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Problématique des HAB et de leurs toxines dans le monde 

Les efflorescences algales ou blooms algaux sont des phénomènes naturels lors desquels une 

croissance importante d’une espèce donnée de microalgue est constatée. Ils sont communément 

appelés marées vertes ou rouges en raison de la couleur donnée à l’eau par la forte concentration 

de ces microalgues (Dierssen et al., 2006). Avec le réchauffement climatique ces événements 

sont de plus en plus nombreux et plus fréquents pour les sites déjà touchés (Anderson et al., 

2021; Tewari, 2022; Wells et al., 2020) mais on assiste également, depuis une dizaine d’années, 

à une apparition de ces blooms dans des régions qui jusqu’à présent n’étaient pas concernées 

comme c’est le cas en Asie ou bien encore dans le Golf du Maine ou la côte Est de la Floride 

aux Etats-Unis (Bates et al., 2018; Clark et al., 2022; Schreiber et al., 2023). La plupart des 

évènements recensés sont dus à des organismes de la classe des dinoflagellés ou de 

l’embranchement des diatomées (Lassus, 2016; Turner et al., 2021). Ces proliférations 

d’algues, parfois nuisibles du fait de leur grande concentration cellulaire, sont recensées pour 

pas moins de 300 espèces de microalgues sur les presque 5000 espèces connues à ce jour 

(Turner et al., 2021). Leurs efflorescences peuvent également être toxiques, c’est à dire avec 

production de toxine et sont dénommées sous le terme anglais de « Harmful algal blooms » 

(HAB).  Les environnements côtiers sont les premiers touchés par ces HAB. Lorsqu’ils se 

produisent dans ces environnements, les HAB ont un impact direct sur la faune présente, 

notamment dans l’eau. L'apparition d’une biomasse aussi importante de microalgues peut 

entraîner une hypoxie du milieu (Milbrandt et al., 2021; Pitcher and Probyn, 2016; Stanisiere 

et al., 2013). En effet, les bactéries présentes dans le milieu, et dégradant les microalgues qui 

meurent, appauvrissent le milieu en oxygène. Cela peut également provoquer la mort des 

animaux par asphyxie induite directement par le colmatage des branchies par les cellules 

algales. Cela peut atteindre, entre autres, les poissons et les bivalves tels que les huîtres ou les 

coquilles Saint-Jacques (Lorrain et al., 2000). Ces premières conséquences sont souvent 

observables par les populations présentes dans les régions affectées et peuvent impressionner 

par le nombre d’organismes, bien souvent des poissons, remontant à la surface après leur mort. 

Il existe également une autre problématique posée par ces HAB : celle des toxines, qui peuvent 

être libérées dans l’environnement ou être intracellulaires et être libérées après digestion des 

microalgues. En effet, certaines espèces de microalgues sont capables, sous certaines 

conditions, de produire des toxines, appelées phycotoxines. Les risques liés à ces composés 

toxiques sont multiples puisque leur rayon d’action ne se cantonne pas aux organismes à 

proximité immédiate des HAB. La toxine une fois ingérée va se concentrer dans les organes et 
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tissus des consommateurs primaires qui vont ensuite transmettre la toxine aux consommateurs 

secondaires (De La Riva et al., 2009; Neves et al., 2021; Scholin et al., 2000). Toute la chaîne 

trophique est alors contaminée (Bates et al., 1998) par des transferts impliquant les mécanismes 

de bioamplification1 (Fig. 1). L’une des manifestations de ce genre de contamination a été 

rapportée par le Santa Cruz Sentinel le 18 Août 1961 et est sans doute la plus connue puisqu’elle 

inspira certainement « Les Oiseaux » à Alfred Hitchcock (Bargu et al., 2012).   

 

 

Figure 1 : Représentation des toxines d'algues qui s'accumulent dans le réseau trophique marin. 
Illustration de Nathalie Renier dans le rapport spécial 2022 de la “Woods Hole 
Oceanographic Institution” 

L’Homme fait également partie des organismes pouvant être affectés par les toxines algales. Le 

vecteur de référence pour les contaminations humaines est la consommation de coquillages. Il 

se pose donc un problème de sécurité sanitaire puisque ces toxines peuvent être mortelles 

(Grattan et al., 2016). Un classement de ces différentes phycotoxines, leurs effets sur l’humain 

ainsi que le taux de chacune d’entre elles pouvant entraîner des effets délétères sur l’organisme 

ont été recensés par les autorités sanitaires. Cinq catégories principales de toxines, provoquant 

toutes des syndromes différents, sont recensées. L’intoxication la plus répandue est celle causée 

 
1 La bioamplification est le processus selon lequel la concentration d’une substance présente dans un 
biotope augmente tout au long d’une chaîne alimentaire (Ministère de la culture) 
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par les toxines diarrhéiques, responsables du syndrome diarrhéique ou “Diarrheic Shellfish 

Poisoning syndrome (DSP)”. Il y a également les toxines paralysantes, responsables du 

syndrome paralysant ou “Paralytic Shellfish Poisoning (PSP)”, les toxines neurotoxiques avec 

le syndrome “Neurologic Shellfish Poisoning (NSP)”. A celà viennent s’ajouter les 

intoxications par l’azaspiracide (AZP) et la ciguatera (CP). Enfin, les contaminations à l’acide 

domoïque (AD) une toxine responsable du syndrome amnésiant “Amnesic Shellfish Poisoning: 

(ASP) ” (Tableau 1).  

 

Tableau 1 : Épisodes confirmés d'intoxications humaines dues à des toxines présentes dans des 
mollusques de 1901 à 2008 (James et al., 2010) 
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Cette dernière est un acide aminé hydrosoluble qui est également un homologue de l’acide 

glutamique, un neuro excitateur majeur permettant les transmissions synaptiques (Doble, 

Adam, 2000; Garattini, 2000). Elle peut donc se positionner sur les mêmes récepteurs et ainsi 

activer la même machinerie cellulaire. Cette toxine est produite par une diatomée appartenant 

au genre Pseudo-nitzschia, présente dans toutes les eaux du globe (Fig. 2) (Bates et al., 2019; 

Lelong et al., 2012). L’apparition d’efflorescences attribuées à ce genre est en augmentation 

depuis les années 2000 (Amzil et al., 2009; Husson et al., 2016). 

 

 

Figure 2 : Distribution mondiale de toutes les Pseudo-nitzschia spp. décrites, mise à jour à partir de 
(Lelong et al., 2012) et (Trainer et al., 2012). Les espèces toxinogènes sont en gras, ce qui 
signifie que seules certaines souches de ces espèces sont toxiques à certains endroits. 
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Différentes études ont démontré qu’il existe à ce jour, au moins 29 espèces de cette microalgue 

capables de produire de l’acide domoïque (Bates et al., 2018; Lundholm et al., 2009). Plus, ou 

moins toxiques, ces souches sont regroupées sous deux différents groupes, les fines et les larges, 

afin de permettre leur identification par microscopie photonique dans les prélèvements 

effectués par les réseaux de surveillance dans le monde. A l’automne 1987, la population de 

l’île du Prince Edouard au Canada ayant consommé des moules de culture (Mytilus edulis) a 

fait face à 105 cas d’intoxication à l’acide domoïque. Ce premier événement de contamination 

ASP répertorié a entraîné la mort de 3 personnes (Bates et al., 1989). D’autres cas de 

contamination de la population ont par la suite été rapportés et c’est pour cela que les instances 

sanitaires ont décidé de mettre en place un suivi ainsi qu’un seuil de sécurité sanitaire, à la fin 

des années 80 (Wekell et al., 2004), de 20 mg d’acide domoïque par kilogramme de chair 

fraîche de coquillage, au-dessus duquel il n’est plus possible de consommer les coquillages.    

En France, le réseau de surveillance dédié aux phycotoxines est géré par l’IFREMER dans le 

cadre du dispositif REPHY-REPHYTOX. Le réseau d’observation analyse les prélèvements 

d’eau mais aussi de coquillages pour vérifier, un mois puis quinze jours avant l’ouverture de 

campagnes de pêche, que le taux de toxine ne dépasse pas le seuil autorisé une fois que la 

présence de cellules algales toxiques est décelée. En cas de dépassement du seuil sanitaire avéré, 

la décision de clôturer ou d’annuler les campagnes de pêche est notifiée aux pêcheurs qui restent 

à quai. Si les bivalves sont les premiers surveillés, c’est du fait de leur importante 

consommation en France mais surtout par leur propension à se contaminer. Ce sont des 

organismes filtreurs se nourrissant de microalgues, c’est pourquoi ils sont facilement et 

fortement contaminés. Un fait important à souligner est que tous ces organismes n’accumulent 

pas l’acide domoïque avec la même intensité et surtout ne présentent pas les mêmes vitesses de 

dépuration (Blanco et al., 2021). Les observations menées jusqu’à présent ont permis de 

répertorier les bivalves en deux groupes : les dépurateurs “rapides” et les dépurateurs “lents” 

(Tableau 2).   
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Tableau 2 : Liste non exhaustive des espèces de mollusques bivalves connus à ce jour pour 
dépurer rapidement ou lentement l’acide domoïque. 

 

 

Les bivalves parvenant à dépurer efficacement l’acide domoïque, c’est-à-dire sous seulement 

quelques heures, jours ou quelques semaines après un bloom, tels que les moules ou les huîtres 

sont également des espèces commerciales importantes. Les arrêtés pour la fermeture de leur 

exploitation ont un impact moindre sur l’activité des professionnels du secteur de la pêche ou 

de l’aquaculture. A contrario, la coquille Saint-Jacques (Pecten maximus), ressource 

économique importante, fait partie des quelques espèces dont la période de rétention de l’acide 

domoïque peut atteindre des années (Blanco et al., 2006). Pour faciliter la compréhension de 

cette dépuration à double vitesse, des modèles ont été proposés. Le premier, composé de deux 

compartiments représente les bivalves avec une cinétique de dépuration rapide, la toxine étant 

plus facilement transférée d’un de la glande digestive aux autres organes pour être excrétée et 

un second modèle à un seul compartiment pour les bivalves dépurant lentement (Álvarez et al., 

2020).  

 

 

Bivalves à dépuration rapide   Espèces de bivalves à dépuration lente 

espèce référence   espèce référence 
     
Agropecten purpuratus Álvarez et al., 2020 

 
Pecten maximus Blanco et al., 2006 

Mytilus galloprovincialis Blanco, 2002 
 

Siliqua patula Dusek Jennings et al., 2020 

Mytilus edulis Mafra et al., 2010b 
Mafra et al., 2010a 

 
Spondylus cruentus Dao et al., 2006 

Mya arenaria Dusek Jennings et al., 2020 
Stewart et al., 1998 

   

Crassostrea gigas Jones et al., 1995 
   

Crassotrea virginica Mafra et al., 2010a 
   

Mesodesma donacium  Álvarez et al., 2015 
   

Placopecten magellanicus Douglas et al., 1997 
   

Ruditapes philippinarium Dusek Jennings et al., 2020       
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Spécificité de la Coquille Saint-Jacques face aux contaminations ASP 

La coquille Saint-Jacques fait donc partie des bivalves à dépuration lente de l’acide domoïque. 

Il existe une très grande variabilité inter-individuelle concernant les taux de toxine présents et 

ce, dans les différents tissus dosés (Bogan et al., 2007b; Campbell et al., 2001). Une autre 

spécificité connue de la coquille Saint-Jacques est qu’elle peut accumuler de fortes quantités 

d’acide domoïque, jusqu’à 2900 μg.g−1 d’acide domoïque (Ramsdell, 2007) dans sa glande 

digestive et il a été observé que la glande digestive de l’animal accumule à elle seule plus de 

80% de la charge totale d’acide domoïque (Mauriz and Blanco, 2010) et peut mettre parfois 

jusqu’à plusieurs années pour redescendre sous le seuil de sécurité sanitaire. Cette longue 

contamination par l’acide domoïque entraîne des fermetures prolongées de l’activité de pêche 

et par conséquent des pertes de revenus pour les professionnels. Par ailleurs, pour assurer la 

sécurité des consommateurs, la Commission Européenne du 15 Mars 2002 a pris la décision de 

mettre en place un contrôle sanitaire de pêcher les coquilles Saint-Jacques et de commercialiser 

les parties comestibles (noix et corail) sous réserve que celles-ci soient obtenues après 

éviscération par une entreprise agréée (https://eur-lex.europa.eu/eli/dec/2002/226/oj) et sous 

réserve aussi d’analyses d’acide domoïque confirmant un taux d’acide domoïque <4.6mg/kg 

dans l’ensemble de ces parties. Cependant cette autorisation de commercialisation induit des 

coûts supplémentaires pour les pêcheurs, puisqu’elle fait appel à un intermédiaire et la forte 

demande pendant les périodes de contamination sature régulièrement les infrastructures, qui ne 

peuvent répondre favorablement à toutes les sollicitations. 

La coquille Saint-Jacques fait également régulièrement face à des épisodes de recontamination. 

Cette recontamination pourrait être le fait de fines couches de Pseudo-nitzschia sp. vivant aux 

côtés de Chaetoceros socialis trouvées plus profondément dans la colonne d'eau et qui 

pourraient être une source de toxicité en entraînant des épisodes de bloom (Suárez et al., 2008).  

Ces derniers sont causés par une augmentation dans le milieu de la présence de cellules de 

Pseudo-nitzschia sp. toxique et par l'augmentation du taux d’acide domoïque dans l’eau. Or la 

coquille Saint-Jacques étant lente à dépurer, elle gardera un niveau élevé d’acide domoïque 

après un premier épisode toxique et accumulera à nouveau la toxine, faisant ainsi remonter son 

taux dans les tissus. Plusieurs hypothèses ont été étudiées afin de comprendre quels pouvaient 

être les mécanismes mis en jeu lors de la contamination et décontamination de la coquille Saint-

Jacques et qui pourraient expliquer cette spécificité de l’espèce (Blanco et al., 2006, 2002). 

Blanco et collaborateurs ont également pu constater que 90% de la toxine était libre dans le 

https://eur-lex.europa.eu/eli/dec/2002/226/oj
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cytosol. À la suite de ces résultats, l’hypothèse d’un manque de transporteurs permettant 

l’excrétion de la toxine chez la coquille Saint-Jacques pourrait expliquer cette longue rétention. 

