Shumway and Cucci,
1987), explaining the higher accumulation of toximsome species compared to others.

Based on literature, mussels were not suppose tsignificantly affected by toxic
dinoflagellates. However, our present results corgd previous experimental observations
(Jauffrais et al., 2012c) regards a negative efdé@&. spinosunon mussels. Consequently,
AZA accumulation was limited after a short time exposure toA. spinosunby a sharp
decrease in CR and FTA and an increase in pseugisgeoduction.

Interestingly, negative ingestion and absorptide veere measured on the last day of
the experiment. Negative TIR and AR are closelgtezl to absorption efficiency, a parameter
found to be negative when mussels were fed on sestdow quality, e.g, M. edulis
Aulacomya maorianaM. galloprovincialis and Perna canaliculus(Bayne et al., 1987;
Gardner, 2002; Helson and Gardner, 2007). Thisrgagen was linked to a high inorganic
content of seston that led to metabolic faecal;|bssvever, the seston used in our study
(toxic or not) had a high organic content and thluguld not negatively affect the absorption
efficiency.

These results confirmed our hypothesis and showndgative effect oA. spinosum
on feeding responses and a possible regulationZ# Aptake by decreasing filtration and
increasing pseudofaeces production. It is also mapbto note that no significant differences
were observed in faeces production, even thougandRAR were lower with the second and
toxic diet. An explanation might be that the expwmnt was not long enough to observe
differences in faeces production.

Thus, bioactive compounds, either AZAs or otheglathemical substances produced
by A. spinosunctould explain the differences in absorption rateasured between the two
diets.

Contrarily to mussels fed PST producers,, Alexandriumspecies (Contreras et al.,
2012; Marsden and Shumway, 1992; Navarro and Qaistr@010; Navarro et al., 2008),
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spinosumhad a short term effect as only 6-12 hours weresegary to drastically reduce CR
and also a longer term effect, as over the expetirffedays) no recovery was observed.

Thus, from the present study we can conclude thasseis might reduce AZA
accumulation by lowering clearance rate and enhgneseudofaeces production. However, it
cannot be explained by the present experimente$diresponses are due to intracellular or
dissolved AZA or other allelochemical substances.

Another experimental observation was made duriegetkperiment; after daily water
change we found an increase in CR for three to feers when mussels were féd
spinosum(see Figure 59, day 5 and 6). This time might éeessary to reach a threshold of
dissolved AZA detectable by mussels. Such dissov&4s or bioactive compounds could
derive and accumulate from degrading cells (thecalysed cells and other detritus were
microscopically observed in pseudofaeces). Effetivqualitative analysis of mussel faeces
and pseudofaeces during the exposuré.tepinosumindicated thatA. spinosuncells are
egested under an ecdysed formNbyedulis(Figure 60a and b). Pseudofaeces presented the
largest concentration of intact cells, ecdysedscafid theca; however, most of them were
embedded in mucus. This was already shown for dthec dinoflagellates (Hegaret et al.,
2008) and the present study provides another itidicdhat relocation of bivalve molluscs
during a bloom ofA. spinosuntould be a vector for the transportAfspinosunto shellfish
grounds free of this toxic species.

These observations, the negative effecAofkpinosunon mussel feeding behaviour
and pseudofaeces production that can be potenliiallgd to a release of dissolved AZAs in
the water raised questions on the bioavailability affect of AZAs (dissolved or not) on
other aquatic organisms (e.g. bivalve larvae, glamkfish embryo). The phenomenon might
be of particular importance to the first stage aval development of aquatic organisms, as
AZAs were found to have a teratogenic effect aftecroinjection on Japanese medaka
(Oryzias latipey embryos (Colman et al., 2005). Further studiebigalve larvae should be
undertaken to investigate the effect on this group.

AZA accumulation of mussels fefl. spinosumwvas found to be a fast process since
the regulatory limit was reached in less than @hus confirming our previous results
(Jauffrais et al., 2012c; Salas et al., 2011).hie present study the accumulation increased
until 6 h and tended to stabilize to ~200 pg k§hese toxin contents in blue mussels were
within the range of what is frequently found in tlissh monitoring program (Salas et al.,
2011). However, mussels did not build up very Heyrels over the 4 days of exposureAto
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spinosum AZA concentration was found to be low comparedh® maximal concentration
found in Irish mussels (up to 8970 pgkgzA1-equiv).

To enhance AZA accumulation by mussels, a firsteexpent had already been carried out
with a 50/50A. spinosurfT-1so mixture (Jauffrais et al., 2012c) to reflect natwanditions.
Effectively, for some specig®.g.: Mya arenaria, Mercenaria mercenaria, C. gig&sxin
accumulation is influenced by the presence of maictmicroalgae in a mixed assemblage
which enhance or not feeding on toxic dinoflagelag.g., Alexandriunsp.) (Bardouil et al.,
1996; Bricelj and Shumway, 1998; Bricelj et al. 919 Similar to the mono-specific diet
made of A. spinosum AZA accumulation was also observed when mussetsew
simultaneously fed. spinosunmandlsochrysisaff. galbana(Jauffrais et al., 2012c). However,
AZA accumulation was neither enhanced nor decrebsethe toxic/non-toxic microalgal
assemblage. Nonetheless, a lower ratio of toxictogit microalgal assemblageg; <50/50)
might enhance CR and possibly AZA accumulation.

Consequently, to explain differences between haghnal AZA concentrations observed
in Irish mussels compared to the “low” concentmatfound in the present experiment other
possibilities have to be verified. It is suggedteat mussels which are periodically exposed to
A. spinosunblooms (which is the case for Irish mussels coeghdo French one) may have
developed mechanisms allowing them to digest theravalgae without adverse effects, thus
enhancing their ability to accumulate the toxin.sbbme ways they could have developed a
mechanism of adaptation to the toxins, a similgpdtiyesis was raised and confirmed for
mussels from different locations exposedAlexandriumtamarense(Shumway and Cucci,
1987).

Another possibility could be a more complex tropimteraction.A. spinosums now
known to be a potential prey for other heterotropplankton such a#rotoperidinium
crassiper Favella ehrenbergi(Krock et al., 2009; Tillmann et al., 2009). Ittieen possible
to imagine an AZA biomagnification through the foedb allowing for a faster accumulation
by mussel than observed in this study. Neverthetasdimited amount of time necessary for
mussels to reduce its AZA accumulation, by moduyits feeding activity, was sufficient to
reach EU regulatory level. This rapid accumulatioin AZAs underlines difficulties in
monitoring toxins for sanitary purposes and theessity to predict and to traék spinosum
blooms.

Biotransformation of AZAl and -2 in mussels wasoaisund to be a fast process.
These results confirmed the two first feeding eikpents carried out during 24 h and over a

week of exposure téd. spinosumin both studies rapid bioconversion of AZAl ardinto
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AZA17, -19 was found, with AZA17 as the major biagersion product after exposureAo
spinosum(Jauffrais et al., 2012c; Salas et al., 2011thtnpresent study, AZA17 and -19 as
well as the group AZA7-10 were already found afldr of exposure, with a proportion of
AZA17 equal to that of AZA2. Bioconversion of AZA imussels has to be considered as a
fast process, and consequently AZA17 and -19 apentajor metabolites that should be taken
into account by official monitoring programs in tBéeJ.
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4. Short-term accumulation, biotransformation and t issue
distribution of dissolved azaspiracids in blue muss els

(Mytilus edulis) — A potential risk?

Article en préparation pour publication dans Toxicon: “Jauffrais, T., Kilcoyne, J.,
Herrenknecht, C., Truquet, P., Séchet, V., MilesQ.C Hess, P., 201X. Short-term
accumulation, biotransformation and tissue distidyu of dissolved azaspiracids in blue

mussels Mytilus edulig — A potential risk?”.

4.1. Résumé

Les azaspiracides (AZA) ont été découverts suitea @onsommation de moules
contaminées. La relation directe entre les contatiuins de moules avec des AZA et un petit
dinoflagellé toxique,Azadinium spinosuma été démontrée récemment. L'organisme ne
produit QU'AZAL et -2 tandis que les autres anaésyd’AZA trouvé dans les mollusques
bivalves sont formés dans ces coquillages. Cetteleétevalue si les moules peuvent
accumuler AZA1 et -2 sous forme dissoute, et compeaur profil toxinique ainsi que la
distribution des toxines dans les tissus de la sm@yec ceux de moules exposéed.a
spinosum pendant 24 h. Nous avons également évalué la bpidsside produire des
métabolites d’AZA1 en contaminant des moules, pehdgours, avec un extrait semi-purifié
d’AZA1.

Les moules ont été exposées a des AZA dissousaiekiut d’AZA1+2, a 7,5 et
0,75 pg d’AZA dissous t), & 7,5 ug d’AZA dissoust mélangés & une microalgue fourrage
(Isochrysis affinis galbang ou des cellules &. spinosumvivantes ou lysées a deux
concentrations différentes (1 x°16t 1 x 18 cell mL?). Les glandes digestives (GD), les
branchies et la chair restante (CR) des mouless&gwoa ces différents apports d’AZA ont
ensuite été disséquées et analyseées.

Les moules ont accumulé des AZA au-dela de la éiméiglementaire dans presque
toutes les conditions (exception : 0,75 pug d’AZAstius [Y). La distribution des AZA dans
les moules varie en fonction des conditions depapen AZA. Les branchies accumulent 42
a 46% et la GD 23 a 24% de la toxine lorsque leal@sosont exposées a des AZA dissous,
alors que, 3 a 12% de la toxine s’accumulent dassblanchies et 75 a 90% dans la GD

lorsque les moules sont exposées a des cellulestely dA. spinosumLa formation de
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métabolites dans les moules apres 4 jours d'exposivec de 'AZA1l semi-purifié a permis
I'obtention d’AZA17 (16,5%) et d’AZA3 (1,7%). Toulkas, les quantités de toxines produites
sont trop faibles pour justifier l'utilisation deette procédure a des fins d’isolement et de
production d’AZA17 et -3.