Cependant cette hypothèse n’a pas encore pu être confirmée. Les études sur les cinétiques de 

contamination des coquilles sont par ailleurs peu répandues car la contamination artificielle en 

conditions expérimentales est difficile à mettre en place. En effet, l’ajout d’acide domoïque 

dilué dans l’eau de mer ne garantit pas une contamination aussi importante qu’espérée des 

animaux et ces expériences sont très coûteuses. De plus, les cultures de Pseudo-nitzschia sp. 

toxiques en grands volumes, nécessaires à la contamination d’un nombre élevé d’individus, 

sont difficiles à maintenir et ne permettent pas une répétabilité fiable. C’est pourquoi, à ce jour, 

il existe peu d’informations sur les mécanismes de contamination et de décontamination chez 

Pecten maximus.  

Il en va de même pour les études sur la réponse de la coquille Saint-Jacques face aux blooms 

toxiques de Pseudo-nitzschia sp. En effet, bien que les taux d’acide domoïque enregistrés dans 

la coquille Saint-Jacques soient souvent très importants, la toxine ne semble pas avoir d’effet 

sur l’intégrité des tissus comme peuvent le provoquer l’exposition à d’autres toxines. Tel est le 

cas par exemple des composés toxiques produits par la microalgue Alexandrium sp. Une fois 

ingérée par les bivalves cette microalgue peut entraîner, entre autres, des lésions du tube digestif 

(Haberkorn et al., 2010; Medhioub et al., 2012) pouvant entraîner un dérèglement des fonctions 

digestives (Fernandez-Reiriz et al., 2008; Li et al., 2002). Ces modifications de l’aspect des 

tissus est un exemple d'altération visible des tissus contaminés, or aucune observation de ce 

genre a été faite chez P. maximus.  L’exposition aux toxines PST produites par Alexandrium sp. 

semble également provoquer des changements dans les taux de filtration de certains bivalves 

comme les huîtres Crassostrea gigas (Pousse et al., 2018). L’étude de Pousse et collaborateurs 

à mis en évidence que les huîtres qui se contaminent le moins étaient celles dont le taux de 

filtration était le plus bas. Une exposition à Alexandrium minutum entraîne également une 

réduction temporaire des taux de filtration et de respiration chez les juvéniles de P. maximus 

(Even et al., 2022). Ce comportement adaptatif de filtration contribue à réduire l'ingestion de 

cellules d'algues et, par conséquent, à abaisser les niveaux de contamination ( Mafra et al., 

2009; Mafra et al., 2010). Les huîtres juvéniles, comme Crassostrea gigas, présentent 

également des schémas de filtration modifiés lorsqu'elles sont exposées à des cellules de 

Pseudo-nitzschia australis et à l’acide domoïque, ce qui souligne la nature spécifique à l'espèce 

de ces réponses (Sauvey et al., 2021). En revanche, Pecten maximus, semble suivre un modèle 
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distinct. Contrairement aux huîtres, les juvéniles de P. maximus ne présentent aucun 

changement significatif dans le comportement alimentaire lorsqu'ils sont exposés à de l'acide 

domoïque dissous ou à des algues toxiques, comme l'a démontré l'étude de Sauvey et 

collaborateurs. (2021).  

La relation complexe entre les réponses physiologiques et la contamination est évidente dans 

les études de (Moroño et al., 2001), où des facteurs tels que la concentration de nourriture, la 

température et la taille influencent les taux de filtration. La taille, en particulier, joue un rôle 

multiple, (Thompson and Bayne, 1974) et (Riisgard and Mohlenberg, 1979) soulignent son 

impact positif sur le taux de filtration, tandis que  (Sukhotin et al., 2003) mettent l'accent sur 

son rôle dans la détermination du taux de respiration. L'influence de la taille sur les niveaux de 

contamination est également apparente dans les études de Mafra et al. (2010), où les petites 

huîtres présentent une contamination plus élevée par l'acide domoïque en raison de taux 

d'absorption de toxines plus élevés. De plus, les huîtres de petite taille présentent un taux de 

dépuration plus élevé que celui des individus de plus grande taille (Mafra et al., 2010 ; 

(Novaczek et al., 1992). Il est intéressant de noter que les études de terrain sur P. maximus 

présentent des résultats contradictoires concernant la corrélation entre la taille et la 

contamination par l'acide domoïque, certaines ne montrant aucune association (Arévalo et al., 

1998; Campbell et al., 2001) et d'autres révélant une cinétique de contamination et une 

dépuration plus rapide chez les coquilles Saint-Jacques de petite taille (Bogan et al., 2007a).  

Les résultats de cette étude montrent une corrélation négative entre la concentration en acide 

domoïque dans la glande digestive et la taille de la coquille. L’explication possible avancée 

pour cette différence de contamination est double. En effet, il peut s’agir de la conséquence 

d’un taux de filtration plus élevé chez les individus de petite taille (Jones et al., 1992) ou d’un 

effet de dilution par la taille. La dilution par la taille s’explique en période de croissance, les 

organismes peuvent se développer et augmenter leur masse et donc leur capacité à stocker. 

Lorsque le taux de croissance ou de stockage est supérieur à l'absorption de la toxine, les 

concentrations dans les organismes peuvent sembler diminuer lors des analyses. L’étude de 

Bogan et collaborateurs met en lumière un taux de dépuration plus important chez les coquilles 

Saint-Jacques de petite taille. 
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Malgré des recherches approfondies sur diverses espèces de bivalves, il existe une lacune 

notable dans la compréhension de la réponse physiologique de P. maximus pendant la 

décontamination par l'acide domoïque, ce qui justifie des recherches plus approfondies dans ce 

domaine. 

Études menées sur de potentielles voies d'accélération de la dépuration chez la coquille 

Saint-Jacques 

Quelques études ont été menées afin d’étudier si certains facteurs pouvaient accélérer le 

processus de dépuration chez la coquille. Tout particulièrement, celles de (Blanco et al., 2006) 

et (Peña-Llopis et al., 2014). La première étude a été menée en Galice sur des coquilles Saint-

Jacques naturellement contaminées lors d’un bloom de P. australis. Le protocole consistait à 

suspendre des coquilles sous des radeaux d’élevage de moules à trois profondeurs différentes, 

à 2 m, 6 m et 10 m. Des coquilles laissées sur le sédiment ont servi de témoins. La cinétique 

d’élimination de l’acide domoïque a été suivie dans la glande digestive ainsi que dans deux 

groupes de tissus : le muscle adducteur, la gonade, le rein, le pied d’un côté et les branchies et 

le manteau de l’autre. L’expérience s’est déroulée sur 154 jours et les résultats montrent que les 

glandes digestives des coquilles présentes sous le radeau ont dépuré plus rapidement la toxine 

que celle des coquilles contrôles. L’accélération de la cinétique est présentée dans l’article 

comme la possibilité pour des coquilles contaminées à 1000 µg d’acide domoïque par gramme 

de tissus pendant un bloom de mettre cinq mois à atteindre 250 µg.g-1, soit le seuil autorisé pour 

décortiquer le muscle et le vendre, au lieu de huit mois pour les coquilles témoins. Cela 

représente donc un taux de réduction du temps de rétention de la toxine s’élevant à 30%. Si 

l’accélération du processus est observée, elle présente toutefois des limites. En effet, Blanco et 

collaborateurs expliquent que cela ne prend pas en compte les possibles recontaminations des 

animaux, provoquées dans le milieu naturel par une nouvelle augmentation de la toxine en 

surface ou au fond de la colonne d’eau. Ils notent également le fait que lors de cette expérience, 

il n’a pas été possible de déterminer quelle variable environnementale a contribué à cette 

accélération. Il peut aussi bien être question d’un effet d’un apport accru en lumière, d’une 

nourriture plus abondante à cette hauteur dans la colonne d’eau ou bien d’une température plus 

élevée. Il n’est pas non plus à exclure que ces variables agissent en synergie pour obtenir cette 

dépuration facilitée. Ils notent également que bien que la température ait été considérée comme 

un facteur permettant une dépuration accélérée des toxines, étant donné son impact sur le 

métabolisme des bivalves (Bayne and Newell, 1983), il existe une étude de Blanco en 2002 
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démontrant que la température n’avait pas d’impact clair sur la dépuration d’acide domoïque 

des moules M. edulis (Blanco, 2002). La deuxième expérience s’est attachée à regarder la 

cinétique de dépuration du muscle adducteur lorsque ce dernier est traité avec l’ajout de N-

acétylcystéine (NAC). Le NAC est un antioxydant et un précurseur du glutathion 

(Zafarullah et al., 2003) jouant un rôle dans la détoxification. Les auteurs ont donc exposé des 

coquilles Saint-Jacques contaminées à hauteur de 1µg.g-1 dans le muscle adducteur et  

7.6 µg.g-1 dans la glande digestive par un bloom attribué à Pseudo-nitzschia sp., à des doses de 

0,50 ou 250 mg.l-1 de NAC. L’expérience a duré 15 jours et les résultats obtenus montrent une 

diminution par quatre du temps de dépuration. Ces résultats, très encourageants sur la partie 

comestible de l’animal ont amené les professionnels de la pêche à demander une étude de cet 

antioxydant sur la glande digestive qui retient environ 80% de la charge totale de l’acide 

domoïque. Cette expérience a été menée, dans le cadre d’un stage que j’ai co-encadré et a fait 

l’objet d’une publication (Vanmaldergem et al., 2023) ajoutée en annexe. Les résultats sur des 

glandes digestives de coquilles plus fortement contaminées (63 µg.g-1) après un bloom de P. 

australis n’ont montré aucune différence significative après 6 jours de traitement à 250 mg.l-1 

de NAC renouvelé toutes les 24 h. Le NAC ne semble donc pas être une solution efficace pour 

accélérer la décontamination de la glande digestive des coquilles Saint-Jacques contaminées 

au-delà du seuil de sécurité sanitaire. 

Ces travaux, bien que très pertinents pour la compréhension des mécanismes pouvant jouer un 

rôle dans l’accélération de la dépuration de l’acide domoïque chez la coquille Saint-Jacques, ne 

semblent pas prendre en compte la faisabilité de ces méthodes pour les professionnels. En effet, 

l’accélération de la dépuration doit être avant tout pensée comme une avancée permettant aux 

pêcheurs de vendre le fruit de leur activité. Or ces deux méthodes apparaissent difficiles à mettre 

en place. Exposer les centaines de coquilles pêchées et débarquées chaque jour en période de 

campagne coquillière à des doses élevées de NAC serait trop coûteux et demanderait une 

logistique et un temps trop important pour que cela soit réalisable et rentable pour les 

professionnels impliqués. Il en est de même pour le processus mis en avant dans l’étude de 

Blanco (Blanco et al., 2006). Les stocks de coquilles devraient alors être déplacés dans une 

zone cumulant les différentes variables exposées ci-dessus (lumière, température et nourriture 

élevées) puisqu’il serait impossible de les garder en hauteur dans la colonne d’eau. Nous nous 

sommes donc demandé quelle autre piste pourrait être envisagée pour accélérer la 

décontamination de la coquille Saint-Jacques à décontaminer. 
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Quelles autres pistes pour accélérer le processus de dépuration chez la coquille Saint-

Jacques ? 

Après avoir testé l’action du NAC, et inspirée par ce qui a été publié sur le sujet, j’ai décidé 

d’étudier la piste de l’utilisation de bactéries pour accélérer la décontamination de l’acide 

domoïque par les coquilles Saint-Jacques. En effet, l’acide domoïque semble séquestré dans la 

glande digestive de P. maximus. Or aujourd’hui l’importance que revêt le microbiote digestif 

et son rôle clef dans différents mécanismes est reconnu (Aron-Wisnewsky et al., 2012; 

Clemente et al., 2012). Aussi une modification importante de ce dernier, appelée dysbiose, peut 

entraîner des conséquences parfois graves pour l’organisme tout entier (Levy et al., 2017).   

Deux études ont particulièrement retenu mon attention. La première, parue en 1998 par Stewart 

et collaborateurs, a démontré que certains genres bactériens étaient capables de croître en 

présence d’acide domoïque grâce à la métabolisation de la toxine, et donc de diminuer sa 

concentration dans le milieu. Les auteurs ont conclu que trois genres de bactéries étaient 

capables d’utiliser l’acide domoïque pour croître et donc faire diminuer son taux dans le milieu. 

Il s’agit des genres Moraxella sp., Alteromonas sp. et Pseudoalteromonas sp. Un total de sept 

souches spécifiques a pu être identifié sans que le nom d’espèce soit divulgué. Après avoir pris 

contact avec les différents auteurs, leur laboratoire et l’université à laquelle ils appartenaient au 

moment de l’étude aucune réponse n’a pu être obtenue concernant les espèces précises de ces 

souches. Néanmoins, ils ont confirmé avec cette étude que les bactéries les plus efficaces pour 

diminuer le taux d’acide domoïque résidaient dans le tractus digestif de certains mollusques. 

Parmi les quatre espèces de bivalves suivantes Modiolus modiolus, Placopecten magellanicus, 

Mytilus edulis et Mya arenaria seuls ces deux derniers seraient des hôtes fiables pour ces 

bactéries. Ces deux espèces de bivalves sont également considérées comme des dépurateurs 

rapides de l’acide domoïque (Dusek Jennings et al., 2020; Mafra et al., 2010b), il apparaît donc 

plausible que les bivalves dépurant rapidement cette toxine partagent des espèces bactériennes 

dont la capacité de dégradation de l’acide domoïque permet une dépuration accélérée. Une 

deuxième étude est venue renforcer l'intérêt de tester les bactéries en probiotiques chez la 

coquille Saint-Jacques, il s’agit de celle de Hagström et al., 2007. Deux expériences ont été 

menées en parallèle afin de tester, d’une part, les facteurs pouvant influencer la libération de 

l’acide domoïque à partir d’une culture de cellules algales en décomposition et, d’autre part, la 

dégradation de l’acide domoïque en solution. Dans ce papier, les auteurs ont démontré que la 

présence de pseudo-fèces de moules (M. edulis), de sédiments provenant d’un site où avait eu 
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lieu un bloom de Pseudo-nitzschia sp., ainsi qu’un consortium bactérien provenant de la 

microalgue Pseudo-nitzschia multiseries, permettaient de réduire rapidement la teneur en acide 

domoïque dans le milieu. Il existerait donc des genres bactériens associés aux blooms de 

Pseudo-nitzschia sp. qui utiliseraient également la toxine. Cette étude n’a pas identifié les 

genres bactériens présents dans les échantillons testés.  