4.2. Abstract

Azaspiracid (AZA) poisoning in humans has been rggbfollowing consumption of
contaminated shellfish. The direct relation betweerssel contaminations and a small toxic
dinoflagellate Azadinium spinosuias been shown recently. The organism produceéslAZ
and -2 while AZA3 and other analogues are metaboladucts formed in shellfish. We
evaluated whether mussels are capable of accumyl&ZAl and -2 from the dissolved
phase, and compared their toxin profiles with thoseussels exposed . spinosumnafter
24 h of exposure. We also assessed the possibilifgroducing metabolites using semi-
purified AZA1 after 4 days of exposure.

Mussels were exposed to dissolved AZAs (AZAl+2 eruektract) at 7.5 and
0.75 pg L%, dissolved AZA (7.5 pgt) in combination withisochrysisaffinis galbang and
with lysed and liveA. spinosuncells at 1 x 10and 1 x 16cell mL*. Digestive glands (DG),
gills and remaining flesh (RF) were then disseeted analysed. Mussels accumulated AZA
under all conditions and were above the regulatoryt except at the lower levels of
dissolved AZAs. The mussel toxin profile was sigrahtly different between conditions. The
gills comprised 42-46% and the DG for 23-24% of tbacentration using dissolved AZAs,
whereas, 3-12% were in the gills and 75-90% inRi&when mussels were exposed to live
A. spinosumMetabolite formation through exposure of musselsemi-purified AZAl did
produce the metabolites AZA17 (16.5%) and AZA3 {&)7after 4 days of exposure.
However, levels produced were too low to justifyngssuch a procedure for purposes of

preparative isolation.

4.3. Key words

Dissolved marine biotoxins, AZA, tissue distributjobivalve molluscs, liquid

chromatography coupled to tandem mass spectrometry
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4.4. Introduction

Azaspiracid (AZA) shellfish poisoning (AZP) occudrdor the first time in the
Netherlands in November 1995. Contaminated mugbgltilus edulid cultivated in Ireland
(Killary Harbour) were consumed and intoxicatedeaist eight people (McMahon and Silke,
1996). Three years later the implicated toxin veestified, isolated, structurally defined and
named AZA, due to its unique spiro ring assembbtdie et al., 1998c).

Since the initial discovery, the structure has beemrected following its chemical
synthesis (Nicolaou et al., 2006a). AZAs have bieemd in Europe, Africa and more lately
in America and in Japan (Alvarez et al., 2010; Arerial., 2008; Furey et al., 2010; Klontz et
al., 2009; Magdalena et al., 2003a; Taleb et D62 Twiner et al., 2008; Ueoka et al., 2009),
indicating a worldwide phenomenon. More than 30 AZAalogs have been identified
((Rehmann et al., 2008)). Only AZAl1 and -2 wereually found in the primary producer
(Krock et al., 2009), and it is after 12 years edegarch that this organism has been isolated
and namedA. spinosunstrain 3D9 (Krock et al., 2008; Krock et al., 200%Imann et al.,
2009).A. spinosums a small dinoflagellate (12-16 pm length and17gdn width), isolated
from the North Sea, near the Scottish coast (Titimat al., 2009). Following its description,
the genusAzadiniumwas enlarged with a new straif, spinosunstrain SM2 isolated in
Ireland (Salas et al., 2011) and with other spede®besunknown not to produce AZAs
(Tillmann et al., 2010), and. poporumandA. cf. poporum(Potvin et al., 2012; Tillmann et
al., 2011). These last two species were recentigddo produce new AZAs, also observed in
Amphidoma languidaa species related #zadiniumspp., (Krock et al., 2012; Tillmann et
al., 2012). Interestingly, aA. cf spinosunmhas been observed and described in Argentina; the
authors reported a bloom (9.03 ¥ 1@lls L") in 1990, however no data on AZAs or reports
of intoxications were reported at that time (Aksainand Negri, 2012).

Since this discoveryi. spinosunstrain 3D9 has been cultured successfully forrtoxi
production in pilot-scale photobioreactors (Jaudfrat al., 2012b), however, the organism
only produces AZA1l and -2 while other analogues raetabolic products formed in the
shellfish (Krock et al., 2009; McCarron et al., QOEffectively, the first demonstration of
AZA accumulation in mussels after exposureAtospinosumwas made with strain SM2
which showed a quick biotransformation of AZAl t&AL7 (Salas et al., 2011). This fast
biotransformation was subsequently confirmed irargdr scale experiment, where AZA17
and -19 were formally identified as two major amgldhat should be regulated (Jauffrais et

al., 2012c). However, no purified toxins are yeaitable for these two analogues. Also, there
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is no sustainable way of producing AZA3, an alreadgulated degradation product of
AZA17, other than by complex organic synthesis.

Moreover, a major ecological question is the bidabdity of dissolved marine
biotoxins to marine organisms. Effectively, whemrhtul algal blooms degrade, they release
toxins into the dissolved phase (surrounding se@nvaStudies were carried out to evaluate
toxin accumulation or effects of dissolved toxinms early stages of development of aquatic
organisms (Colman et al., 2005; Korpinen et alQ&@.efebvre et al., 2005; Liu et al., 2007),
on planktonic species (Babica et al., 2007; Batgal.e2006), and on adult fish (Cazenave et
al., 2005). However, very little is known about thality of bivalve molluscs to accumulate
dissolved marine biotoxins (Liu et al., 2007; Naxec et al., 1991; Plakas et al., 2002).

Dissolved AZAs, found in waters on the Irish westast, raised questions on the
ability of mussels to accumulate dissolved AZissitu (Fux et al.,, 2009). Effectively,
transplanted mussels (free of AZAs) followed thensakinetics of adsorption as SPATT
(solid phase adsorption toxin tracking) discs bomtamination by remaining. spinosum
cells cannot be excluded. Furthermore, a recemys(@'Driscoll et al., 2011) on AZAl
biotransformation by mussels showed the abilitymfssels to accumulate dissolved AZA
when fed a commercial diet for bivalves. Howevenge tauthors only focused on
biotransformation pathways and did not quantify tiesolute concentrations of AZAs
accumulated in the mussel tissues thus leaving tiEeguestion of the ecological importance
of such phenomena. Consequently, the present stadydesigned to explore the potential
degree of accumulation of dissolved AZAs by musdelsietermine the differences in toxin
profile of mussel tissues and where AZAs accumula@tee second objective was to expose
mussels to a high concentration of dissolved AZ&agsess if this procedure of accumulation

was valuable as an vivo source of metabolites for isolation.

4. 5. Material and methods

4.5.1. Collection and maintenance of bivalves

Ifremer: Blue musselsN. edulig were collected from the West coast of France (Ré
Island) in April 2012, a place at that time knovwenkte free of known marine phycotoxins.
Mussels were transported to the aquarium facilitiesshed and subsequently cleaned of the
remaining epibionts. They were placed into two 28drated aquaria, filled with seawater

(35 salinity) and maintained at £16°C (room tempe®). The mussels were unfed for 5 days
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prior to the experiment to clean their digestiwectrof all lingering food. Their average size
was above commercial size (44 = 3 mm), with a Westhf weight of 1.87 + 0.21 g. Digestive
glands accounted for 25.5%, gills 11.7% and remgirflesh 62.8% of the total mussel
weight.

Marine Institute: Blue mussels were obtained from Kelly Shellfish,lcKigan
(Ireland), a place at that time known to be freekmbwn marine phycotoxins. They were
washed and subsequently cleaned of the remainiigoats and placed into 10 L aquarium
tanks containing pretreated aerated seawater. Mussee above commercial size, sea water
was changed daily and mussels were fed a commelietaior bivalves containintgochrysis

Pavlova TetraselmisandThalassiosira weissflog(iShellfish diet ® 1800, Reed Mariculture).

4.5.2. Phytoplankton

The Azadinium spinosuratrain 3D9 was the source of AZAl1 and -2 to stAdiAs
accumulation in mussels. The algae were produced stirred photobioreactor (100 L)
operated in chemostat mode at a flow rate of Oy?dander the same environmental
conditions as detailed in (Jauffrais et al., 2012b)

Isochrysisaff. galbana (CCAP 927/14, Tso), is a non-toxic micro-alga used in
aquaculture to feed farmed bivalve molluscs (Mattclet al., 2012b). This alga was chosen
as itis a small motile single cell slightly smaller thAnspinosumT-Iso was grown in 10 L
batch culture with the same environmental cond#i@s forA. spinosumpbut using /2
medium (Guillard, 1975; Guillard and Ryther, 1962).

Cell concentrations (cells.ri). were determined using a particle counter (Mulési3
Coulter counter, Beckman) and assessed 6 timéidifferent conditions using. spinosum
and Tiso.

4.5.3. Toxin isolation

Ifremer: Crude extract oA. spinosunwas used as the source of dissolved AZA1 and -
2. The toxin was collected from a 200 L cultwkeA. spinosummaintained in an aerated
300 L transparent cylindroconical tank and produogdwo 100 L stirred photobioreactors at
a flow rate of 0.2 day; Extraction was carried out using tangential fifiltvation, followed
by AZA adsorption onto HP-20 diaion resin (25 g)he sonicated algal concentrate (x 1 L).
Subsequently the resin was extracted using a gl@dasan with acetone (3 x 50mL), and the

extract evaporated and reconstituted in 10 mL othareol (Jauffrais et al., 2012b). This

229



Chapitre 4 — Transfert trophique

concentrated algal crude extract had a concentrafid10 + 6 pug mt with a proportion of
79% of AZA1 and 21% of AZA2.

Marine Institute: Semi-purified AZA1 was obtained from mussel tisgie edulig
collected in 2005 from Bruckless, Donegal, Ireléoitbwing the 6" step of a 7 step isolation

procedure as described in (Kilcoyne et al., 2012).

4.5.4. Experimental design

Ifremer: After acclimatisation to the laboratory conditioh80 mussels were placed in 10 L
aerated flat bottomed glass flasks (5 in each $)agitled with 8 L of sea water. Each condition
was composed of 3 flasks with 5 mussels and theselsisvere exposed to the conditions
presented in Table 31 for 24 h.

Table 31. Experimental conditions to which mussels were exposed for 24 h.

Algae AZAs extract  Total AZAs

Treatmerft ~ Species Form Cellmt Vol (mL) Conc (ug )

1 - - 0 0.541 7.5

2 - - 0 0.054 0.75

3 T-so Live 1x10 0.541 7.5

4 A. spinosum Live 1x10 . 7.5

5 A. spinosum Lysed 1x16 . 7.5

6 A. spinosum Live 1x1d . 0.75

7 A. spinosum Lysed 1x16 - 0.75
8 (control) - - 0 < 0

2 treatment in triplicat€é AZAL + AZA2 (76:24).°0.541 mL MeOH was added

Live and lysedA. spinosuncells were obtained from a culture in a bioreaetosteady state:
2.15x1G + 3x1C cell mL™* and an AZA cell quota of 75.4 + 0.8 fg.cklthe AZA proportion
was 76% of AZA1 and 24% of AZA2. The adequate cotregions were obtained by dilution
with sea water. For condition 5 and 7, 3 times &f lculture @. spinosumwere sonicated
(pulse mode, 30 min in ice, maximum amplitude, Biok Scientific, Vibra-cell 75115), and a
sample was checked to ensure total cellular lysis.

Marine Institute:Acclimatized mussels (3) were transferred intoLac®nical flask, containing
3 L of pretreated seawater, to which Shellfish @et800 and 100 pl of semi-purified AZA1

were added, to give a final concentration of 33 jtg.
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4.5.5. Extraction procedures

4.55.1. Reagents

Ifremer: Acetone and methanol were obtained as HPLC graldergs from JT Baker.
Milli-Q water for the HPLC mobile phase was supgliy a Milli-Q integral 3 system
(Millipore). Formic acid (Puriss quality) and amnmam formate (Purity for MS) were from
Sigma Aldrich. AZA1, -2 and -3 certified referenoaterials (CRMs) were obtained from the
NRC, Certified Reference Material Program (Halif&t§, Canada).

Marine Institute:All solvents (pestican grade) were purchased ftatmscan (Dublin,
Ireland). Ammonium formate (reagent grade) and foratid were purchased from Sigma
Aldrich (Steinheim, Germany). AZA1, -2 and -3 cketl reference materials (CRMs) were
obtained from the NRC, Certified Reference Matdfiadgram (Halifax, NS, Canada).

4.5.5.2. Azadinium spinosum

Triplicate samples of. spinosunwere takerfrom the harvesting tank prior to mussel
exposure and extracted according to (Jauffraid.ef@12a). Briefly, aliquots (10 mL) G&.
spinosumcultures were collected and centrifuged (260@°C, 20 min). The pellet was re-
suspended with 0.5 mL of acetongfMH (9/1, v/v), transferred to an Eppendorf tube and
sonicated. After sonication, the aliquot was cé&mgled. The supernatant was transferred into
a 5 mL glass tube and gently evaporated undergaitrcon a heating block (35°C). This
process was repeated three times in total. Aftaperation of supernatants, the residue was
reconstituted in 1 mL methanol filtered and anadiybg LC-MS/MS.

455.3. Mussel tissues

Ifremer: At the end of the 24 h exposure mussels were aptnallow mantle fluid to
drain, gills were carefully dissected with scisstig digestive gland was then separated from
the mussel tissues and subsequently the remaitesh fvas detached from the shell. The
different tissues from the five mussels of eachKlaere then drained for 5 min and placed in
a pre-weighed 50 mL centrifuge tube and weighedthéasure wet weight. They were then
labeled and stored at -80°C until extraction.

Prior to extraction, the tissues were thawed, mrethé@ mL) was added to each vial
and samples were extracted using a high-speed hemzey (Polytron PT1300D) at
15 000 rpm for 5 min. Samples were centrifuged 2004 for 5 min at 4°C, and the
supernatant was transferred into 20 mL volumetaskis. Another 9 mL of methanol was
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added to the remaining pellet and homogenized a@antrifugation was repeated at above
parameters, and supernatants were transferred tihosame 20 mL volumetric flasks.

Volumetric flasks were then made up to the markgisnethanol, extracts were filtered and
analyzed by LC-MS/MS (this extraction procedure wdapted according to (Villar-Gonzalez

et al., 2011) as explained in (Jauffrais et all22)) .

Marine Institute: After 4 days of exposure mussels were removed ftioentank,
opened allowing mantle fluid to drain, shucked amdighed. The mussel tissue was
transferred into a Waring blender and homogeniped. fmin. 1 g of the homogenized tissue
was weighed and extracted twice (Ultra turrax, IMAerke T25 at 11 000 rpm) for 1 min with
methanol (2 x 9 mL). Extracts were centrifuged $8 @) for 5 min and the supernatant
decanted into 25 mL volumetric flasks which wereught to volume with methanol.
Samples were filtered (Millipore PVDF, 0.45 um)gorio analysis by LC-MS/MS.

4.5.6. Solid phase extraction

The concentration of dissolved AZAs was determinegsing SPE Oasis HLB
cartridges, (3 cc, 100 mg). Cartridges were aciyatith methanol (5 mL) and washed with a
solution of water—methanol (9:1 v/v, 3 mL). The gden(5 mL) was loaded dropwise. Once
loaded, the cartridge was washed with a solutionvafer—methanol (9:1 v/v, 5 mL). The
sample was eluted with 5 mL of methanol into a glage and analyzed by LC-MS/MS

(Marine Institute).

4.5.7. LC-MS/MS analysis

Ifremer: The samples were analyzed by LC-MS/MS to quaii®As using a HPLC
(model UFLCxr, Shimadzu) coupled to a triple quadie mass spectrometer (API
4000Qtrap, Applied Biosystems). Separation and LEAMIS procedures were the same as
used in a previous experiment (Jauffrais et all22) and based on previous studies
(Rehmann et al., 2008). External calibration agai¥®A1l to -3 were used for quantification
using Analyst 1.5 software (Applied Biosystemsyuasing that all analogues had a similar
response factor as AZAl, except for AZA2 and -3 vdrich the respective standards were
used.

Marine Institute: Samples were analysed on a Waters 2695 LC coutded
Micromass triple-stage quadrupole Ultima operatednultiple reaction monitoring (MRM)
mode, with the following transitions monitored: AZM/z842.5-654.4 and 842.5672.4,
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AZA3 828.5-.640.4 and 828.5658.4, AZA17 872.5.640.5 and 872.5658.4. The cone
voltage was 60 V and the collision voltage was 4@h¢ cone and desolvation gas flows were
set at 100 and 800 L/h, respectively, and the sotamperature was 150 °C.

Binary gradient elution was used, with phase A timg of water and phase B of
95% acetonitrile in water (both containing 2 mM aomum formate and 50 mM formic
acid). Chromatography was performed with a Hypersil BDScGBImn (50 x 2.1 mm, 3 um,
with a 10 x 2.1 mm guard column of the same statipphase) (Thermo Scientific). The
gradient was from 30% B, to 90% B over 8 min ab(re.min*, held for 5 min, then held at
100% B at 0.4 mL.mit for 5 min, and returned to the initial conditicersd held for 4 min to
equilibrate the system. The injection volume wagl5and the column and sample

temperatures were 25°C and 6°C, respectively.

4.6. Results

4.6.1. AZA accumulation and distribution in blue mussels

In all toxic conditions, LC-MS/MS analyses showhkd presence of AZAs in the three
different mussel tissues dissected (digestive glgils and remaining flesh) after the 24 h
period of exposure. Effectively, almost all conaits resulted in AZA concentrations above
the regulatory limit (160 pg kB. The accumulation ranged from 241 to 763 pg, kgith the
exception of the second condition (dissolved AZASO&5 ug.[*) where the total AZA
concentration was equal to 95 pg'Kgable 32).

As expected, the highest concentrations were oddausing conditions with a high
concentration of AZAs (7.5 ugl). With exposure to the livA. spinosunresulting in the
highest accumulation (757 and 404 pug'kat 1x16 and 1x16cell mL* respectively)
compared with the other conditions tested (Table 32
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Table 32. AZA metabolite composition (%) for each tissue sample,? and total AZA concentrations” in mussel tissues (g kg'l).