A la lecture de ces papiers, il est intéressant de se demander si les coquilles Saint-Jacques sont 

exemptes de ces bactéries, leur présence au sein de la glande digestive de ce bivalve peut-elle 

être confirmée ou invalidée ? Par ailleurs, si l'absence de ces bactéries devait se confirmer, alors 

la question que nous pouvons naturellement poser est la suivante : existe-t-il une possibilité de 

transférer ces bactéries, capables de métaboliser l’acide domoïque, d’un organisme dépurant 

rapidement à la coquille Saint-Jacques, un dépurateur lent ?   

Identifier ces espèces bactériennes permettrait d’aborder la dépuration des coquilles Saint-

Jacques sous un nouvel angle, notamment en rade de Brest où les contaminations récurrentes 

entraînent des conséquences majeures sur le système socio-économique développé autour de la 

pêche à la Coquille Saint-Jacques. 

 

Cas de la contamination en acide domoïque dans la rade de Brest 

La coquille Saint-Jacques représente de grandes parts de marché et est même le premier bivalve 

pêché en France avec 60 035 tonnes pêchées en 2018 (Chiffres-clés des filières pêche et 

aquaculture en France en 2018 – FranceAgriMer). La Bretagne est une région reconnue pour 

son activité de pêche importante (Fig. 3) et la coquille Saint-Jacques est l’une des ressources 

exploitées puis conditionnée entière et directement par les pêcheurs. Les saisons de compagnes 

coquillières sont fixées chaque année par décision du Comité Régional des Pêches Maritimes 

et des Élevages Marins (CRPMEM) de Bretagne. Cette décision est conditionnée par les 

résultats des analyses effectuées par le REPHY. L’apparition des fortes contaminations à ASP 

en rade de Brest depuis 2004 a entraîné les premières fermetures des campagnes de pêche. 

L’effondrement de l’exploitation des coquilles Saint-Jacques s’est produit en 2004, 2007, 2014, 

2017 (Fig. 4). Pour les professionnels, cela se traduit par un arrêt de leur activité et donc un 

manque de revenus. Le nombre de licences accordées pour cette activité est également en baisse 

puisque passé de 60 bateaux en 2004 à environ 32 en 2023.  
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Figure 3 : Carte des ventes en tonnes (en bleu foncé) et des montants générés en millions d'euros 
(en bleu clair) par la pêche totale débarquée par région pour 2021 - FranceAgriMer 

 

Bien que le suivi des contaminations des coquilles Saint-Jacques et autres bivalves par le réseau 

de surveillance national permette de détecter les événements toxiques avant les campagnes de 

pêche, permettant ainsi de mettre à l’abris les consommateurs, il existe des divergences entre la 

présence de l’acide domoïque et celle des cellules de Pseudo-nitzschia sp. En effet, il arrive que 

des efflorescences de microalgues soient localisées en surface sans que cela n’induise de forte 

contamination dans l’eau de surface, traduisant d’un bloom d’espèce non ou peu toxique. A 

l’inverse, il se peut, comme évoqué précédemment dans cette introduction, que les bivalves 

comme les coquilles Saint-Jacques présentent une recontamination par l’acide domoïque de 
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leurs tissus sans qu’un bloom n’ait été détecté en surface (Rowland-Pilgrim et al., 2019). 

Comment alors, expliquer cette contamination des bivalves au fond de la colonne d’eau ? Quelle 

est la relation entre l’animal et la contamination dans le milieu naturel mais également quelles 

sont les sources de cette dernière ?  A ce jour, aucune étude n’a été menée sur l’ensemble de 

ces données pour répondre à ces questions qui permettraient de mieux comprendre le 

phénomène de contamination de la coquille Saint-Jacques.  

Le suivi de la présence d’espèces de microalgues problématiques telle que Pseudo-nitzschia est 

déjà en place en France et de nombreuses informations sont connues.  

 

 

 

Figure 4 : Tonnage pêché des mollusques bivalves (coquille Saint-Jacques en rouge ; praire en 
bleu ; pétoncles en jaune) de 1951 à 2015. Données du Comité départemental des 
pêches maritimes et des élevages marins (https://www.comitedespeches-finistere.fr/) 
du Finistère présentée à l’atelier Zabri par Solenne Le Guennec le 9 mars 2017. 
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Sur la façade Atlantique du pays par exemple, le genre Pseudo-nitzschia est généralement 

observé de mars à novembre (Husson et al., 2016). Dans la rade de Brest plus spécifiquement, 

les blooms sont généralement observés en mai et parfois en septembre et les concentrations en 

cellules restent élevées de mai à juin (Husson et al., 2016) (Fig. 5). Entre 2004 et 2009, ce sont 

P. multiseries et P. australis qui seraient à l’origine des blooms toxiques conduisant aux 

fermetures. Dernièrement, en avril 2021, un bloom de P. australis a été observé en rade de Brest 

atteignant 1.1x105 cell.L-1 d’après le relevé du REPHY à la date du 30 mars 2021 (https://envlit-

alerte.ifremer.fr/). Ceci s’est traduit par un épisode de contamination des coquilles Saint-

Jacques par l’acide domoïque et par conséquent la fermeture de la pêche pendant 8 mois. Le 

tonnage pour cette année est d’ailleurs tombé à moins de 20 000 tonnes captées. En rade de 

Brest, les efflorescences de Pseudo-nitzschia sp. les plus problématiques et entraînant des 

fermetures de pêches les plus longues semblent dues à l’espèce P. australis (Belin et al., 2021; 

Husson et al., 2016).  

 

 

Figure 5 : Abondance de Pseudo-nitzschia spp en Rade de Brest de 1995 à 2012. Adaptée de 
Husson, 2016 (Husson et al., 2016). 

 

https://envlit-alerte.ifremer.fr/
https://envlit-alerte.ifremer.fr/
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Objectifs de la thèse 

Face à l’augmentation de blooms toxiques de Pseudo-nitzschia sp. et de la longue rétention de 

l’acide domoïque chez P. maximus, il apparaît nécessaire d’étudier et de développer des 

stratégies permettant d’accélérer la décontamination ou de limiter la contamination de cet 

animal. L’impact négatif des HABs provoqués par Pseudo-nitzschia sp. en rade de Brest est 

très préoccupant pour tout le secteur de la pêche et a ainsi conduit à la mise en place du projet 

« MaSCoET » (Maintien du Stock de Coquillages en lien avec la problématique des 

Efflorescences Toxiques). Ce projet, répondant à la demande de comités des pêches, est financé 

par l’association France Filière Pêche ainsi que par Brest métropole et est porté par le 

laboratoire DYNECO PELAGOS d’Ifremer en partenariat avec le LEMAR. Cette thèse 

s’intègre plus précisément dans l’action n°2 qui est de comprendre les processus de 

contamination et de décontamination de l’acide domoïque chez la coquille Saint-Jacques. Parmi 

les cinq objectifs de cette action, trois seront abordés dans ce manuscrit. En effet, (1) cette thèse 

s’intéresse au suivi in situ de la contamination et décontamination de P. maximus lors 

d’efflorescences de Pseudo-nitzschia sp. en rade de Brest permettant de mieux appréhender les 

sources de contamination possibles. Le monitoring des efflorescences toxiques a également 

permis d’échantillonner des coquilles Saint-Jacques naturellement contaminées afin (2) 

d’examiner le lien entre la contamination et la décontamination de l’acide domoïque et la taille 

de l’animal. Pour finir, le volet appliqué de cette thèse vise à (3) élaborer et tester un scénario 

d’accélération de la décontamination en conditions contrôlées à partir d’hypothèses basées sur 

la littérature existante. Chacun des chapitres de ce manuscrit développe un des objectifs 

mentionnés ci-dessus. 

Après cette introduction générale permettant de faire un rappel des connaissances actuelles sur 

les efflorescences toxiques de Pseudo-nitzschia sp. et les phénomènes de contamination et 

décontamination chez la coquille Saint-Jacques ainsi que les problématiques engendrées par la 

fermeture des campagnes de pêche, ce manuscrit s’organise comme suit. 

Le premier chapitre s'appuie sur un suivi temporel de sept ans sur le site de Lanvéoc en rade de 

Brest, à proximité du point de surveillance du réseau national REPHY. En plus de la collecte 

toutes les deux semaines de coquilles Saint-Jacques permettant un dosage d’acide domoïque 

dans leur glande digestive, un échantillonnage d’eau en surface et au fond de la colonne d’eau, 
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à l’interface eau sédiment, a été réalisé. Le nombre de cellules de Pseudo-nitzschia spp. ainsi 

que la quantification de l’acide domoïque total ont été dosés dans ces prélèvements. 

Le deuxième chapitre de ma thèse est consacré à une expérience de deux mois au sein de 

l'Écloserie du Tinduff. Après un bloom toxique de Pseudo-nitzschia australis en début d’année 

2021, nous avons pu pêcher une centaine d’animaux de deux classes de taille différentes 

naturellement contaminés par l’acide domoïque. Les taux de dépuration ont été calculés pour 

chaque catégorie de taille lors de la période de décontamination à l’écloserie.  

Le troisième chapitre abordé dans ce manuscrit porte sur l’aide à la décontamination de la 

coquille Saint-Jacques. Ce chapitre se concentrera sur des analyses de microbiologie et de 

metabarcoding, premières étapes nécessaires au développement d’un probiotique qui 

permettrait à la coquille Saint-Jacques d’améliorer sa capacité à dépurer l’acide domoïque selon 

l’hypothèse que les bactéries jouent un rôle prépondérant dans la décontamination de cette 

phycotoxine. Cet axe est structuré en deux parties complémentaires et menées en parallèle : 

- une première approche ciblée, afin de recenser les bactéries cultivables de la glande digestive 

de différents bivalves à dépuration plus ou moins lente de l’acide domoïque. Ce volet a été 

réalisé à l’aide de techniques classiques de microbiologie de cultures bactériennes. 

- une recherche sans a priori, par analyse metabarcoding sur toutes les bactéries présentes dans 

les glandes digestives de P. maximus et M. edulis ainsi que l’évaluation de la possibilité de 

modifier le microbiote de la glande digestive de la coquille Saint-Jacques par simple balnéation 

en présence de moules. Pour étudier ce deuxième point, une expérience de transfert de 

microbiote de la moule vers la coquille Saint-Jacques a été menée. 

Une partie discussion générale ainsi qu’une ouverture sur les perspectives et hypothèses 

soulevées par ce travail viendront clôturer ce manuscrit. 
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CHAPITRE I 

Lien entre la présence de Pseudo-nitzschia sp., de 

la toxine acide domoïque et de la contamination 

par l’acide domoïque de la coquille Saint-Jacques 

P. maximus. Suivi en rade de Brest de 2011 à 2018. 
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Préambule 

Acquérir le maximum de connaissances sur les sources de contamination par l’acide domoïque 

chez les coquilles Saint-Jacques est d’une grande importance pour mieux comprendre les 

cinétiques de contamination et décontamination de P. maximus. Le suivi national effectué par 

le REPHY permet d’identifier et de suivre l’évolution des espèces de microalgues dans les eaux 

de surfaces permettant la sécurité des usagers de la mer ainsi que les consommateurs des 

produits issus de son exploitation. De tels réseaux existent également partout dans le monde, 

pour surveiller les régions touchées comme en Irlande (https://www.marine.ie/), en Écosse 

(https://data.marine.gov.scot/), en Angleterre (https://www.afbini.gov.uk/) et en Espagne 

(http://www.intecmar.gal/lnrbm/gl/index.html), régions fortement touchées par la 

contamination le long de la façade atlantique de l'Europe. Plusieurs réseaux de surveillance aux 

États-Unis couvrent également l'ensemble du littoral (https://calhabmap.org/ et 

https://oceanservice.noaa.gov/hazards/hab/east-coast.html). 

Toutefois, il a parfois été remarqué des discordances entre les épisodes de prolifération de 

Pseudo-nitzschia sp. et la présence d’acide domoïque dans l’eau (Smith et al., 2018). Il a été 

rapporté que certains blooms n'entraînent pas de contamination importante, comme ce fut le cas 

en 2011 dans la baie de Californie où certaines valeurs en acide domoïque particulaire étaient 

au-dessus de 50 μg.L-1, mais l’efflorescence de très courte durée n’a pas entraîné une hausse de 

mortalités animales (Stauffer et al., 2012).  

Mettre en évidence les raisons de ces discordances est important pour optimiser les détections 

des contaminations de la coquille Saint-Jacques en acide domoïque, notamment en rade de Brest 

où s’est déroulée notre étude. 

C’est pourquoi depuis 2011 dans la zone de Lanvéoc, en Rade de Brest, à proximité du point 

de suivi national officiel (REPHY), un suivi hebdomadaire ou bimensuel est mené. Il permet 

de suivre la contamination des coquilles Saint-Jacques par l’acide domoïque ainsi que les 

concentrations, en surface et à l’interface eau-sédiment, des cellules de Pseudo-nitzschia sp., 

(au niveau de l’espèce quand cela était possible) et des concentrations en acide domoïque 

dissous. Ce chapitre 1 met en avant les résultats de ces échantillonnages de 2011 à 2018 et nous 

a permis d’observer la présence de Pseudo-nitzschia sp., au regard de la quantité d'acide 

domoïque dans les eaux de surface et de fond ainsi qu'avec la contamination des coquilles. 
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Abstract 

Over the last decades, the French coasts and more particularly those along Brittany have been 

subjected to an increase of harmful algal blooms (HAB) of the genus Pseudo-nitzschia and its 

neurotoxin domoic acid. The king scallop (Pecten maximus) is among the most affected 

bivalves. Unlike most other bivalves, it depurates domoic acid very slowly, taking up to years 

in some cases. This leads to closures of fishing activities which can last sometimes for several 

years, thus endangering the economical equilibrium of the fishery sector. 