Ti AZA metabolite profile (% of totd) by tissue Conc AZAs (ug kg)®
Issue AZAl AZA2 AZA3 AZA6 AZAT-8 AZAL17 AZA19 By Tissue Mssef
DG 55 20 2 0 0 19 4 458 + 91
Treatment 1 Gills 25 11 4 0 0 50 10 1931 + 64 530
RF 27 10 5 2 1 47 9 307 £ 25
DG 65 20 0 0 0 13 2 91 + 26
Treatment 2 Gills 39 14 3 0 0 37 7 368 £ 52 94
RF 43 13 0 0 1 38 7 45+ 1
DG 67 24 1 0 0 6 1 947 + 81
Treatment 3 Gills 25 9 4 0 1 50 12 498 + 147 557
RF 23 8 5 1 0 52 11 413 +31
DG 54 22 2 0 2 17 3 1910 + 414
Treatment 4 Gills 34 14 4 0 1 40 8 876 £58 694
RF 37 11 3 0 2 39 7 167 + 29
DG 67 21 1 0 1 9 1 1179 + 237
Treatment 5 Gills 38 13 4 0 0 38 7 771 +41 498
RF 43 12 3 0 1 35 6 172 £ 39
DG 60 23 1 0 1 12 2 1654 + 221
Treatment 6 Gills 41 14 3 0 0 35 6 147 £ 16 464
RF 52 14 0 0 0 32 2 41 +7
DG 72 21 1 0 0 6 1 802 +£119
Treatment 7 Gills 44 16 2 0 0 32 6 196 + 28 249
RF 57 15 0 0 0 28 0 35+1
Treatment 8 25 ] ] ] ] ] ] ] ] ]
(Control) RE ) i i ] i i ]

®Major metabolites3¥20%) are highlighted in grey; DG = Digestive glaRd:; = remaining flesh.
"Total AZAs = AZA1 + AZA2+ AZA3 + AZA6 + AZAT +AZA8+AZAL7 + AZA19

“Calculated from the tissue concentrations by assgmimussel composition of 25.5% DG, 11.7% gili&l 62.8% remaining flesh, by weight
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Interestingly, at the highekzadiniumconcentration, mussels only consumed 1/5 of
the total live A. spinosumcells (1x18cell mLY) over 24 h, whereas, at the lower
concentration (1xX0cell mL?), all cells were filtered in less than 5 h. Furthere, mussels

exposed to dissolved AZAs with [§e consumed 3/4 of the available alga (Figure 62).

1,000,000 g 100,000
4 \
T .

800,000 A ~ ®.80,000 _
= \ E
E 600,000 - ' - 60,000 g
g s
§ 400,000 - . - 40,000 8
|_I \'vo §

200,000 - - 20,000

‘\‘1\
0 & . . 0

0 5 10 15 20
Time (hours)

Figure 62. Concentration of T-Iso (Treatment 3 (#)) and A. spinosum (Treatments 4 (W) and 6 (A)) during

exposure to M. edulis.
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Differences in toxin distribution across tissuesavebserved between conditions at

either high or low toxin level (Figure 63).

Dissolved AZAs 7.5 pg.L?

ODG OGills B RF
Dissolved AZAs Dissolved AZAs
0.75pg.L! 7.5ug.L + T-Iso

46%

Live A. spinosum Lysed A. spinosum
100 000 cell.mL! 100 000 cell.mL*

(2

Live A. spinosum Lysed A. spinosum
10 000 cell.mL* 10 000 cell.mL?
3%

90% 82%

(2

Figure 63. AZA tissue distribution in mussels (digestive gland (DG), remaining flesh (RF) and gills) after 24 h of
exposure to dissolved AZAs, live A. spinosum or lysed A. spinosum at different concentrations.

The amount of toxin did not have a significant imipan AZA tissue distribution in
mussels. However, when the mussels were exposdisdolved AZAs, most of the toxins
were detected in the gills (42-46%) and in the nemg flesh (30-35%), whereas the
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digestive gland only accounted for 23 to 24% oftihtal AZAs accumulated by mussels. In
the case of condition 3, containing dissolved AZWspnon-toxic food, a 2-fold higher

concentration of AZA was observed in the digestisnd, compared to condition 1 (without
algae), even though the total amount absorbed rmissels tissues was virtually identical
(Table 32). A yet higher concentration in the digesgland was observed for condition 5
(with lysedAzadiniumcells). The highest concentrations were obsemetigestive glands of

mussels exposed to live spinosuntells. The same trend is observed when examitag t
percentages of toxin accumulated in digestive glaachpared to other tissues, with live

Azadiniumcells > lysed cells > dissolved plus non-toxidsel dissolved toxins.

120 120 120
(a), DG-C1 (b}, Gills-C1 (c), RF-C1
AZALT AZA1
80 A+ 80 A 20
S
= ZA19
3 60 - 60 - &0 4
E AZA3 AZA3
ES AZA19
a0 A 40 40 -
AZAZ
AZA17
20 ~ 20 ~ 20 N AZA2
O T T T O T O T T T
4 5 6 7 8 4 5 6 7 8 4 5 6 7 8
120 120 120
(d), DG-C4 (e), Gills-C4 (), RF-C4
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Figure 64. LC-MS/MS chromatograms (method A) of mussel tissues: (a) DG, (b) Gills, and (c) RF after mussel
exposure to dissolved AZAs (7.5 ug mL'l) (Treatment 1); and (d) DG, (e) Gills, and (f) after mussel exposure to

live A. spinosum cells (1x10° cell mL™) (Treatment 4).

4.6.2. AZA biotransformations

In most cases, toxin profiles contained AZA1-3, AZ8, AZA17 and -19 (Table 32,
Figure 64), and for all tissues AZA3, AZA7-8 and A represented a proportion below

20%.
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Considering the toxin profile of each tissue a#térh of exposure to all conditions, the
digestive gland always had AZA1l and -2 as major A4A20%), whereas in the gills and
remaining flesh the main AZAs were AZA1l and -17thwihe proportion of AZA17 often
greater or comparable to AZAl (Figure 65). As f&Ad and -17, in these two tissues (gills
and RF) the proportion of AZA2 and -19 were alsuikir.

R1(C3) R2(C8) R3(C22) R4(C23) [M+H]miz

Azaspiracid-1 H H CH, H 842.5
Azaspiracid-2 H CH; CH, H 856.5
Azaspiracid-3 H H H H 828.5
Azaspiracid-6 H CH H H 842.5
Azaspiracid-7 OH H CH H 858.5
Azaspiracid-8 H H CH OH 858.5
Azaspiracid-17 H H CeH H 8725
Azaspiracid-19 H CHl COH H 886.5

Figure 65. Azaspiracid (AZA) structures and mass-to-charge ratios (m/z) for the molecular ions [M + H]" detected in

A. spinosum and in mussels (M. edulis). Toxins found in A. spinosum are shown in bold text.

The second objective was to evaluate the feasilitit produce AZA metabolites,
using mussels exposed to dissolved semi-purifieddBZThe AZA mass balance of this
experiment (Table 33) showed an AZA recovery of 6@%h AZAL1l accounting for 37%,
AZA17 for 19% and AZA3 for 4%. AZAs found in mussedfter four days of exposure to
AZA1 represented 29% of the initial amount of AZAgth AZA17 comprising the biggest

proportion. At this high level of exposure to AZA33 ug.L"), a release of AZA3 into the
water was observed.
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Table 33. AZA mass balance (ug) after exposure of mussels to semi-purified AZA1

Amount (ug) o
0
AZAl AZA17 AZA3 Total AZAs

Dissolved AZA (day 0) 98.4 - - 98.4 100
Dissolved AZA (day 1) 55.1 1.0 1.1 57.2 58.1
Dissolved AZA (day 2.5) 37.8 1.7 1.7 41.2 41.9
Dissolved AZA (day 4) 26.3 2.3 2.0 30.6 31.1
Mussels 10.3 16.8 1.6 28.7 29.2
Total recovered 36.6 19.1 3.6 59.3 60.3

4.7. Discussion

Dissolved AZAs as well as other lipophilic toxinene found in water using passive
samplers on the West coast of Ireland (Fux et 2009), raising questions on the
bioavailability of dissolved AZAs to shellfish other aquatic organisms. Unfortunately, the
passive sampling method used in that study wastgine and could not estimate actual
AZA concentrations in sea water. In the presendystwo levels of cellular concentrations
were investigated. These conditions would corredpona bloom of 1x10cell mL* of A.
spinosumand a more probable scenario of a bloom of 1x#0 mL* of A. spinosumas
reported in Argentina (Akselman and Negri, 2012)wdver, very little data are available on
the cell quota oA. spinosumn situ. Thus, we used a cellular quota currently obtaiinech
A. spinosunculture, however, these results are only indieaind used to evaluate, where
AZA uptake or accumulation occur, whether dissol&fAAs released during decaying
blooms ofA. spinosuntould be relevant to the shellfish industry orypdarole in ecological
interactions with other aquatic organisms.

Thus, mussels were exposed to AZAs by oral ingestioA. spinosuncells and to
dissolved AZAs by immersion as possible ways oftamination.

Results indicated that AZA accumulation in musses as for liveA. spinosum
(Jauffrais et al., 2012c; Salas et al., 2011) ptsssible using dissolved AZAs only, dissolved
AZAs with a non—toxic alga, and using lys@dspinosuntells. To our knowledge, this study
is the first experiment that quantitatively assedbe direct accumulation of dissolved AZAs
by mussels without any source of food.

When AZAs were dissolved most of the toxin was fbim gills and remaining flesh,

whereas the toxin was mainly found in the digestilaad when it was within th&. spinosum
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cells (Figure 63). This last result confirmed poas AZA profile distribution found in mussel
in similar condition (73% DG, 8% gills and 19% RFR(ffrais et al., 2012c))

In addition to the digestive uptake route previgushown (Jauffrais et al., 2012c;
Salas et al., 2011), an uptake from the dissolVes@ through the gills should be considered
as a plausible route of accumulation. These obsensmhave also been shown with fish
exposed to microcystin-RR (Cazenave et al., 200&thermore, analogue ratios found in the
present study suggest that AZA transformationsilis gre faster than in digestive gland
(Figure 64). However, no data is available on tiem®f AZAs across mussel tissues.
Consequently, further studies using different orgias, e.g. fish, could facilitate to confirm
whether AZA uptake through the gills during vertitda and filtration processes leads to
systemic distribution of AZAs.