Monitoring of Pseudo-nitzschia sp. in the surface water and contamination of P. maximus do 

not always correlate. Shellfish can be contaminated even though Pseudo-nitzschia sp. is not or 

not yet detected at the surface. Conversely, Pseudo-nitzschia sp. sampling does not always 

cause scallop contamination. This study aims to provide a more detailed description of the 

origins of the contamination of scallops.  

Since 2011, a bi-monthly in situ survey has been deployed in the Bay of Brest (France) to assess 

for the presence of Pseudo-nitzschia sp. cells and domoic acid in surface and bottom waters, as 

well as a measurement of domoic acid in king scallops, thus allowing to correlate their 
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contamination with the presence of domoic acid and/or Pseudo-nitzschia sp. in surface and 

bottom waters.  

Monitoring results pointed out that domoic acid can sometimes be detected in bottom water and 

in scallops even though no sign of Pseudo-nitzschia sp. is detected at the surface. Consequently, 

domoic acid contamination in scallops originates from domoic acid concentration both in 

surface and bottom waters, with a major contribution from domoic acid in bottom waters. These 

results highlight the importance of considering both surface and bottom water sampling when 

developing monitoring strategies of benthic bivalve species.  

 

Keywords: Pseudo-nitzschia, domoic acid, Pecten maximus, water monitoring, harmful algae 

bloom 

 

1. Introduction 

The genus of diatom Pseudo-nitzschia sp., present in all waters of the globe (Bates et al., 2019; 

Lelong et al., 2012), is responsible for an increasing number of toxic contamination incidents 

(Husson et al., 2016).  To date, 29 species of the genus Pseudo-nitzschia sp. have been 

confirmed as producers of domoic acid (Bates et al., 2018), a neurotoxin responsible for 

amnesic shellfish poisoning (ASP) (Trainer et al., 2012). Domoic acid is a water-soluble amino 

acid, homologue of glutamic acid, a major excitatory neurotransmitter that enables synaptic 

transmissions (Doble et al., 2000; Garattini et al., 2000). Domoic acid can therefore disturb 

nervous signaling, particularly in vertebrates. Since the first fatal human poisoning reported on 

Prince Edward Island in Canada in 1987 (Bates et al., 1989), this toxin has caused the death of 

many other organisms, from marine mammals (Scholin et al., 2000; Bargu et al., 2012) to birds 

(Work et al., 1993). This toxin has the particularity of being easily, rapidly, and intensely 

bioaccumulated along the trophic chain (Bargu et al., 2002; Fire et al., 2010; D’Agostino et al., 

2017). Filter-feeding bivalves, as primary consumers, are the main vectors of domoic acid 

particularly for marine mammals and humans leading to ASP syndrome, as they can 

bioaccumulate large amounts of toxin in their tissues (Trainer et al., 2012; Basti et al., 2018). 

Domoic acid contaminations of exploited bivalve species are responsible for repeated and 

sometimes lengthy closures of their exploitation to avoid public health issues. 
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Although the king scallop (Pecten maximus) remains the first bivalve species fished in France, 

domoic acid contaminations over the past twenty years have raised concern for this economic 

sector. In 2018, 60,035 tons of scallops were fished in French waters (Ministry of Agriculture 

- Agreste- DGAMPA "GRAPH'AGRI 2019")2 but dropped to only less than 40,000 tons in 

2021 (Ministry of Agriculture - Agreste- DGAMPA "GRAPH'AGRI 2022") 3after a large 

bloom of Pseudo-nitzschia australis. Scallops are able to accumulate large quantities of domoic 

acid, up to 3,000 mg DA.kg-1 (James et al., 2005; Blanco et al., 2006), with a high degree of 

inter-individual variability (Bogan et al., 2007; Campbell et al., 2001). Unlike the majority of 

bivalve species, such as blue mussels for example, which depurate domoic acid very quickly 

(Blanco et al., 2002), king scallops depurate very slowly, remaining contaminated for months 

or even years with toxin burdens above the international health safety threshold of 20 mg 

DA.kg-1 (Blanco et al., 2002; Blanco et al., 2006). 

 

Concentrations of Pseudo-nitzschia sp. and shellfish toxicity monitoring are thus essential in 

areas subjected to toxic Pseudo-nitzschia blooms. Monitoring is often supervised by a network 

of national reference laboratories for toxic phytoplankton and biotoxins. Such networks exist 

for example in Ireland (https://www.marine.ie/), Scotland (https://data.marine.gov.scot/), 

England (https://www.afbini.gov.uk/) and Spain 

(http://www.intecmar.gal/lnrbm/gl/index.html), the regions affected by contamination along 

Europe's Atlantic margin. Several monitoring networks in the USA also cover the entire 

coastline (https://calhabmap.org/ and https://oceanservice.noaa.gov/hazards/hab/east-

coast.html). In France, this task was entrusted to the dedicated phycotoxin monitoring network 

managed by IFREMER (French Research Institute for Exploitation of the Sea) as part of the 

REPHY-REPHYTOX system (https://bulletinrephytox.fr/accueil) and is since February 2021, 

the responsibility of LABOCEA laboratory (https://www.labocea.fr/). For reasons of time and 

cost, water sampling used to identify and count phytoplankton in most monitoring is mainly 

carried out on surface or sub-surface water (1 m). In France, when Pseudo-nitzschia australis 

concentration in water samples exceed the alert threshold of 100 000 cells.L-1, sampling of 

shellfish is then performed as well to carry out toxin assays in the tissues. 

 
2 Agreste- DGAMPA "GRAPH'AGRI 2019 - https://agreste.agriculture.gouv.fr/agreste-web/download/publication/publie/GraFra2019Chap7/GraFra2019_peche-

maritime.pdf 
3 Agreste- DGAMPA "GRAPH'AGRI 2022 - https://agreste.agriculture.gouv.fr/agreste-web/download/publication/publie/GraFra2022Chap7/GraFra2022_peche-

maritime.pdf 

(https:/www.marine.ie/
https://data.marine.gov.scot/
https://www.afbini.gov.uk/
http://www.intecmar.gal/lnrbm/gl/index.html
https://calhabmap.org/
https://oceanservice.noaa.gov/hazards/hab/east-coast.html
https://oceanservice.noaa.gov/hazards/hab/east-coast.html
https://bulletinrephytox.fr/accueil
https://www.labocea.fr/
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Data issued from networks enable monitoring the presence of Pseudo-nitzschia sp. and 

contamination levels in scallops and other shellfish. However, observation of the monitoring 

data raises a number of questions. Under regular circumstances a high number of Pseudo-

nitzschia sp. cells is a sign of future domoic acid contamination, however, there are events of 

Pseudo-nitzschia sp. proliferation that do not necessarily lead to an increase in domoic acid 

concentration in scallops. In June 2018, in the bay of Brest, Pseudo-nitzschia sp. bloomed up 

to 900 400 cells.L-1 without increasing domoic acid levels in the scallops digestive gland. The 

French national surveillance network succeeded in identifying the Pseudo-nitzschia sp. 

complexes present during the bloom indicating that this bloom was due to non- or few toxic 

Pseudo-nitzschia sp. cells, from the P. fraudulenta, P. delicatissima and P. seriata complexes. 

The first two species are considered as non-toxic, while the P. seriata complex including P. 

multiseries and P. pungens are known as less toxic.  

The opposite has also sometimes been observed as well, as reported by Rowland-Pilgrim et al., 

(2019) in early 2016 in Scottish waters, where an increase in domoic acid concentration in 

bivalves occurred without any increase in the concentration of Pseudo-nitzschia sp. cells 

between the surface and 10m below the surface.  

Monitoring also showed that King scallops, P. maximus, are prone to regular episodes of 

recontamination that are not always linked to an increase in the biomass of toxic microalgae in 

the first 10m depth. These filter-feeding bivalves live on sediment at the water-sediment 

interface zone (Brand et al., 2006). Studies have described the importance of 

microphytobenthos as a food source for P. maximus and other bivalves. The results of Marchais 

(2014) in an experiment with phytoplankton and microphytobenthos labelled with isotopic 

markers show the ingestion of microphytobenthos even in the presence of phytoplankton. The 

isotopic signature most frequently found in the digestive contents of P. maximus was that of 

microphytobenthos. Similar results have also been observed for other benthic feeders, such as 

Argopecten irradians (Davis and Marshall, 1961) and Mercenaria mercenaria (Porter et al., 

2013).  In cases of prolonged contamination, the importance of the resuspension of organic 

matter particles from sediment into the water column at the water-sediment interface, and the 

role played by bivalves in this process has been studied. According to Grant et al. (1997), the 

giant scallop Placopecten magellanicus is capable of re-suspending particles in the water 

column that can remain in the environment for hours. Particles >5 µm are of manageable size 

for these filter feeders. This study also stated that scallops absorbed this re-suspended organic 

matter from the sediment with an efficiency rate of 40%. Considering the natural habitat of 
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these bivalves, it is important to question the origin of the domoic acid responsible for their 

contamination, when no increase in Pseudo-nitzschia sp. cells were detected at the surface.  

 

 

The aim of this study was thus to identify if the long-term contamination of scallops could be 

partly attributable to the presence of Pseudo-nitzschia sp. cells or domoic acid at the surface 

and/or at bottom of the water column. To address this question, a 7-year monitoring of both 

domoic acid and Pseudo-nitzschia sp. cell concentrations both at the surface and at the bottom 

of the water column, at the water-sediment interface, as well as domoic acid concentration in 

King scallop digestive glands was performed in the Bay of Brest. 

 

2. Materials and methods 

2.1 Study site 

Monitoring was carried out in the Bay of Brest (Brittany, France) at the Lanvéoc site 

(48°17'41.23"N - 4°27'12.63"W) (Fig. 1). This collection point was chosen for its proximity to 

a national REPHY monitoring point, but also a well-known, monitored, and instrumented 

location of the SOMLIT (Service d'Observation en Milieu Littoral from Centre National de la 

Recherche Scientifique) monitoring network. 
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Figure 1: Map of the Bay of Brest with the location of the national monitoring site (REPHY 
station) and the site for scallops sampling at Lanvéoc. 

2.2 Sample collection.  

Scallops and water samples were collected every two weeks from Avril 2011 to December 

2018. Water was collected at two points in the water column: first between 1 and 2 m below 

the surface and secondly, at the water-sediment interface hereinafter referred to as the bottom 

point. For each water sample, 1L of surface water was taken using a Niskin bottle and 1L of 

bottom water collected with a syringe by a diver.   

For taxonomic identification, water samples were fixed directly after sampling on the boat by 

adding Lugol iodine solution (0.5% to 2% final concentration) and stored in the dark at the 

laboratory at -20°C until phytoplankton identification analysis. In addition, 5 ml of water were 

also sampled for domoic acid analysis and directly stored in the dark at the laboratory at -20 °C 

prior to analysis. 

Additionally, five adult scallops (9 cm +/- 2 cm) were collected by a diver on the seabed and 

stored at -20 °C. 
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2.3 Pseudo-nitzschia identification 

All water samples were carefully homogenized before settling (Utermöhl, 1958). A volume of 

10 ml was used for the identification of phytoplankton phyla and placed in a sedimentation 

chamber to allow random distribution of phytoplankton after homogenization by gently turning 

the bottle 30 times. Cells larger than 20 µm were counted using a cell counter. Identification 

was performed using an inverted light microscope (Axio Observer. A1, Zeiss). As this study 

focused on the sources of bivalve contamination, only toxic microalgae of the genus Pseudo-

nitzschia were selected for further analyses. As Pseudo-nitzschia sp. is difficult to identify at 

species level using microscopy, the specimens were separated into three different groups. The 

“pugens” group included the largest slivered cells, the “seriata” group for the larger 

asymmetrical cells and finally the “delicatissima” regrouped all thinner cells. 

 

2.4 Domoic acid extraction and quantification 

2.4.1 Domoic acid quantification in water samples 

Water samples previously frozen, were thawed on ice and sonicated using a Digital Sonicator - 

Ultrasonic processor (Misonix, Inc.) equipped with a microtip to disrupt cell membranes. 

Samples were kept on ice and processed 2 min alternating pulse on for 2 sec and off for 8 sec, 

to prevent domoic acid degradation. An amplitude of 50 Hz was applied. Each sample was then 

filtered through 0.2 µm cellulose acetate membrane filter (Minisart® Syringe Filter by 

Sartorious) and maintained at -20 °C until analysis. 

Measurements of domoic acid concentration were performed using ASP ELISA kit, according 

to the manufacturer’s protocol (BiosenseLaboratories, Bergen, Norway). The absorbance was 

read using a spectrophotometer (POLARstar Omega, BMG Labtech) using a 450 nm filter. 

A four-parameter logistic curve fitting model was created with the absorbance values obtained 

for the dilution range using the software included in the ELISA kit. The absorbance values of 

the samples were then plotted against the standard curve. The analyzed samples are classified 

according to their position relative to the standard curve as “too diluted”, “in range” and “too 

concentrated”. Out of range samples were run again after adjusting their dilution. 
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2.4.2 Domoic Acid quantification in digestive glands of scallops 

Domoic acid was quantified only in digestive glands of scallop as this organ accumulates more 

than 80% of the total domoic acid load (Blanco et al., 2020).  

Three out of five animals sampled at each sampling time were used as replicates for this 

analysis. Each digestive gland dissected from frozen scallops was weighed and freeze-dried for 

four days, as described in McCarron et al., (2007). Once dehydration was completed, 200 ± 5 

mg of freezed tissue were rehydrated in MilliQ water according to the following formula (VH2O 

= mfinal wet mass - mlyophylisate weighed). A volume of 450 µl of MeOH/H2O (1/1; v/v) and 300 mg of 

100-250 µm diameter glass beads were added to the tube and then briefly vortexed. Samples 

were grinded using a Laboratory Mixer Mill MM 400 system (Retsch® Fisher Scientific, 

Illkirch-Graffenstaden, FR) for 3 min at 30 Hz and centrifuged 5 min at 15000 g at 4 °C. 