A similar experiment was performed to study AZA dwmaversion in mussels,
however, mussels were solely exposed to dissoli28sAin combination with a non-toxic
microalgal diet (O'Driscoll et al., 2011). Thesethmus also observed larger AZA
accumulation in gills and remaining tissues thadigestive glands; nonetheless, it is difficult
to compare further due to the absence of quamiétatata and differences in experimental
design. Also, these authors found an unusual tpxafile (i.e. a large amount of AZA3),
compared to the literature (Fux et al., 2009; Jaidfet al., 2012c; McCarron et al., 2009;
Salas et al., 2011).

Toxin profiles of dissected tissues were also diffé (Table 32 and Figure 64). In the
digestive glands the two major toxins were AZA1l addwhereas in the gills and remaining
flesh they were AZA17 and -1. Furthermore, thesgalhd the remaining flesh always showed
a higher proportion of AZAl1 and -2 metabolites camga to the digestive glands. This
confirms previous results (Jauffrais et al., 201&¢)l raised questions about the role of the
different mussel tissues in AZA biotransformation.

Concerning the production of metabolites via expesaf mussels to dissolved semi-
purified AZA1, only 17% of the original AZA1 sampleas converted to AZA17. Combined
with the fact that the mussels have a limited gbildb accumulate these toxins under such
conditions would render such means for producinificsently contaminated material for
isolation purposes inefficient.

Additionally, a significant proportion (40%) of tox was not accounted for,
suggesting additional, unknown transformation psses occurring within the shellfish.
Following the 4 day exposure period, low levels2¢6 of the original AZAl added to the
tank) of both AZA17 and AZA3 were detected in teawater, suggesting that, once excreted
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by the shellfish, these toxins can then be tranedointo the surrounding agueous

environments.

4.8. Conclusions

The present study shows that dissolved AZAs wepauailable for mussels and that
AZA accumulation may reach concentrations aboverégilatory limit. Differences were
observed in the distribution of toxins in the sh&fl which depended on whether the shellfish
were exposed to dissolved AZAs or to live or lygedspinosumFurthermore, the different
AZA profiles between tissues indicate that AZA Wgtabccurs in the digestive gland during
feeding or through the gills during respiratory dilation activities. This last observation
raises questions on the mechanisms involved irugitake of AZAs through the gills and
about the potential for subsequent re-distributeather organs.

The dissolved AZA bioavailability shown for musselso raises questions regards
possible effects on other aquatic organisms.

The feeding of mussels with semi-pure AZA1 resuliedhe formation of AZA17
(17%), however, 40% of the original AZA1 was unagatied for at the end of the exposure
period. Hence, further studies should investigassés and the existence of yet unknown
metabolic transformations.

Further work will need to be performed to determiwbat other factors are
influencing the ability of mussels to accumulatérexely high levels of toxin in the field,
which so far cannot be reproduced in the laboratémyparticular, ongoing research is

investigating the hypothesis of uptake from différerganisms predating gxzadinium
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Cette thése présentait trois obsjectifs : (1) laendu point d’une procédure d’analyse
des azaspiracides (AZA) et le développement deddyttion d’AZA a une échelle pilote a
partir de la culture en continu Al' spinosum (2) I'étude de l'influence des facteurs
environnementaux et nutritionnels sur la croissatda production toxinique A. spinosum
(3) une fois la culture &. spinosummaitrisée, I'étude de I'accumulation, de la détizeifion
et de la biotransformation des AZA par les moutssuytilisant différentes approches.

Les résultats des travaux réalisés et corresporala@s objectifs ont été présentés
dans trois chapitres. Le premier a porté sur leeld@pement et la validation de méthodes
d’analyse et de productions des AZA, le secondl'segophysiologie dA. spinosumet le

dernier sur les interactions enkespinosumles AZA et la moule.

Analyse et production d’AZA

Les résultats obtenus dans ce chapitre souligneémpdrtance d'étudier
consciencieusement la préparation des échantilleasprocédures d'extraction, le choix du
solvant d’extraction et de solubilisation des étitlans et les effets de matrice lors du
développement d’une méthode d’analyse.

Sur la base des résultats de cette étude, leschn@s2suivantes sont recommandées
pour I'analyse d'AZA-1 et -2 a partir de culturéa.dspinosum

e Séparer immeédiatement les cellules du milieu deucelpar centrifugation aprés
prélevement de I'échantillon.

» Extraire les AZA avec de l'acétone ou de I'acétdajtl'acétone semble étre le solvant
le plus approprié, car il réduit a la fois la fotioa d’artefact d’extraction et est facile

a utiliser (évaporation aisée et faible toxiciteg méthanol est inapproprié pour

I'extraction des AZA a partir &. spinosumen raison de la formation d’artefacts

d’extraction (méthyle-esters d’AZA1 et -2).

 Deux a trois extractions successives a l'acétond pooposees pour assurer un
rendement d'extraction optimal.

Il n'a pas été observé d'effets de matrice sigaiifis lors de I'analyse CL-SM/SM
apres extraction a l'acétone ou au MeOH dans leditbons testées.

En outre, les expériences réalisées afin de cordpraat d’expliquer la formation et la
structure des analogues d’AZA méthylés ont con@llegt description de deux méthyle-esters
d’AZA et a la correction de la structure chimiquesdZA29 a 32.
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La seconde partie de ce chapitre a démontré labiiéiteé d’'une production durable
d’AZAl et -2 a partir de la culture en continuAd’ spinosum En effet, lorsque deux
photobioréacteurs sont connectés en série, leeentrations cellulaires atteignent 190 % 10
et 210 x 18 cell mL* & I'état stationnaire, dans les bioréacteurs 2, eespectivement. Le
quota cellulaire d’AZA diminue lorsque le taux diution augmente de 0,15 & 0,3 jdur
avec une production toxinique optimale & 0,25 joukprés optimisation, les procédures
d’extraction en phase solide ont permis la récumgrale 79 £ 9% des AZA.

A partir des extraits 4. spinosumainsi obtenus, la procédure d'isolement
précédemment développée sur des glandes digestivaesoules a été optimisée et adaptée
pour isoler les AZA, de telle sorte que seulememhtip étapes de purification ont été
nécessaires pour obtenir de 'AZA1 et -2 purifi&s rendement de purification de plus de
70% a été atteint et cette procédure a permisldish3 mg d’AZAl et 2,2 mg d’'AZA2 a
partir de 1200 L de culture avec une pureté supéria 95%.

Ces résultats laissent envisager la possibilitéédendre a la demande accrue en AZA
des organismes de surveillance, pour l'analyse icjien (CL-SM/SM) des phycotoxines
marines dans les produits de la mer. Par ailleupossibilité d’obtenir AZALl et -2, a partir de
culture dA. spinosumva permettre la réalisation de nouveaux testsogitologie, pour
mieux apprécier les effets de ce groupe de toxdne$homme et éventuellement comprendre
leur mécanisme d’action. Cependant, la productié& A a partir d’A. spinosumme permet
pas la production des métabolites d’AZA formés dmssmoules (ex : AZA3 et -17). La
production de ces analogues reste encore, jusgésgim, a développer.

Cette seconde études a aussi permis d’'isoler deehlesi molécules affiliées aux AZA
(précurseur biosynthétiques ?) daasspinosunet la phase aqueuse qui I'entoure (de masse
716 et 816 Da). Cette quantité de toxine va perme déterminer la structure chimique de

nouvelles toxines affiliées aux AZA et d’évaluanddoxicité.

Ecophysiologie d’ Azadinium spinosum

Ces premiers travaux, portant sur [|'‘écophysiolodid. spinosum visaient a
comprendre l'effet des facteurs environnementauruéttionnels sur la croissance de cet
organisme et sur la production de toxines en altdureur but était améliorer nos
connaissances sur I'écophysiologiéddspinosunet de permettre la production d’AZA1 et -2

a partir de cultures en continuAd’ spinosum De plus elles ont donné de premieres
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informations sur les facteurs qui pourraient aveine incidence sur d’éventuelles
efflorescences &. spinosunet sur leur concentration toxinique.

A. spinosunest capable de se développer dans un large éwéatednditions, de 30 a
40 psu, de 10 a 26°C, a différentes intensités rileoses et avec ou sans aération. Cet
organisme présente un taux de croissance optimalkmre a 35 psu, dans un éventail de
température allant de 18 a 22°C et avec aération.

Par contre, le quota cellulaire en AZA est sigmaificement augmenté a de basses
températures (a 10°C multiplication par 20 du qumdHulaire en AZA par rapport a des
températures situées entre 18 et 26°C), et a undreodegré une forte intensité lumineuse et
I'aération du milieu de culture augmente égalenequota en AZA des cellules.

Le taux de croissance Al' spinosumet sa production toxinique se sont avérés étre
similaires les milieux testés. Cependant, lorsguailieu présente une faible concentration en
milieu K modifié (0.1Kmod) le quota en AZA des eddls est augementé, alors qu'a une
concentration plus élevée (0.5Kmod, 1Kmod, 2Kmaaltdux de croissance ainsi que la
concentration cellulaire maximale sont améliorés.

Cependant, des études complémentaires, utilisast pliens d’expériences, sont
nécessaires pour déterminer I'optimum : de crossamle concentration cellulaire et de
production d’AZA dA. spinosum De plus, la capacité de cette espéce de micreaigu
supporter les conditions de culture, appliguéesudture continue, permettra d'étudier l'effet
des carences de divers nutriments sur la compodimchimique des cellules, afin d'essayer

de mieux appréhender la toxinogenese des azasjgisagan#\. spinosum

Transfert trophique

Les études réalisées dans le cadre de ce chapitpeonis, dans un premier temps la
mise en évidence du lien existant entre la présetiée spinosumdans le milieu et
'accumulation d’AZA dans les moules. Une fois denl établi, plusieurs études ont été
menées pour approfondir les relations existantes Anspinosumles AZA et les mollusques
bivalves.

Une premiere a permis d'évaluer I'accumulationetdmprendre les mécanismes de
biotransformation des AZA1 et -2 dans les moulesrne@s avedA. spinosumbDans les trois
conditions testées (trois densité cellulaires diffiées d’A.spinosum 30 000, 10 00QCet
5 000 cell mY), les moules ont accumulé des AZA. Les toxines dingiggale (AZA1 et -

2), ainsi que leurs métabolites (AZA3 a 12, -1B,-P1 et -23) ont été détectés au cours de
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cette expérience. Au bout de seulement 6 h de wométion, la concentration en AZA dans
les moules dépassait déja la limite réglementaireenne, et les métabolites représentaient
environ 25% de la teneur totale en AZA. Cette prbpo de meétabolites a continué a
augmenter et représentait plus de 50% des AZA presgans les moules, apres 24 h de
contamination, et ce jusqu'a la fin de I'étude.

Parmi les métabolites détectés dans les moules,1&Z& -19 ont été les composés
majoritairement présents, leurs concentrations véfes dans les moules pouvant étre
équivalentes a celles d’AZA1 et -2 respectivem®ar conséquent, ces analogues doivent
étre considérés comme des métabolites pouvantteffiec santé humaine, soit directement,
soit indirectement, par l'intermédiaire d’AZA3 & aprés leur conversion en ces CoOmposeés,
lors de la cuisson. Il est donc nécessaire de réaaieglementation sur I'analyse des AZA
dans les mollusques bivalves, car celle-ci estedletment basée sur leur dosage dans des
organismes crus, par LC-MS/MS, et ne prend unigunéee compte qu’'AZAl, -2 et -3.

Pendant cette étude, les moules nourries @espinosunmont présenté une légere
augmentation de leur mortalité, par rapport aux leetemoin, ainsi qu'une diminution de
I'épaisseur des tubules des glandes digestives netralentissement significatif de
I'accumulation en toxine aprées six heures de coimation.

Pour étudier les effets Al spinosunsur le comportement alimentaire des moules, afin
d’expliguer ces observations, I|'évaluation de iVitét alimentaire, du taux de filtration,
d’ingestion et d’absorption a été effectuée surmesiles soumises a un régime alimentaire
toxique @. spinosumou a un régime alimentaire non-toxique. Les téssilobtenus montrent
un effet négatif dA. spinosunsur l'activité alimentaire des moules et indiquemt éventuelle
régulation de l'accumulation des AZA par une dirtioou du taux de filtration et une
augmentation de la production de pseudofaecesff&n jgar rapport au régime non-toxique,
le taux de filtration a été divisé par 6, le terdfactivité alimentaire par 5, le taux d’ingestion
par 3 et le taux d'absorption a méme atteint ddguva négatives le dernier jour de
contamination. Toutefois, en cohérence avec ladol@ate étude une accumulation rapide en
AZA a été observée pendant les premieres heuréexgerience et moins de 6 h ont suffit
pour dépasser la limite reglementaire.

Une derniére étude, concernant la sécurité alintenda@s consommateurs, a évalué si
les moules peuvent accumuler AZA1 et -2 sous faliegoute, et compare le profil toxinique
ainsi que la distribution des toxines dans leusisge la moule avec ceux de moules exposées
a A. spinosumCette étude montre que les AZA dissous sont pmiiibles pour les moules

et que leur accumulation peut permettre d’atteimtr® concentrations supérieures a la limite
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réglementaire. Cependant, des différences ont litéreées dans la distribution des toxines
dans les coquillages. La distribution des AZA dexssdifférents tissus de la moule indiquent
que l'accumulation des AZA se produit dans la gtaddyestive, lors de I'absorption de
cellules dA. spinosunvivantes ou a travers les branchies lorsque lemdsxsont dissoutes
dans la phase aqueuse. Cette derniére observatitéve des questions sur les mécanismes
impliqués dans l'absorption des AZA a travers lesnbhies et sur le potentiel de re-
distribution ultérieure des toxines dans les autreganes. La biodisponibilité des AZA
dissous, montrée pour les moules, souléve égaletiesmuestions quant aux effets possibles
des AZA sur d’autres organismes aquatiques, encpker lors des phases larvaires, pour
lesquelles ou la sensibilité aux contaminants estue.

Ces difféerentes études ont souligné la complexies dacteurs qui régissent
'accumulation, la biotransformation et la détos#fiion des phycotoxines dans les
mollusques bivalves. Il apparait maintenant nécdessiétudier I'effet dA. spinosumsur
'accumulation d’AZA et sur les réponses physiotpgis des mollusques bivalves filtreurs
d’intérét éeconomique (moules, huitres, coquille;iSdacques). Les huitres et les coquilles
Saint Jacques n’ont fait I'objet d’aucune étudecdiamulation et de détoxification d’AZA,
elles sont donc a privilégier pour essayer de cengre les différentes accumulations
observéedn situ chez ces différents mollusques bivalves et dexesiquer par des variations
possibles de leur comportement alimentaire.

L’effet d’A. spinosunsur I'activité alimentaire des moules reste aasapprofondir,
est-ce la toxine en elle-méme qui est responsabla baisse de l'activité alimentaire ou est-
ce un autre composé ? Des comparaisons avec udeeaspn toxique é&zadiniumet avec de

la toxine pure encapsulée sont a réaliser pouiréiclees aspects.

Cette thése a permis a quelques scientifiques dranignpliqués dans ce projet
d’étudier un organisme provenant d'un pays voildande. Jusque-la les AZA n'ont été
observés qu’aux franges des coétes francaises noéiteape (au large de I'lle de Sein (huitre)
et des cbtes du nord de la Bretagne (pétoncldsdk a de faibles concentrations. Toutefois,
ce travail prépare les organismes de surveillangecéis a d'éventuelles apparitionAd’
spinosum Les conditions propices a la croissancA. dpinosumexistent sur les cétes de
France métropolitaine. Ainsi, le risque d’une idotion de cet organisme par les eaux de
ballastes des navires est avéré. De plus les érsmsde mollusques bivalves vivants entre

I'lrlande et la France sont fréquents, et ces mnsglies (huitres) sont affinés dans les eaux
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francaises, ce qui accroit le risque de contaminales eaux francaises garspinosumbDes
études plus approfondies seront nécessaires paemdéer si les cellules A. spinosum
retrouvées dans les féces des mollusques étudiésuasi de cette étude sont capables de se
développer, une fois remises en culture. Il estdoportant de déterminer si ce risque, avéré
pour d’autres especes de dinoflagellés, I'est qamsiA. spinosum

Un autre fait important est la petite tailleAdSpinosum(7-12um). En effet, la
découverte de nouveaux organismes toxiques a teadaétre liée a I'étude du nanoplancton
(<20um) et des microalgues benthigu&sspinosunappartient au nanoplancton et de ce fait
peut étre considéré comme un organisme caractrestiCes petits organismes sont donc
difficilement identifiables au microscope optiqudear gestion va requérir le développement
et la mise au point de nouvelles méthodes de dlavee (sonde biomoléculaire, analyse
chimique)
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Exposure from eating a
=th

Maximum concentration

Current EU . 400 g portion at the 95 Correspond |, .
. P _ Exposure by eating a . . in shellfish meat to avoid .
Toxin limits in shellfish . percentile of the ing dose for ) . Ratio
400 g portion at the EU s _ ARID exceeding the ARfD, when
group meat limit © concentrations in samples a 60 kg eating a 4002 portion B/A
(A) currently on the EU adult g (B)g P
market

OA and 160 ng OA eq./kg 64 ng OA eq./person 96 ng OA eq./person 0.3 ug OA 18 ug OA

analogues SM®@ (1 ng OA eq./kgb.w.) (1.6 ng OA eq./kg b.w). eq./kg b.w. eq./person 45 ng OA eq/kg SM 0.28
160 ng AZA 64 ng AZA1 eq./person 16 ug AZA1 eq./person 0.2 ng AZA1 12 pg AZA1L 7A ,
AZA eq.“/kg SM (1 pg AZAl eq/kgbw.) (0.3 pg AZA1 eq/kg b.w.) eq./kg b.w eq./person 30ug I eq/kg SM 0.19
160 ng OA eq./kg 64 ng PTX2/person 32 ug PTX2/person 0.8 ugPTX2 48 ugPTX2 . -
PTX SM® (1 ng PTX2 eq./kgb.w.) (0.5 ng PTX2 eq./kg b.w.) eq./kg b.w eq./person 120 ng PTX2 eq./kg SM 0.75
320 ug YTX eq./person (IT)
400 pg YTX eq./person (5.3 ug YIX eq./kg b.w.) - 1500 pg
YTX ImgYTX eq/kg 4 7 0 vTX eq/ke 125 ng YTX eq./person 25 ug YIX YTX 3.75 mg YTX eq./kg SM 3.75
SM ) - eq./kg b.w -
b.w.) (NO) eq./person
(2.1 ng YIX eq./kg b.w.)
. 800 ng PSP/kg 320 ng STX eq./person <260 ng STX eq./person 0.5 ng STX 30 ug STX - . A
STX sM® (5.3 ug STX eq./kgbw.) (<43 ug STX eq./kgb.w.) eq./kg b.w eq./person 75 ng STX eq/kg SM 0.09
8 mg DA“/person @
1 mg DA*/person 30 ng 1.8 mg @
2 <o SV c ;