Supernatant was collected. These two steps were repeated a second time. The two supernatants 

obtained were pooled and the volume adjusted to 1 mL with the MeOH/H2O solution and then 

vortexed. A volume of 200 µl of this crude extract was then filtered on a 0.2 µm filter 

(Minisart® Syringe Filter by Sartorious) by centrifugation for 5 min at 4 °C. The resulting 

filtrate was transferred to an amber glass insert vial and stored at -20 °C pending HPLC analysis. 

Domoic acid quantification was then performed for each sample according to the HPLC method 

described by Corona et al. (2022) previously adapted by the LER-BO, IFREMER from the 

“EU-Hormonised Standard Operating Procedure for determination of domoic acid in shellfish 

and finfish by RP-HPLC using UV detection, 2008”. 

 

2.5 Statistics  

All data collected for the 2011-2018 period were plotted to visualize the relationship between 

scallop domoic acid contamination, the concentration of Pseudo-nitzschia in the water column 

(at the surface and at the bottom) and the amount of total domoic acid quantified in the water 

(at the surface and at the bottom). Cross-correlations (CCF) between these five variables were 

carried out. Cross-correlation is a simple and widely used way to evaluate the strength and 

direction of time-lagged relationships between two time series (e.g abundance of Pseudo-

nitzschia sp. at the bottom and the concentration of total domoic acid at the water sediment 

surface). This approach implies the determination of a regular temporal resolution (lag) for 

analysis. Two criteria were considered when choosing an “optimum” lag (e.g daily, weekly, bi-
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monthly, monthly): (i) avoid losing too much information by aggregating data and (ii) 

minimising the number of sample units with a missing value. The lag selected for optimal 

expression of correlations was established as two weeks, since samplings were mostly 

performed every 2 weeks. Furthermore, to reduce variability within the several different 

variables from this dataset, the square root method was used for data transformation. The 

significance threshold for the CCF of the time series study was set at 0.25. Finally, in this 

analysis, the estimation of the CCF considered the presence of missing values (NA) as described 

by Simpson et al. (2001).  

 

3. Results 

3.1 2011-2018 monitoring data 

Monitoring was performed bi-monthly from April 2011 to the end of November 2018 (Fig 2). 

Some data was missing from the dataset as the surveys tried to be as regular as possible, but 

due to variations in the frequency of water monitoring, it was not always possible to obtain 

corresponding data for phytoplankton and shellfish testing across all samples. 

First, surface domoic acid measurement started only in September 2011. Secondly, no data on 

Pseudo-nitzschia sp. concentration or domoic acid in the water were recorded during 2013; only 

domoic acid concentrations in the scallops were recorded for this year. Finally, domoic acid 

concentration in water is also missing from February to April 2017 as well as from June to 

October 2017 and finally from November 2017 to early 2018.  

Over this seven-year period, three distinct large Pseudo-nitzschia sp. blooms were identified in 

April 2014, June 2015, and April 2017 (Fig. 2).  

In 2014, the maximum number of cells at the surface in April was reached on 3 April 2014 with 

1700 cells.L-1. On the same date, Pseudo-nitzschia sp. cells was 54,870 cells.L-1 at the bottom. 

The maximum concentration on the bottom reached 203,370 cells.L-1 on 15 April 2014 while 

the maximum presence of Pseudo-nitzschia sp. on the surface peaked later at the end of May 

with 51,333 cells.L-1. In early April, a concentration of 110.64 pg.L-1 of domoic acid was 

detected at the surface and a concentration of 565,881pg.L -1 domoic acid was recorded at the 

bottom of the water column. The contamination found in the digestive glands of scallops rose 
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from 7 mg DA.kg-1 at the end of February 2014 to a maximum of 33,421 mg DA.kg-1 at the 

beginning of June 2014.  

A year later, a significant increase in the presence of Pseudo-nitzschia sp. cells was recorded in 

June 2015. The number of Pseudo-nitzschia sp. cells at the surface reached a maximum of 

213,484 cells.l-1 while the domoic acid concentration in the surface water was 787.59 pg.L-1. 

Pseudo-nitzschia sp. presence at the bottom rose from 1,780 cells.L-1 in mid-April to 64,448 

cells.L-1 in early June 2015. At the same time, domoic acid concentration rose to 725.17 pg.L-1 

at the bottom. Contamination in the digestive glands of the scallops did not increase 

significantly as would be expected following this proliferation of cells and even kept decreasing 

with a level of domoic acid measured at 1,462.7 mgDA.kg-1, after having reached 2,425 

mgDA.kg-1 in January 2015.  

Lastly, in 2017 Pseudo-nitzschia sp. was observed from March onwards, with a peak reached 

in mid-April with the presence of 28,694 cells.L-1 at the surface. On the same date, there was a 

very sharp increase in the concentration of total domoic acid in the water, with 289,809 pg.l -1 

at the surface. At the same time, 23,789 cells.L-1 were observed at the bottom of the water 

column and a concentration of 10,998.5 pg.L-1 of domoic acid was found at the bottom. This 

resulted in contamination of the digestive glands of the scallops, which rose from 498.4 mg 

DA.kg-1 at the beginning of April to 3,177.7 mg DA.kg-1 in mid-April. Maximum contamination 

in scallop digestive gland was observed one month later in May with 4,167.7 mg DA.kg-1. The 

concentration within the DG decreased slowly before rising again in 2017 consequently to the 

bloom decreasing until 2018, reaching 52 mg DA.kg-1 on December 11, 2018. The total 

reopening of the fishery could be established in January 2019. 

These major blooms resulting in the contamination of scallops have led to the closure for several 

months of the fishing activity in the Bay of Brest. 

The 2014 bloom recorded concentrations of Pseudo-nitzschia sp. cells in the water column, ten 

times higher than during the 2017 bloom. The same factor applied for domoic acid 

concentration in the scallop’s digestive gland. 
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Figure 2: Global and combined representation of data from 2011 to 2018. Concentration of 
domoic acid in the surface water (blue bar), concentration of domoic acid in water at 
the bottom (grey bar), Pseudo-nitzschia sp. concentration in the surface water (blue 
dots), and Pseudo-nitzschia sp. concentration in the water on the seabed (brown dots), 
Concentration of domoic acid in the digestive gland of scallop Pecten maximus (blue 
curve, Mean of n=3). Schematic representation of all the different bloom scenarios, 
which may result in the presence of domoic acid and contamination of scallops P. 

maximus. 
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In 2017, P. australis complex was observed at its peak at the end of June with 14,100 cells.L-1 

in surface water. In bottom water samples the same year, Pseudo-nitzschia seriata complex was 

recorded during several months from April to October. It reached its maximum concentration 

of 23,769 cells.L-1 in mid-April, 2017. However, for these samples, less P. australis cells were 

identified. 

These results were consistent with the P. australis identification reported by the national 

surveillance network (REPHY) in the vicinity of the laboratory sample collection point from 

the end of April 2011 to the beginning of July 2018.  

 

3.3 Cross correlation 

To test the correlation between all variables, cross-correlation tests were performed on the 

dataset over the 2011-2018 period. These tests also enable highlighting any time lag between 

two correlated variables.  
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Tableau 1: Cross correlation between variables analyzed in pairs. CCF (cross-correlation factor) considers lags between two time-series. The lag 
was expressed fortnightly. Significativity at the threshold of 0.25 was retained. Five variables were analyzed: the concentration of 
Pseudo-nitzschia sp. at the surface (Pseudo-nitzschiaS) and at the bottom (Pseudo-nitzschiaB); the concentration of domoic acid at the 
surface (Domoic acidS) and at the bottom (Domoic acidB) and the concentration of domoic acid in the digestive gland of P. maximus 
(Domoic acidPM). 

 

Variables CCF
(cross correlation factor)

Lag
(fortnight)

Interpretation

Pseudo-nitzschia S vs Domoic acidS 0.26 0 Simultaneous positive correlation

Pseudo-nitzschia S vs Pseudo-nitzschia B 0.45 0 Simultaneous positive correlation

Pseudo-nitzschia S vs Domoic acidB 0.40 3 Positive correlation

0.53 -1
0.33 0

0.25 0 
0.49 1

Pseudo-nitzschia B vs Domoic acidB 0.66 0 Simultaneous positive correlation

Pseudo-nitzschia S vs Domoic acidPM  - - No significant correlation

0.26 -3 
0.25 -2

0.37 -3
0.36 -2
0.33 -1

0.83 -4 
0.58 -3
0.74 -2
0.47 -1

Pseudo-nitzschia B  vs Domoic acidPM Positive correlation

Domoic acidB  vs Domoic acidPM  Positive correlation

Pseudo-nitzschia B vs Domoic acidS  Positive correlation

Domoic acidS vs Domoic acidB Positive correlation

Domoic acidS vs Domoic acidPM Positive correlation
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A negative lag was found for the correlations between domoic acid at the surface and domoic 

acid in the scallops, as well as for domoic acid at the bottom and domoic acid in the scallops, 

and between the presence of Pseudo-nitzschia sp. cells on the bottom and domoic acid in the 

scallops. This can be interpreted as an increase of the domoic acid values in scallops digestive 

gland between 1 to 3 fortnights after the increase of Pseudo-nitzschia sp. concentration at the 

bottom. The highest CCF (0.37) was for a lag of -3. As values of domoic acid at the bottom of 

the water column increased, the values of domoic acid in the scallops increased over a time 

period between 1 and 4 fortnights. In these cases, the highest correlations were observed in 

relation to the longest lags. In other words, domoic acid values in the digestive gland of scallops 

were highest after 2 months following the increase in domoic acid values at the bottom, with a 

CCF of 0.83. 

The strongest correlations were observed between the values of domoic acid in scallop digestive 

glands and the presence of Pseudo-nitzschia sp. cells at the bottom of the water column, as well 

as domoic acid concentration at the bottom. Correlations between surface Pseudo-nitzschia sp. 

cell values and domoic acid values in scallops were the least robust of all variables.  

 

4. Discussion 

The aim of this study was to improve our understanding of the relationship between king scallop 

Pecten maximus contamination by domoic acid and the concentration of Pseudo-nitzschia sp., 

its toxin domoic acid. The seven yearlong monitoring presented in this study illustrated different 

scallop contamination scenarios, highlighting the complexity of the system under study.  

During this field monitoring, the hypothetical scenario in which Pseudo-nitzschia sp. toxic 

bloom was observed only at the surface, leading to contamination of the scallop digestive gland 

by domoic acid that may have descended into the water column, was not observed.  

 

The first model is the simultaneous increase in Pseudo-nitzschia sp. cell density, both at the 

surface and the bottom, and domoic acid concentration in shellfish. This joint evolution leads 

to an accumulation of the toxin exceeding the sanitary safety threshold.  

This pattern was observed in this study during the 2017 bloom. Indeed, the bloom of toxic 

Pseudo-nitzschia sp. cells occurred both at the bottom and the surface waters from April to June 

2017. A higher cell density was observed in the bottom than in the surface waters, however the 
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sharp increase in domoic acid in the water column that followed was more important at the 

surface. Several hypotheses could explain this pattern, the first being that the same bloom would 

be large enough to be present from surface to bottom waters. It could also be caused by the 

sedimentation of Pseudo-nitzschia sp. cells, which could be dead or still alive, towards the 

bottom of the water column, hence the transport of domoic acid from the surface to the bottom. 

A study by Sekula-Woods demonstrated that the rapid transport of domoic acid to bottom 

waters could explain high levels of domoic acid observed in benthic organisms (Sekula-Woods 

et al., 2009). Another hypothesis that could explain this observation is that the recorded bloom 

was composed of at least two species of Pseudo-nitzschia spp., with the more toxic one present 

at the surface. Indeed, domoic acid concentration at the surface was 26 times higher than at the 

bottom. An increase in domoic acid contamination was also observed in scallop digestive gland. 

Their slow decontamination began but was marked by new episodes of recontamination in May 

2017, associated with the presence of Pseudo-nitzschia sp. and domoic acid at the water-

sediment interface. As a result, the fishery was closed for nearly two years at the beginning of 

2017 and was only able to reopen fully for the 2019 campaigns. In addition, even if a higher 

number of cells identified at the bottom belonged to the “seriata” complex which includes P. 

australis, only a few cells were identified as this specific species. As mentioned before, cross-

correlation test showed that the CCF between scallop contamination and the presence of 

Pseudo-nitzschia sp. cells and domoic acid at the surface were less important and significant 

than between the variables at the water-sediment interface. 

 

A second scenario was highlighted in the course of this work. Blooms of Pseudo-nitzschia sp. 

did not always seem to correlate directly with domoic acid contamination of the digestive glands 

of bivalves sampled in the affected area. As observed during the Pseudo-nitzschia sp. bloom of 

2015. Although the presence of Pseudo-nitzschia sp. was detected in greater density at the 

surface, this increase in algal cells did not, however, lead to a large increase in the concentration 

of domoic acid in the water column, nor a significant increase in the contamination of the 

scallops, as could have been expected. Domoic acid concentration in the digestive glands of 

scallops even continued to decrease during this time. The Pseudo-nitzschia spp. cells analyzed 

during this bloom under microscope in the laboratory belonged to the “Pseudo-nitzschia 

pungens” group at the surface and to the “Pseudo-nitzschia delicatissima” group at the bottom. 

These two groups are known to have low levels of toxicity (Baugh et al., 2006; Trainer et al., 

2012), which can explain these low contamination rates.   
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These discrepancies between the presence of Pseudo-nitzschia sp. cells and scallops’ 

contamination, when domoic acid is present were also reported by Rowland-Pilgrim et al. 

(2019) in the English and Welsh waters and by Delegrange et al. (2018) in the southern North 

Sea, who both observed that domoic acid concentration in shellfish tissue or water was not 

always correlated to absolute Pseudo-nitzschia sp. cell abundance. This was also highlighted 

by the absence of evident cross-correlation between the presence of Pseudo-nitzshia spp. at the 

surface and the scallop toxicity.  

Results from this study follow the same pattern as already observed in other studies: not all 

Pseudo-nitzschia blooms result in the presence of domoic acid in the water. Indeed, not all 

Pseudo-nitzschia species are capable of producing domoic acid (Fehling et al., 2005; Bates et 

al., 2018; Lelong et al., 2012). Furthermore, toxic Pseudo-nitzschia cells do not always produce 

toxins, and their production depends on a large number of external, but also intrinsic factors 

(Bates et al., 2018; Thorel at al., 2014; Lundholm et al., 2018). Several species of Pseudo-

nitzschia can therefore be found in the same location without always leading to domoic acid 

contamination. Previous studies in the literature have underlined the great difficulty in formally 

identifying the species of Pseudo-nitzschia sp. because of their morphological similarities 

(Bates et al., 2018; Lundholm et al., 2012). More precise identification of the species sampled 

could help determine if a bloom could lead to water and scallops contamination. Indeed, light 

microscopy determination requires a great knowledge of the species and is a time-consuming 

analysis. Formal identification is still problematic even though less expensive, and more time 

efficient methods are being developed. The most recent being the use of artificial intelligence 

deep learning models targeted for HAB detection (Guterres et al., 2023). Molecular probes 

developed for specific species are also used with methods such as PCR (McDonald et al., 2007), 

FISH (fluorescent in situ hybridization) (Kim and Sato, 2005; Ferrari et al., 2023) or sandwich 

hybridization assays (SHAs) (Ayers et al., 2005). These procedures are based on the genetic 

knowledge of each species and can help to differentiate them.   

Finally, the last contamination pattern observed during this monitoring showed that 

contamination of scallop digestive glands appeared to be mainly due to a high concentration of 

Pseudo-nitzschia sp. cells and domoic acid at the bottom rather than at the surface. The data 

shown in this paper indicate that a Pseudo-nitzschia sp. bloom took place in 2014, starting in 

early April 2014, with a high proliferation of Pseudo-nitzschia sp. at the bottom of the water 

column. This led to a very significant increase in the quantity of domoic acid in the water at the 

bottom, while there was also an increase at the surface but to a much lesser extent. Heavy 
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contamination of the scallop digestive glands followed, well above the sanitary threshold, 

resulting in a closure of fishing activity. Cross-correlation revealed that following a strong 

increase in the content of Pseudo-nitzschia sp. cells and domoic acid at the water-sediment 

interface, the contamination of scallops increased over a period ranging from 2 weeks to 2 

months, which may explain the very long contamination of scallops. Scallops could begin to 

accumulate the toxin as soon as the bloom and the production of domoic acid began and could 

increase for up to about 2 months afterwards. This was especially the case over the summer, 

when scallop contamination rose from 8,241mg DA.kg-1 at the beginning of July 2014 to 17,776 

mg DA.kg-1 in late August 2014. No sharp increase in domoic acid in the water column, at 1 m 

below the surface, where most monitoring occurs, nor in the presence of Pseudo-nitzschia sp. 

cells were noted over that summer. It took several months for these scallops to decontaminate. 

The fishery was only able to reopen at the end of January 2016, on condition that the scallops 

were enucleated (shucking is allowed at 4.6 mg DA.kg-1 in muscle and gonads 2002/226/EC). 

The fishing activity of whole scallop resumed normally at the end of 2016, after domoic 

concentration reached below the sanitary threshold of 20 mg DA.kg-1. This episode of 

contamination in 2014 was thus mostly explained by the presence of toxic Pseudo-nitzschia sp. 

cells and domoic acid at the water-sediment interface. These results of the cross-correlation 

tests, showing a highly significant correlation factor between domoic acid contamination in 

scallops and the presence of Pseudo-nitzschia sp. and domoic acid at the water-sediment 

interface, clearly demonstrates the importance of considering the bloom of Pseudo-nitzschia 

sp. at the bottom when monitoring scallop domoic acid toxicity.  

However, the question of the origin of the presence of Pseudo-nitzschia sp. cells and total 

domoic acid at the bottom of the water column, i.e. at water-sediment interface, has yet to be 

answered and several hypotheses should be investigated.  

The most commonly accepted explanation for the presence of domoic acid at the sediment-

water interface, is its transfer along the water column via mechanisms such as the formation of 

marine snow during bloom senescence (Schnetzer et al., 2017). The presence of this toxin at 

the sediment-water interface could also be explained by the resuspension of particles trapped 

in the sediment. Punctual events, such as storms could play a significant role in the resuspension 

of domoic acid particles (Husson et al., 2016). This phenomenon happened in February 2010 

in the north-west of France, in the Pertuis Breton and in the Northern Bay of Biscay, after the 

‘Xynthia’ storm (Husson et al., 2016). This type of resuspension event was also observed during 
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studies on the east coast of the United States, along the Washington coast (Adams et al., 2006). 

Other movements in the water column may be the cause of the resuspension of domoic acid. In 

2006, Bogan et al. suggested that the long period of toxicity could be explained by pulses of 

toxic Pseudo-nitzschia sp. cells resuspended by upwelling events (Trainer et al., 2009). 

Although the resuspension of toxic particles seems to be well explained, little is known about 

the possible ability of Pseudo-nitzschia sp. cells to retain their toxicity after a bloom and their 

descent into the water column.  

The same lack of knowledge remains concerning the capacity of domoic acid to be preserved 

over time in sediment composition (Burns and Ferry, 2007). A possible phenomenon of 

dormancy in the sediment could also partly explain the contamination of scallops as well as the 

episodes of recontamination, while a toxic bloom was not detected at the surface.  

Another hypothesis worth investigating would be that dead Pseudo-nitzschia sp. cells after a 

bloom, could still contain active/viable toxins as suggested by several studies (Sekula-Wood et 

al., 2009,2011; Schnetzer et al., 2017). The behavior of scallops and other bivalves could also 

play a role in domoic acid resuspension (Schnetzer et al., 2017). It is plausible that in addition 

to the previously described water movements, the opening and closing of bivalve valves, 

especially Pecten maximus, could induce displacements sufficient to resuspend toxic Pseudo-

nitzschia sp. cells that have sunk from the surface (Schnetzer et al., 2017) or domoic acid that 

might have been adsorbed to the sediment (Burns and Ferry, 2007) as well.   

According to our cross-correlation tests, the values of Pseudo-nitzschia sp. cells at the surface 

increase concomitantly with those of Pseudo-nitzschia sp. cells present at the bottom of the 

water column, and the same is also observed for the values of domoic acid at the surface and at 

the bottom. Densities of Pseudo-nitzschia sp. at the surface do not seem to correlate with 

contamination values in the digestive gland of scallops. The sinking of toxic Pseudo-nitzschia 

cells that could contaminate the shells therefore seems to be a hypothesis that is not supported 

by the data collected during this monitoring program.  

However, Pseudo-nitzschia sp. densities and domoic acid concentrations at the bottom of the 

water column are both strongly correlated with scallop contamination values. The latter 

correlation is strongest after a lag of 2 months, which could correspond to a resuspension event 

of the toxin. 
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Furthermore, the significant cross correlation factor between the values of domoic acid at the 

surface and the values of domoic acid in scallop digestive gland with a lag of up to a month to 

a month and a half could be a proof of transfer of the toxin from the surface to the bottom. This 

hypothesis may be similar to scenario number 2 observed in 2017. 

Another source of the presence of Pseudo-nitzschia sp. cells as well as domoic acid at the 

sediment/water interface is the possibility that blooms of toxic Pseudo-nitzschia sp. form 

directly deeper in the water column or at the sediment interface. This situation is highlighted 

by the 2014 results in this study when scallop contamination correlated strongly with Pseudo-

nitzschia sp. cells and domoic acid at the bottom of the water column. As mentioned in several 

articles, ‘cryptic’ HABs could undoubtedly play an important role in explaining the 

discrepancies observed (Rines et al., 2002; Mcmanus et al. 2007; Seegers et al., 2015). These 

authors demonstrate that thin layers of Pseudo-nitzschia spp. near the bottom or even Pseudo-

nitzschia spp. living alongside Chaetoceros socialis found deeper in the water column could be 

a source of unexplained toxicity. Those thin layers, also described by Velo-Suárez et al. (2008), 

could lead to HAB events and go undetected because they are located in discrete subsurface 

water. In an event of a toxic Pseudo-nitzschia sp. blooming, its expansion in this thin layer, 

could be a source for “seeding” a later surface HAB episode inducing a delay in its observation 

at the surface. Their involvement in contamination and recontamination episodes leading to 

long toxin retention in certain organisms such as P. maximus when coupled with water 

movements should not be overlooked. 

 

The importance of developing bottom Pseudo-nitzschia sp. and domoic acid measurements 

in monitoring networks  

This study clearly highlights the great value of considering both subsurface and seafloor 

sampling when looking at shellfish contamination. Indeed, our results demonstrated some 

discrepancies between the detection of a Pseudo-nitzschia bloom at the surface and the presence 

of domoic acid at the water-sediment interface as well as in scallops. The absence of correlation 

demonstrated that assessing only Pseudo-nitzschia cell concentration at the surface may not be 

sufficient to predict scallop toxicity. These results thus demonstrate the importance of also 

considering the presence of Pseudo-nitzschia sp. cells and domoic acid at the water-sediment 

interface. This compartment should not be overlooked when monitoring for domoic acid 

contamination of bivalves or other benthic organisms. 
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Furthermore, Uhmau et al. (2018) have distinguished between dissolved (dDA) and particulate 

domoic acid (pDA) from Pseudo-nitzschia sp. and highlighted the contribution of each to the 

presence of domoic acid in the water column.  They found that pDA corresponded to 57.3 ± 

34.8% and dDA to 42.7 ± 34.8% to tDA pool measured in the Santa Barbara Basin, California 

from 2009 to 2013. Moreover, according to Novaczek et al (1991) only less than 1% of dDA is 

incorporated into the tissues of the mussel M. edulis and this percentage rises to 6% for the 

food-borne domoic acid. It has already been shown that scallops filter and assimilate particles 

>5µm (Grant et al., 1997). Therefore, particulate domoic acid filtration seems responsible for 

most of the bivalve contamination. On the contrary, the role of dissolved domoic acid in bivalve 

contamination is probably very limited, almost non-existent. Dissolved domoic acid could be, 

to a large extent, filtered and then excreted.  Our study only investigated total domoic acid, it 

would however be interesting to differentiate between dissolved and particulate domoic acid 

and clearly identify the compartment responsible for scallop domoic acid contamination. 

 

5. Conclusions 

This study clearly highlights the great value of considering both subsurface and water-sediment 

interface waters for monitoring of scallop contamination by domoic acid. 

Deeper water analysis or the use of sediment traps, when studying King scallops or benthic 

organisms, can shed light on the different sources of contamination. Further studies on the fate 

of domoic acid produced in surface waters or its persistence in the sediments, and the 

investigation of subsurface blooms of Pseudo-nitzschia sp. could help to determine the threat 

that toxin buildup poses to the environment. A better understanding of the species of Pseudo-

nitzschia sp. responsible for shellfish contamination combined with the development of 

accurate techniques for taxonomic determination of the genus Pseudo-nitzschia sp. will help 

with the prediction of bivalve toxicity.   
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CHAPITRE II 

Lien entre la taille de la coquille Saint-Jacques et 

sa dépuration de l’acide domoïque. 
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Préambule 

L’acide domoïque est une toxine amnésiante qui affecte de nombreux organismes, des 

mammifères aux oiseaux en passant par les crustacés et certains bivalves. Certaines espèces de 

copépodes, par exemple, modifient leur activité de broutage en sa présence. Les coquilles Saint-

Jacques ne semblent pas être impactées par cette toxine. En effet, dans une étude de Liu et 

collaborateurs publié en 2008 ils ont démontré que des juvéniles de P. maximus exposés à de 

l'acide domoïque dissous dans une solution pendant 18 jours ne montraient aucun changement 

au niveau de leur taux de filtration, l'activité de leurs valves, leur réaction de redressement ou 

bien la sécrétion du byssus. Une étude menée par Bogan et collaborateurs (2007) a cependant 

mis en évidence que les coquilles Saint-Jacques de petite taille avaient un taux de contamination 

plus important que celles de grande taille. Une corrélation positive a également été mise en 

évidence entre les plus petites coquilles et une dépuration plus rapide de ces dernières.  

Ce chapitre 2 porte sur l’analyse des taux de dépuration de P. maximus adultes de deux 

catégories de tailles différentes près une contamination naturelle et pendant une période de 

décontamination de deux mois en milieu contrôlé, à l’écloserie du Tinduff. Cette étude est la 

première à être menée sur une durée aussi importante. 
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Abstract 

Contaminations by the amnesic phycotoxin domoic acid is the cause of fishing closures 

worldwide. This can last several months in the case of the bivalve king scallop, Pecten maximus, 

which can accumulate high amounts of toxin and retain it in its digestive gland for months. 

Little is known about the response of this bivalve during domoic acid decontamination. The 

aim of this study was to investigate the effect of domoic acid depuration rate of two size 

categories of adult scallops naturally contaminated during a bloom. 

The initial domoic acid burden of scallops from two different size classes (“small group” = 8.33 

± SD 0.66 cm and “large scallops” = 10.63 ± SD 0.41 cm) and final concentration of domoic 

acid in the digestive gland was analysed. Scallops from the "small group" were more 

contaminated during the bloom and at the start of the experiment than those from the "large 

group". With a concentration of 1634 ± 65 mg kg-1 for the "large group" and 2023 ± 56 mg kg-

1 for the "small group". After 60 days of decontamination, the domoic acid burden was 

calculated at 851 ± 47 mg kg-1 for the "large group" and 1189 ± 47 mg kg-1 for the "small group". 

At the end of the experiment, the scallops showed a depuration rate in the digestive gland of 

0.0018 day-1 for large scallops and 0.0029 day-1 for the small scallops. These depuration rates 

in the digestive gland of P. maximus are low and in line with the slow depuration rates observed 

in scallops before. These results also provide additional information in line with previous 

studies, which show different contamination and depuration rates between scallops of different 

sizes. 