DA 20 mg DA/kg SM (130 ug DA/kg b.w) (17 g DA/kg b.w) DAWkebw  DA@/person 4.5 mg DA*/kg SM 0.23

SM: shellfish meat; eq.: equivalents; b.w.: body weight; ARfD: acute reference dose; PSP: paralytic shellfish poison; EU: European Union; IT: Italy; NO: Norway; OA: okadaic acid; PTX:
pectenotoxin; YTX: yessotoxin; STX: saxitoxin; DA: domoic acid.
(a): For OA, dinophysistoxins and PTX, current regulation specifies a combination; however the CONTAM Panel concluded that PTX should be considered separately.
(b): In the Commission Regulation (EC) No 853/2004 a limit value of 800 pg PSP/kg SM is given. In the EFSA opinion, the CONTAM Panel adopted this figure as being expressed as g STX
equivalents/kg SM.
(c): The CONTAM Panel assumed that AZA equivalent should refer to AZA1 equivalents.
(d): Applies to the sum of DA and epi-DA.

Annexe 1. Seuils sanitaires européens actuellement en vigueurs pour les phycotoxines réglementés dans les fruits de mer, les ARfDs (acute reference dose = DMENO, dose

minimale avec effet nocifs observés) fixés par 'EFSA, et les concentrations correspondantes dans la chair des coquillages.
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Annexe 2. LC-MS chromatograms and targeted high resolution MS/MS spectra, obtained with an Agilent 6540

QTOF, for AZA2 and derivatives: (a) AZA2; (b) AZA2 methyl ester in an A. spinosum extract; (c) semi-synthetic

AZA2 methyl ester produced from AZA2 via derivatization with diazomethane, and; (d) AZA32 obtained from long-

term storage of AZA2 in MeOH
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Annexe 3. Structure and m/z for [M + H]" ions of AZA2, AZA2 methyl ketal, AZA2 methyl ester, AZA2 bismethyl

ketal ester and MS/MS fragmentation with indicated groups

lon AZA2 AZA2 methyl esterl AZA2 methyl ester] AZA32
(artefact) (semi-synthetic)

[MH] ™ Formula GeH7NOy," CygH7eNO;" CygH7eNO;" CagHzeNOy,"

mz (A) 856.5219 (1.57) 870.5363 (0.11) 870.5317 (5.17) | 70.8326 (4.14)
[MH-ROH]* | Formula GeH:NOy,* CagH7:NO,* CagH7:NO,* CacH7NO,,*
(Fragment 1) | miz(A) 838.5106 (0.72) 852.5241 (1.81) 852.5241 (0.3) 8.8B01 (0.12)
Fragment 2 Formula dHsNOG" CagHscNOG* CagHscNOg* CagHsNOg"
(RDA 1) mz (A) 672.4128 (3.27) 672.4111 (0.74) 672.4111 (0.74) | 72.4086 (2.97)
Fragment 3* Formula §H.NOg" CyH4NOg" CyH4NOg" CyHaeNOg"

Mz (A) 530.3419 (10.8) 530.3456 (3.77) 530.3476 (0.00) | 30.3413 (11.9)
Fragment 4 Formula £H:NOs" Cy7H,:NO:" Cy7H:NO:" Co7H4sNOs"

mz (A) 462.3228 (3.03) 462.3234 (4.33) 462.3217 (0.65) | 62.3191 (4.97)
Fragment 5 Formula SHaNO;" C,H3:NO;" C,H3:NO;" C,,H3NO;"
(RDA 2) mz (A) 362.2680 (2.76) 362.2705 (4.14) 362.2689 (0.28) | (9.94)

*The abundance of the 530 ion was very low, exjtgithe somewhat higher mass errors for this

group

Annexe 4 High resolution LC-MS and LC-MS/MS data (measured m/z and A (ppm)) for AZA2, its methyl ester
(extraction artefact from A. spinosum, and semi-synthetic), and AZA32 (AZA2 methyl ketal). Fragment ions

correspond to Fig. S2
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Annexe 5. Gradient elution LC-MS(/MS) analysis of a sample containing AZA1, AZA30 and AZA1 methyl ester:
(a) negative ion SIM mode ([M-H] of 840.5, 854.5, 868.5) showing AZA1 and AZ30, while AZA1 methyl ester is
not detected; (b) positive ion MRM mode ([M+H]" of 842—672, 856—672, 1032—672, 1046—672) showing
AZA1l, AZA30 and AZA1 methyl ester (AZA1X), and; (c) the same sample following ADAM derivatization, showing
successful derivatization of AZA1 and AZA30 as their (9-anthryl)methyl esters, whereas AZA1 methyl ester is
unaffected (because it is already esterified, and so is unable to react)
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Annexe 6. AZA1 methyl ester spectrum previously reported by Krock et al. obtained through extraction of A.
spinosum and analysed with an AP14000 Qtrap (CUR: 10 psi, CAD: Medium, IS: 5500 V, TEM: 0, GS1: 10, GS2:

0, DP: 100, CES: 0, CE: 70 V)
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Annexe 7. Effect of residence time in a sampling tube on A. spinosum, prior to extraction, on the

measured intracellular and extracellular azaspiracid content
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Annexe 8. a-d Different phases of A. spinosum dehiscence, b-c, protoplast extrusion from the theca

Annexe 9. '"H NMR spectrum of AZA1 following purification from A. spinosum
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Block NaNG; NH.CI Urea vl . Cmax . AZAs .
(M) M) (M) (day”) (cell mL™) (fg cell”)
1 882 50 50 0.336 100100 11.15
1 50 0 0 0.397 95050 17.23
1 1714 0 0 0.4 93183 11.02
1 50 100 0 0.279 98783 10.06
1 1714 100 0 0.246 92033 11.71
1 50 0 100 0.392 95750 11.81
1 1714 0 100 0.405 95617 12.93
1 50 100 100 0.27 102100 11.88
1 882 50 50 0.327 99350 17.49
1 1714 100 100 0.253 92050 17.74
1 50 50 50 0.316 97650 20.67
1 1714 50 50 0.342 96183 21.57
1 882 0 50 0.38 89450 21.96
1 882 100 50 0.254 95050 16.69
1 882 50 0 0.331 92800 20.65
1 882 50 100 0.332 98867 17.19
1 882 50 50 0.347 100700 16.42
2 882 50 50 0.353 101700 16.2
2 50 0 0 0.385 94417 17.41
2 1714 0 0 0.425 92133 12.11
2 50 100 0 0.289 102600 10.2
2 1714 100 0 0.266 95383 10.74
2 50 0 100 0.398 95150 12.88
2 1714 0 100 0.401 95333 10.94
2 50 100 100 0.271 115400 10.68
2 882 50 50 0.336 96988 22.94
2 1714 100 100 0.218 90950 16.94
2 50 50 50 0.333 101300 19.56
2 1714 50 50 0.336 93750 20.22
2 882 0 50 0.387 88500 19.18
2 882 100 50 0.242 94083 16.16
2 882 50 0 0.319 96217 18.68
2 882 50 100 0.342 99983 19.22
2 882 50 50 0.327 100900 17.71

Annexe 10. The two blocks used to assess the effect of 3 nitrogen sources using a factorial design on A.

spinosum growth rate, maximum cell concentration and toxin production
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K Medium (Keller and Guillard 1985, Kellest al. 1987)

This enriched seawater medium was designed spatyfifor oligotrophic (oceanic) marine
phytoplankters that are poisoned by higher levElsaze metals. The medium uses a 10 fold
higher EDTA chelation than most common marine meal a substantial number of trace
elements are included. The necessity of Tris isstable, and it may be omitted. If
organisms do not require silica, the silicate sotushould be omitted because it enhances
precipitation. To prepare, begin with 950 mL ofdiked natural seawater, add the following
components and then bring the final volume up tbtekr with filtered natural seawater.
Autoclave.

Component Stock Solution Quantitylolar Concentration i
Final Medium

NaNCs 75.00 g /L dHO 1mL 8.82x 10 M
NH,CI 2.67 g/ L dHO 1mL 5.00 x 10 M
Na, b-glycerophosphate* 2.16 g/ L @@l 1 mL 1.00 x 10 M
Na,SiO; » 9H,0 15.35 g/ L dHO 1mL 5.04 x 10 M
H.SeQ 1.29 mg/ L dHO 1 mL 1.00 x 10’ M
Tris-base (pH 7.2) 121.10 ¢/ L @ 1mL 1.00 x 100 M
trace metal solution (see recipe below) 1mL
vitamin solution (see recipe below) 0.5mL

Trace Metal Solution

To prepare, dissolve the following components t0 88 of dHO (heat if necessary) and
adjust the pH up with sodium hydroxide until alletrcomponents are in solution,
approximately 20 pellets per liter of trace metwuson. Bring the final volume to 1 liter
using dHO.