Keywords : Pecten maximus, depuration rate, domoic acid, size 

 

1. Introduction 

Among the bivalves of great economic importance, the King scallop (Pecten maximus) is one 

of the most fished along the Atlantic margin of Europe with a production of 60 000 tons in 2019 

(FAO Fisheries and Aquaculture Department). Scallops live partially buried at the water-

sediment interface and as filter feeders, they are particularly exposed to harmful algal blooms 

(HABs). The king scallop P. maximus has been shown to contaminate rapidly and strongly 

during blooms of the toxic diatom Pseudo-nitzschia sp., producing the amnesic phycotoxin 

domoic acid. The contaminated scallops retain the toxin for long periods, sometimes for years 
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in the case of domoic acid (Blanco et al., 2006). When the sanitary safety threshold fixed by 

EU Amendment 97/61 to Directive 91/492/EEC of 20 µg·g-1 of total flesh is exceeded, fisheries 

are closed resulting in major losses for this economic sector. Little is known about the causes 

of the long retention of domoic acid by P. maximus, and although some progress has been made 

in locating the toxin (Blanco et al., 2002; Garcia-Corona et al., 2022), 90% of which is retained 

in the digestive gland (Blanco et al., 2006), there is a growing need for studies to better 

understand this mechanism of high contamination and slow depuration.  

In comparison, oysters are less heavily contaminated and depurate domoic acid more quickly 

than king scallops. This difference could be partly explained by the fact that oysters, both 

juveniles and adults, can modulate their filtration, for example in the presence of Pseudo-

nitzschia multiseries, Crassostrea virginica has a lower clearance rate and increased selective 

rejection in pseudofeces, which contributes to reduce the ingestion of algal cells and a lower 

level of contamination (Mafra et al., 2009; 2010). Similar results were also obtained for juvenile 

oysters Crassostrea gigas fed with Pseudo-nitzschia australis (Sauvey et al., 2021).  

Therefore, domoic acid contamination and accumulation, appears to be influenced by some 

variables including the size of the organisms but it appears that this mechanism is not the same 

for all organisms, particularly P. maximus. 

Mafra et al. (2010) also studied the impact of bivalve size and observed higher contamination 

level of domoic acid in smaller oysters Crassostrea virginica explained by their higher toxin 

uptake rates. Body size did not seem to have the same importance in mussels’ contamination, 

but both bivalve species showed a higher domoic acid depuration rate in smaller animals, with 

mussels being the species with the higher elimination rate for animals of comparable size 

(Mafra et al., 2010). This was also highlighted by Novaczek et al. (1992) in mussels M. edulis 

of different size categories naturally contaminated with domoic acid. Conversely, two field 

studies, based on one time sampling, in the north-west of Spain and on the west coast of 

Scotland, showed no correlation between size and domoic acid contamination in P. maximus 

(Arévalo et al. 1998; Campbell et al. 2001). Another study with more frequent samplings, 

however, revealed that small scallops (7-8,5 cm) had faster contamination kinetics and 

depurated faster than large or commercially sized P. maximus scallops (10-11,5 cm) (Bogan et 

al., 2007). 
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However no further investigation has been published on the physiological response of P. 

maximus during domoic acid decontamination. To investigate the role of size in P. maximus 

domoic acid contamination and depuration rate, a two months domoic acid monitoring was 

performed at a hatchery after a natural Pseudo-nitzschia australis bloom.  

 

2. Materials and methods 

2.1 Biological material 

2.1.1 Animals 

A total of 90 wild and naturally contaminated scallops were dredged at Camaret-sur-Mer, 

France (48° 26’ 33.1” N, 4° 35’ 49.6” W48° 18.38') on April 8th, 2021, after a Pseudo-nitzschia 

australis bloom. According to the national monitoring network (REPHY https://envlit-

alerte.ifremer.fr/) on March 30th, 2021, P. australis concentration reached approximately 1.1 

105 cells.L-1, meanwhile, scallops sampled in the same area reached contamination, around 100 

mg.kg-1 of total scallop wet weight, thus highly above the sanitary threshold. On the day of 

sampling, all animals were transferred to the experimental facilities of Tinduff hatchery (Bay 

of Brest, France), scrubbed of all epibionts and biometric measurements of height and weight 

were taken for each individual. 

 

Two sets of scallops were established based on two size categories, 45 animals for the “small 

group” (shell height = 8.71 ± SD 0.76 cm and total weight = 125.52 ± SD 30.11 g) and 45 for 

the “large group” (shell height = 10.2 ± SD 0.62 cm and total weight = 198.27 ± SD 32.77 g).  

First, 15 individuals from the “small group” (shell height = 7.49 ± SD 0.81 cm, total flesh mass 

= 28.56 ± SD 9.13 g and total weight = 85,966 ± SD 28.48 g) and 15 from the “large group” 

(shell height = 10.72 ± SD 0.45 cm, total flesh mass = 71.88 ± SD 10.47 g and total weight = 

222.68 ± SD 28.77 g) were sampled for initial domoic acid burden and biometry.  

 

https://envlit-alerte.ifremer.fr/
https://envlit-alerte.ifremer.fr/
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The remaining scallops were placed in two 800 L-fiberglass tanks filled with well-aerated sand 

as follow, 30 scallops from the "small group" (shell height = 8.33 ± SD 0.66 cm, total weight = 

111.56 ± SD 26.89 g) in one and 30 scallops from the "large group" (shell height = 10.63 ± SD 

0.41 cm, total weight = 221.35 ± SD 21.38 g) in the other. Both tanks received continuous 

supplies of filtered (0.2 µm) seawater from the Bay of Brest and were maintained under standard 

hatchery conditions (16 °C, salinity = 35 ppt). All scallops were continuously fed  

10.109 cell.ind-1.day-1 a mix of Tisochrysis lutea, Chaetoceros sp. and Skeletonema sp. 

Throughout the two-month monitoring period 22 animals died and a total of 38 individuals were 

analysed at the end of the experiment divided as follow, 22 large and 16 small scallops. 

 

2.1.2 Algae cultures to feed scallops. 

Cultures of Tisochrysis lutea, Chaetoceros sp. and Skeletonema sp. were grown in separated 

300 L-cylinders enriched with Conway medium (Walne, 1970) and with continuous light. C. 

muelleri cultures were also enriched in silicium. 

 

 2.2 Experimental setup and data collection 

2.2.1 Initial and final biometry 

Shell height (hinge to ventral margin distance, cm) was measured at the beginning and after the 

the 2-month experiment. 

 

2.2.2 Toxin quantification  

Domoic acid burden in digestive glands of scallops were measured individually at the beginning 

of the experiment and at the end of the 2-month experiment for the 16 “small scallops” and the 

22 “large one”. Digestive glands were excised and stored at -20 °C before analysis. Domoic 

acid extraction was performed at the Ifremer station in Concarneau from frozen tissues 

following the procedure from Quilliam et al, (1989). Each digestive gland (200 mg ± 5 mg) 

dissected was placed in a volume of 450 µL of MeOH/H2O (1/1; v/v) and  
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300 mg of 100-250 µm diameter glass beads were added to the tube and then briefly vortexed. 

Samples were grinded using a Laboratory Mixer Mill MM 400 system (Retsch® Fisher 

Scientific, Illkirch-Graffenstaden, FR) for 3 min at 30 Hz/s and centrifuged 5 min at 15000 g at 

4 °C. Supernatant was collected. These two steps were repeated a second time. The two 

supernatants obtained were pooled and the volume adjusted to 1 mL with the MeOH/H2O 

solution and then vortexed. A volume of 200 µL of this crude extract was then filtered on a 0.2 

µm filter (Minisart® Syringe Filter by Sartorious) by centrifugation for 5 min at 4 °C. The 

resulting filtrate was transferred to an amber glass insert vial and stored at -20 °C pending 

HPLC-UV analysis. Domoic acid quantification was then performed for each sample according 

to the HPLC-UV method described by Corona et al. (2022) previously adapted by the LER-

BO, IFREMER from the “EU-Hormonised Standard Operating Procedure for determination 

of domoic acid in shellfish and finfish by RP-HPLC using UV detection, 2008”. 

 

2.3 Statistical analysis 

The normality of the toxin burden data, collected from digestive glands of scallops of different 

size groups sampled at the start and the end of the experiment was assessed using the Shapiro–

Wilk normality test. As the assumptions were met, samples followed a normal distribution, and 

a Bartlett test of homogeneity of variances revealed no homoscedasticity and was thus followed 

by a nonparametric Wilcoxon rank test, where shell height was fixed as a factor and level.  

 The rate of domoic acid depuration in the digestive gland of the scallops at the end of 

decontamination experiment was calculated according to Dusek Jennings et al. (2020) using 

the one-compartment exponential decay model, DAt = DA0⋅e-rt, where DAt is the domoic acid 

concentration after t days, DA0 represents domoic acid concentration at the end of the 

depuration, t is days elapsed, and the slope of the equation (r) is the daily depuration rate. DA0 

and the slope were estimated using linear regression after ln-transformation of domoic acid 

burdens (Álvarez et al., 2020). All statistical significance were set at α = 0.05 using command 

lines in the R language (R v. 4.2.2, R Core Team, 2022). All values are expressed as mean ± 

standard error (SE).  
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After 60 days of decontamination in the hatchery conditions, the average depuration rate of the 

digestive gland was estimated at 0.0018 day-1 for large scallops and 0.0029 day-1 for small 

scallops. These values are within the order of magnitude of the depuration rate of  

0.005 µg.DA.day–1 in the digestive gland of P. maximus after 60 days of depuration in the same 

conditions as in this study (Garcia-Corona 2023). Results are also consistent with the rate of 

0.007 µg.DA.day–1 and 0.008 µg.DA.day–1 found during tests carried out on the digestive gland 

of P. maximus by Blanco et al., (2002; 2006). Further analysis of the rest of the tissue (gills, 

adductor muscle, and gonad) should provide further information on the concentration of domoic 

acid in the total flesh and its depuration rate, which can range from 0.008 (Blanco et al., 2002) 

to 2.9 (Liu et al., 2007). 

In this study, depuration rate appears to be higher for smaller scallops, which is consistent with 

the results obtained by Bogan et al, 2007 where a positive correlation was demonstrated 

between a higher depuration rate and smaller scallops compared to commercial size animals. 

However, this correlation disappeared when only scallops greater than or equal to 100 mm shell 

height were analyzed. 

 

Depuration rates for small or large scallops in this study remain well below those obtained for 

organisms considered as fast depurators of domoic acid, such as Crassostrea gigas with a 

depuration rate in the digestive gland of 6.9 µg.DA.day–1 for animals placed at 16 °C for 120 h 

in a continuous flow of filtered seawater (Jones et al., 1995). Some other studies have also 

shown that clam and mussel species such as Perna canaliculus, Mesoderma donacium and 

Ruditapes philippinarum also have relatively fast whole tissues depuration rates of 2, 1.27 and 

0.44 µg.DA.day–1, respectively (MacKenzie et al., 1993; Álvarez et al., 2015; Jennings et al., 

2020). Rapid depuration rate was also reported in M. edulis digestive gland with a rate of 1.6 

µg.DA.day–1 for mussels maintained at 12 °C and fed with non-toxic Isochrysis galbana for 21 

days (Mafra et al., 2010). The Eastern oyster, C. virginica, showed a digestive gland depuration 

rate of 0.88 µg.DA.day–1 (Mafra et al., 2010). Some species of pectinids are also capable of 

rapidly depurating domoic acid from their digestive glands, such as Placopecten magellanicus 

and Argopecten purpuratus, with depuration rates of 0.17 µg.DA.day–1 and 0.9 µg.DA.day–1 

respectively. Furthermore, A. purpuratus, depurates the toxin more rapidly via its transfer from 

the digestive gland to other organs and then into the environment (Álvarez et al., 2020). This is 

a notable difference from P. maximus, where 90% of the toxic burden remains sequestered in 
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the digestive gland for several weeks or even months (Blanco et al., 2006) and to this day the 

mechanism behind this long retention period is not yet known.  

 

Link between domoic acid burden and shell height 

Previous studies could not find any link between size and domoic acid depuration in scallops 

(Arevalo et al 1998; Campbell et al. 2001; Bogan et al 2007). Indeed, Arevalo et al (1998) 

sampled 8-10 cm scallops (n=61 and n=72) twice and never found any significant correlation 

between size and domoic acid content. Campbell et al. (2001) were unable to demonstrate any 

correlation between the size (shell height > 90 cm) and the concentration of domoic acid in 

animals (n=170) collected on the same day at 3 different locations in Scotland. This may be due 

to occasional sampling (Bogan et al., 2007) rather than temporal monitoring, or due to the small 

size range to observe a significant difference (Campbell et al., 2001). Finally, Bogan et al 

(2007) with samples (n=12) from a temporal monitoring over a year in Scotland found that 

smaller scallops (< 10 cm) decontaminated faster than larger scallops. This correlation 

disappeared when considering only individuals of commercial size ≥ 10cm and this may also 

explain why Campbell et al. (2001) did not find any correlation with domoic acid burden in 

animals with a height higher than 9 cm. Similar results have also been described in mussels M. 

edulis contaminated with domoic acid, where smaller animals depurated faster than larger 

individuals (Novaczek et al., 1992).  

The link between domoic acid burden and shell height has been established in several previous 

studies, as well as in the present one, and were based on a large number of individuals analyzed 

and sampled regularly over the long term. A diverse size range appears to be another important 

variable to consider during a study. 

 

Obstacles to long-term scallops monitoring 

This study provides a consistent dataset over a two-month depuration time for scallops sampled 

from the same location. To our knowledge, no such long follow-up had been carried out to 

monitor domoic acid depuration in scallops. The prolonged decontamination of domoic acid 

involves monitoring over several months, which is difficult to set up. It is especially 
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complicated due to the logistics involved in maintaining large numbers of individuals, whether 

in terms of space, food supplies. A high number of animals also implies harvesting them by 

dredging, but this fishing technique greatly weakens the animals, which can lead to numerous 

mortalities over a long monitoring period.  

The sacrifice of animals in large numbers to obtain statistically robust results on the 

concentration of domoic acid in the digestive gland is also an obstacle to long-term monitoring. 

Although this may be facilitated by the application of biopsy, allowing to reduce the initial 

number of animals necessary for monitoring, this approach was tested prior to this study without 

giving satisfactory results. 

To add complexity, the great inter-individual variability that exists in P. maximus poses real 

obstacles. It would be interesting to be able to follow the filtration and depuration rate during a 

contamination event, but this is limited by the fact that contaminated animals can only be 

obtained after a natural bloom or by contaminating them experimentally. Experimental 

contamination is difficult to set up due to the difficulty to cultivate toxic Pseudo-nitzschia sp. 

in large volumes as the conditions to trigger the production of domoic acid are not yet fully 

known (Cochlan et al., 2023, Trainer et al., 2012, Bates et al., 2018, Lelong et al., 2012). 