Component Stock Solution QuantityMolar Concentration i
Final Medium

Na;EDTA « 2H,0 41.60¢ 1.11 x 10' M
FeCk e+ 6 H,O 3.150 ¢ 1.17 x 10 M
MnCl, « 4H,0 0.178 ( 9.00 x 10' M
ZnSQ, ¢ 7TH,0 23.00 g/ L dHO 1mL 8.00x 10° M
CoCh * 6 H,0 10.00 g/ LdHO 1mL 5.00 x 16° M
Na;MoO, ¢ 2H,0 6.3 g/L dHO 1mL 2.60 x 10 M
CuSQ * 5H,0 2.50 g/ L dHO 1 mL 1.00 x 16 M

f/2 Vitamin Solution below

Keller, M.D. and Guillard, R.R.L. 1985. Factorsrsfgcant to marine diatom culture. pp. 113-
6. In Anderson, D.M., White, A.W. and Baden, D.G. (Taylboxic DinoflagellatesElsevier,
New York.

Keller, M.D., Selvin, R.C., Claus, W. and Guilladd,R.L. 1987. Media for the culture of
oceanic ultraphytoplanktod. Phycol.23: 633-638.
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L1 Medium (Guillard and Hargraves, 1993)

This enriched seawater medium is based upon f/2ume(Guillard and Ryther 1962) but has
additional trace metals. It is a general purposanaanedium for growing coastal algae. To
prepare, begin with 950 mL of filtered natural satew. Add the quantity of each component
as indicated below, and then bring the final voluméd. liter using filtered natural seawater.
The trace element solution and vitamin solutiorsgaven below. Autoclave. Final pH should
be 8.0 to 8.2.

Component Stock Solution QuantityMolar Concentration i
Final Medium
NaNO; 75.00 g [* dH,O 1mL 8.82 x 10'M
NaH,PQy- H,O 5.00 g [ dH,O 1mL 3.62x10°M
N&SiO; - 9 HO 30.00 g [* dH,0 1 mL 1.06 x 10" M
trace element solution (see recipe below) 1mL
vitamin solution (see recipe above) 0.5mL

L1 Trace Element Solution

To 950 mL dHO add the following components and bring final vo&uto 1 liter with dHO.
Autoclave.

Component Stock Solution QuantityMolar Concentration i
Final Medium

NaEDTA - 2H0 436 1.17 x 10° M
FeCk - 6HO 3.15¢g 1.17 x 10° M
MnCl,-4 HO 178.10 g [* dH,O 1mL 9.09 x 10' M
ZnSQ, - 7THO 23.00 g [* dH,O 1mL 8.00 x 16° M
CoCh - 610 11.90 g [* dH,O 1 mL 5.00 x 16° M
CuSQ - 510 2.50 g ! dH,0 1 mL 1.00 x 16 M
NaMoO; - 2H0 19.9 g [ dH,0 1mL 8.22 x 10° M
H,SeQ 1.29 g [* dH,O 1mL 1.00 x 16 M
NiSO, - 6H0 2.63 g [ dH,0 1mL 1.00 x 10° M
NagVOy, 1.84 g It dH,O 1mL 1.00 x 10° M
K2CrO, 1.94 g It dH,O 1mL 1.00 x 10° M

f/2 Vitamin Solution as below

Guillard, R.R.L. and Hargraves, P.E. 199%tichochrysis immobiliss a diatom, not a
chrysophytePhycologia32: 234-236.
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f/2 Medium (Guillard and Ryther 1962, Guillard 1975)

This is a common and widely used general enricleadvater medium designed for growing
coastal marine algae, especially diatoms. The curat@éon of the original formulation,
termed "f Medium" (Guillard and Ryther 1962), hasb reduced by half. To prepare, begin
with 950 mL of filtered natural seawater and add tbllowing components. The trace
element and vitamin solutions are provided belownds the final volume to 1 liter with
filtered natural seawater. If the alga to be grodmes not require silica, then it is
recommended that the silica be omitted becausehdreces precipitation. Autoclave.

Component Stock Solution Quantity Molar Concentirain
Final Medium
NaNGC; 75 g/L dHO 1mL 8.82x 10 M
NaH,PQ; H,0 5 g/L dHO 1mL 3.62x 10 M
Na,SiO; 9H,0O 30 g/L dHO 1mL 1.06 x 10 M
trace metal solution (see recipe below) 1mL
vitamin solution (see recipe below) 0.5 mL

f/2 Trace Metal Solution

To prepare, begin with 950 mL of g8, add the components and bring final volume tibet |
with dH,O. Autoclave. Note that the original medium (Guiland Ryther 1962) used ferric
sequestrene; we have substituted®ETA - 2H0 and FeG - 6 HO.

Component Primary Stock  Quantity Molar Concentration in
Solution Final Medium
FeCk 6H,0O 3.15¢ 1.17 x TOM
Na;EDTA 2H,0 4369 1.17 x IOM
CuSsQ 5H,0 9.8 g/L dHO 1mL 3.93x 1§ M
Na,MoO, 2H,0 6.3 g/L dHO 1mL 2.60 x 1§ M
ZnS04 7HO 22.0 g/L dHO 1mL 7.65x 10 M
CoCh 6H,0 10.0 g/L dHO 1mL 4.20x 16 M
MnCl; 4H,0 180.0 g/L dHO 1mL 9.10 x 10 M

f/2 Vitamin Solution

First, prepare primary stock solutions. To predaral vitamin solution, begin with 950 mL
of dH,O, dissolve the thiamine, add the amounts of theay stocks as indicated in the
guantity column below, and bring final volume tditér with dH,O. Filter sterilize. Store in

refrigerator or freezer.

Component Primary Stock Quantity Molar Concentration in
Solution Final Medium
thiamine HCI (vit. B) 200 mg 2.96 x 16M
biotin (vit. H) 0.1g/LdHO 10 mL 2.05x 19 M
cyanocobalamin (vit. B) 1.0g/LdHO 1mL 3.69 x 18° M
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Guillard, R.R.L. 1975. Culture of phytoplankton fieeding marine invertebrates. pp 26-60.
In Smith W.L. and Chanley M.H (TayloQulture of Marine Invertebrate Animal®lenum
Press, New York, USA.

Guillard, R.R.L. and Ryther, J.H. 1962. Studiesr@rine planktonic diatoms. Cyclotella
nanaHustedt andetonula confervace&leve.Can. J. Microbiol 8: 229-239.

Annexe 11. Culture medium used during the experiments, K, L1 and /2 medium
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Résumé

Cette thése a été menée pour développer une métliadalyse et de production des
azaspiracides (AZA) a partir de culturesAd’spinosumElle a aussi eu pour objectif I'étude des
facteurs environnementaux et nutritionnels influsunt la croissance et la production toxiniqué.d’
spinosumLa mise en évidence du lien entre cet organisniaceumulation d’AZA dans les moules,
ainsi que la clarification des processus d’accutiaiade détoxification et de biotransformation des
AZA dans les moules a par ailleurs été réalisée.

Les travaux réalisés sur l'analyse des AZA ont ferde définir une procédure d’analyse
fiable qui limite notamment la formation d’artéfagesters méthyliques d’AZA). Cette étude a permis
d’expliquer la formation des AZA méthylés, de détirer leur structure et de proposer des solutions
pour minimiser la formation de ces composés.

Ce travail a aussi démontré la faisabilité d’'unedpiction durable d’AZA a partir de cultures
d’A. spinosuret a mis en évidence les principaux facteurs amfisur la croissanceAl’ spinosunet
sur la production toxinique. Des expériences dearnimation sur des moules ont ensuite été réalisées
et ont démontré, pour la premiere fois, le liereclie entréd. spinosunet I'accumulation des AZA par
les moules. Cette accumulation des toxines estagpgide et atteint des concentrations en AZA qui se
situent au-dela du seuil réglementaire apres seue® h d’exposition. Ces expériences ont aussi
montré une rapide biotransformation des AZA darssrt®ules. Elles ont par ailleurs clarifié les
cinétiques d’apparition des différents analoguesZ& et ont montré que la détoxification des AZA
est bi-phasique. Deux dernieres études ont misviglerdce, d’'une part, I'effet négatif A’ spinosum
sur l'activité alimentaire des moules, et, d'aypaat, la capacité des moules a accumuler les AZA
présents dans le milieu sous formes dissoute dicpaire.

Mots clés : Azadinium spinosumMytilus edulis azaspiracides, phycotoxines, dinoflagellés,
écophysiologie, CL-SM/SM

Abstract

This study has been conducted in order to devéle@nalysis of AZAs and to produce AZAs
from A. spinosuntulture. It also aimed at studying the effect wfieonmental and nutritional factors
on growth and toxin production. The study also destiated a link betweeA. spinosumand the
accumulation of AZAs in shellfish, followed by tledarification of the processes of accumulation,
detoxification and biotransformation of AZAs intaissels.

A gquantitativeanalysis of AZAs irA. spinosuntultureswas developed, and the formation
and structure of the AZA methylated analogues wadamed and minimised. This work also
demonstrated the feasibility of a sustainable pctido of AZAs from A. spinosumculture and
highlighted the main factors influencing growth aectin production ofA. spinosumUsing these
results, mussel contaminations were performed amdodstrated for the first time the direct link
betweenA. spinosurmand AZA accumulation into mussels. Furthermoreg@d AZA accumulation
above the regulatory limit was observed within 6flexposure. These experiments also highlighted
the rapid biotransformation of AZA into analogues shellfish and clarified their kinetics of
appearance. Consequently, AZA biotransformatiorhypays were proposed for different AZA
analogues. AZA detoxification was also studied ahowed a detoxification with two compartments.
Finally, two recent studies demonstrated the negaffect ofA. spinosunon the feeding activity of
mussels as well as the ability of mussels to actam@hZA from dissolved or particulate forms.

Key words: Azadinium spinosumMytilus edulis azaspiracids, phycotoxins, dinoflagellate,
ecophysiology, LC-MS/MS