5. Conclusion 

With the increase in HAB and associated contamination episodes driven by global warming 

(Tewari, 2022), understanding the long retention time of phycotoxins, such as domoic acid is 

therefore an important point that needs to be addressed. 

In conclusion, this work sheds light on the complex relationship between the size of Pecten 

maximus and the depuration of domoic acid. These findings reveal that smaller scallops tend to 

accumulate higher initial concentrations of domoic acid, consistent with previous observations 

during toxin uptake. Over a 60-day period of depuration under controlled hatchery conditions, 

depuration rates in the digestive glands of both small and large scallops were observed. Notably, 

smaller scallops exhibited a slightly higher depuration rate compared to larger ones, although 

both rates remained relatively low in comparison with depuration rates in other bivalves. This 

highlights the importance of considering diverse size ranges and conducting long-term studies 

for a better understanding of the relationship between domoic acid and P. maximus to improve 

management strategies for this economically significant species. 



Chapitre II 

 

80 

 

 

Acknowledgments 

The authors are very grateful to the sailors Franck Quéré and Robin, for their help dredging the 

scallops, as well as to Guillaume Bourhis and the entire Tinduff hatchery team for their valuable 

help and maintaining the scallops during the experiment at the hatchery.  

Conflict of interest  

All authors approved the final version of this manuscript and declared no conflict of interest. 

 

Funding 

MD is the recipient of a PhD grant from La région Bretagne and France Filière Pêche. This 

work received financial support from the European-French project “Ifremer-MaSCoET” 

(Maintien du Stock de Coquillages en lien avec la problématique des Efflorescences Toxiques) 

financed by France Filière Pêche.  

 

 

 

Data availability statement  

The evidence and data that support the findings of this study are available from the 

corresponding author upon reasonable request. 

 

Literature cited 

Álvarez, G., Rengel, J., Araya, M., Álvarez, F., Pino, R., Uribe, E., Díaz, P.A., Rossignoli, A.E., 

López-Rivera, A., Blanco, J., 2020. Rapid Domoic Acid Depuration in the Scallop 

Argopecten purpuratus and Its Transfer from the Digestive Gland to Other Organs. 

Toxins 12, 698. https://doi.org/10.3390/toxins12110698 

Álvarez, G., Uribe, E., Regueiro, J., Martin, H., Gajardo, T., Jara, L., Blanco, J., 2015. 

Depuration and anatomical distribution of domoic acid in the surf clam Mesodesma 

donacium. Toxicon 102, 1–7. https://doi.org/10.1016/j.toxicon.2015.05.011 

Arévalo, F.F., de la Puente, M.B., Salgado, C., 1998. ASP toxicity in scallops: individual 

variability and tissue distribution. 



Chapitre II 

 

81 

 

Bates, S.S., Hubbard, K.A., Lundholm, N., Montresor, M., Leaw, C.P., 2018. Pseudo-nitzschia, 

Nitzschia, and domoic acid: New research since 2011. Harmful Algae 79, 3–43. 

https://doi.org/10.1016/j.hal.2018.06.001 

Blanco, J., Acosta, C.P., Bermúdez De La Puente, M., Salgado, C., 2002. Depuration and 

anatomical distribution of the amnesic shellfish poisoning (ASP) toxin domoic acid in 

the king scallop Pecten maximus. Aquatic Toxicology 60, 111–121. 

https://doi.org/10.1016/S0166-445X(01)00274-0 

Blanco, J., Acosta, C.P., Mariño, C., Muñiz, S., Martín, H., Moroño, Á., Correa, J., Arévalo, 

F., Salgado, C., 2006. Depuration of domoic acid from different body compartments of 

the king scallop Pecten maximus grown in raft culture and natural bed. Aquat. Living 

Resour. 19, 257–265. https://doi.org/10.1051/alr:2006026 

Bogan, Y.M., Harkin, A.L., Gillespie, J., Kennedy, D.J., Hess, P., Slater, J.W., 2007. The 

influence of size on domoic acid concentration in king scallop, Pecten maximus (L.). 

Harmful Algae 6, 15–28. https://doi.org/10.1016/j.hal.2006.05.005 

Campbell, D.A., Kelly, M.S., Busman, M., Bolch, C.J., Wiggins, E., Moeller, P.D.R., Hess, P., 

Shumway, S.E., 2001. AMNESIC SHELLFISH POISONING IN THE KING 

SCALLOP, PECTEN MAX/MUS, FROM THE WEST COAST OF SCOTLAND. 

Cochlan, W.P., Bill, B.D., Cailipan, A.B., Trainer, V.L., 2023. Domoic acid production by 

Pseudo-nitzschia australis: Re-evaluating the role of macronutrient limitation on 

toxigenicity. Harmful Algae 125, 102431. https://doi.org/10.1016/j.hal.2023.102431 

Dusek Jennings, E., Parker, M.S., Simenstad, C.A., 2020. Domoic acid depuration by intertidal 

bivalves fed on toxin-producing Pseudo-nitzschia multiseries. Toxicon: X 6, 100027. 

https://doi.org/10.1016/j.toxcx.2020.100027 

Even, Y., Pousse, E., Chapperon, C., Artigaud, S., Hégaret, H., Bernay, B., Pichereau, V., Flye-

Sainte-Marie, J., Jean, F., 2022. Physiological and comparative proteomic analyzes 

reveal immune defense response of the king scallop Pecten maximus in presence of 

paralytic shellfish toxin (PST) from Alexandrium minutum. Harmful Algae 115, 

102231. https://doi.org/10.1016/j.hal.2022.102231 

García-Corona, J.L., Hégaret, H., Deléglise, M., Marzari, A., Rodríguez-Jaramillo, C., Foulon, 

V., Fabioux, C., 2022. First subcellular localization of the amnesic shellfish toxin, 

domoic acid, in bivalve tissues: Deciphering the physiological mechanisms involved in 

its long-retention in the king scallop Pecten maximus. Harmful Algae 116, 102251. 

https://doi.org/10.1016/j.hal.2022.102251 



Chapitre II 

 

82 

 

García-Corona, J.L., Hegaret, H., Lassudrie, M., Derrien, A., Terre-Terrillon, A., Delaire, T., 

Fabioux, C., 2024. Comparative study of domoic acid accumulation, isomer content and 

associated digestive subcellular processes in five marine invertebrate species. Aquatic 

Toxicology 266, 106793. https://doi.org/10.1016/j.aquatox.2023.106793 

Jones, T.O., Whyte, J.N.C., Ginther, N.G., Townsend, L.D., Iwama, G.K., 1995. Haemocyte 

changes in the pacific oyster, crassostrea gigas, caused by exposure to domoic acid in 

the diatom pseudonitzschia pungens f. multiseries. Toxicon 33, 347–353. 

https://doi.org/10.1016/0041-0101(94)00170-D 

Lelong, A., Hégaret, H., Soudant, P., Bates, S.S., 2012. Pseudo-nitzschia (Bacillariophyceae) 

species, domoic acid and amnesic shellfish poisoning: revisiting previous paradigms. 

Phycologia 51, 168–216. https://doi.org/10.2216/11-37.1 

Liu, H., Kelly, M.S., Campbell, D.A., Dong, S., Zhu, J., Wang, S., 2007. Ingestion of domoic 

acid and its impact on king scallop (Pecten maximus, Linnaeus 1758). J Ocean Univ. 

China 6, 175–181. https://doi.org/10.1007/s11802-007-0175-6 

Liu, H., Kelly, M.S., Campbell, D.A., Fang, J., Zhu, J., 2008. Accumulation of domoic acid and 

its effect on juvenile king scallop Pecten maximus (Linnaeus, 1758). Aquaculture 284, 

224–230. https://doi.org/10.1016/j.aquaculture.2008.07.003 

Mackenzie, A.L., White, D.A., Sim, P.G., Holland, A.J., 1993. Domoic acid and the New 

Zealand Greenshell mussel (Perna canaliculus). Toxic phytoplankton blooms in the sea, 

607-612. 

Mafra, L., Bricelj, V., Ward, J., 2009. Mechanisms contributing to low domoic acid uptake by 

oysters feeding on Pseudo-nitzschia cells. II. Selective rejection. Aquat. Biol. 6, 213–

226. https://doi.org/10.3354/ab00122 

Mafra, L.L., Bricelj, V.M., Fennel, K., 2010a. Domoic acid uptake and elimination kinetics in 

oysters and mussels in relation to body size and anatomical distribution of toxin. Aquatic 

Toxicology 100, 17–29. https://doi.org/10.1016/j.aquatox.2010.07.002 

Mafra, L.L., Bricelj, V.M., Ouellette, C., Bates, S.S., 2010b. Feeding mechanics as the basis 

for differential uptake of the neurotoxin domoic acid by oysters, Crassostrea virginica, 

and mussels, Mytilus edulis. Aquatic Toxicology 97, 160–171. 

https://doi.org/10.1016/j.aquatox.2010.01.009 

Moroño, A., Franco, J., Miranda, M., Reyero, M.I., Blanco, J., 2001. The effect of mussel size, 

temperature, seston volume, food quality and volume-specific toxin concentration on 

the uptake rate of PSP toxins by mussels (Mytilus galloprovincialis Lmk). Journal of 



Chapitre II 

 

83 

 

Experimental Marine Biology and Ecology 257, 117–132. 

https://doi.org/10.1016/S0022-0981(00)00336-1 

Novaczek, I., Madhyastha, M.S., Ablett, R.F., Donald, A., Johnson, G., Nijjar, M.S., Sims, 

D.E., 1992. Depuration of Domoic Acid from Live Blue Mussels (Mytilus edulis). Can. 

J. Fish. Aquat. Sci. 49, 312–318. https://doi.org/10.1139/f92-035 

Riisgard, H.U., Mohlenberg, F., 1979. An improved automatic recording apparatus for 

determining the filtration rate of Mytilus edulis as a function of size and algal 

concentration. Mar. Biol. 52, 61–67. https://doi.org/10.1007/BF00386858 

Sauvey, A., Denis, F., Hégaret, H., Le Roy, B., Lelong, C., Jolly, O., Pavie, M., Fauchot, J., 

2021. Interactions between Filter-Feeding Bivalves and Toxic Diatoms: Influence on 

the Feeding Behavior of Crassostrea gigas and Pecten maximus and on Toxin 

Production by Pseudo-nitzschia. Toxins 13, 577. 

https://doi.org/10.3390/toxins13080577 

Sukhotin, A.A., Lajus, D.L., Lesin, P.A., 2003. Influence of age and size on pumping activity 

and stress resistance in the marine bivalve Mytilus edulis L. Journal of Experimental 

Marine Biology and Ecology 284, 129–144. https://doi.org/10.1016/S0022-

0981(02)00497-5 

Tewari, K., 2022. A Review of Climate Change Impact Studies on Harmful Algal Blooms. 

Phycology 2, 244–253. https://doi.org/10.3390/phycology2020013 

Thompson, R.J., Bayne, B.L., 1974. Some relationships between growth, metabolism and food 

in the mussel Mytilus edulis. Mar. Biol. 27, 317–326. 

https://doi.org/10.1007/BF00394367 

Trainer, V.L., Bates, S.S., Lundholm, N., Thessen, A.E., Cochlan, W.P., Adams, N.G., Trick, 

C.G., 2012. Pseudo-nitzschia physiological ecology, phylogeny, toxicity, monitoring 

and impacts on ecosystem health. Harmful Algae 14, 271–300. 

https://doi.org/10.1016/j.hal.2011.10.025 

Wohlgeschaffen, G.D., Mann, K.H., Subba Rao, D.V., Pocklington, R., 1992. Dynamics of the 

phycotoxin domoic acid: accumulation and excretion in two commercially important 

bivalves. J Appl Phycol 4, 297–310. https://doi.org/10.1007/BF02185786 

 

  





Chapitre III 

 

85 

 

 
CHAPITRE III 

Elaboration de scénarios d’aide à la dépuration de 

l’acide domoïque par la coquille Saint-Jacques 
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Préambule 

Certaines études ont déjà été menées en jouant sur les facteurs tels que l’apport en lumière, en 

nourriture et sur l’effet de la température (Blanco et al., 2006), pour modifier les paramètres 

physiologiques impliqués dans le processus de détoxication. L’utilisation d’un antioxydant 

permettant de booster la voie de détoxification a également été étudiée (Peña-Llopis et al., 

2014) sans résultat probant sur la glande digestive (Vanmaldergem et al., 2023). Par ailleurs, 

ces essais représenteraient des coûts et une logistique trop importants à mettre en place pour les 

professionnels de la pêche. C’est pourquoi j’ai pensé à l’utilisation de bactéries directement en 

écloserie, sous forme de probiotiques (Ringø, 2020 ; Paillard et al., 2022), afin d’accélérer le 

processus de dépuration de l’acide domoïque. En effet, l'acide domoïque semble être piégé à 

plus de 80% dans la glande digestive de la coquille Saint-Jacques (Mauriz and Blanco, 2010) 

et l’hypothèse a été émise que le microbiote digestif pourrait jouer un rôle clé dans la faible 

contamination et/ou dépuration rapide chez certains bivalves comme les moules Mytilus edulis 

ou la mye commune Mya arenaria (Stewart et al., 1998). La coquille Saint-Jacques, comme 

d’autres dépurateurs lents, pourraient donc manquer de ces bactéries capables de dégrader 

l’acide domoïque et cette absence expliquerait, en partie, la longue rétention de P. maximus. La 

possibilité que P. maximus ne possède pas les bactéries permettant une dégradation de l’acide 

domoïque doit donc être étudiée. 

Dans ce chapitre 3, deux approches complémentaires ont été menées en parallèle. La première 

pour répondre à la question de comparer quelles sont les bactéries cultivables que l'on trouve 

dans les dépurateurs rapides comme la moule, le pétoncle noir, ou la donace et dans la coquille 

Saint-Jacques, puisque seules les bactéries cultivables pourront être utilisées dans la création 

d'un probiotique. Il s'agit donc d'une approche ciblée. La seconde consiste à réaliser une liste 

complète des bactéries présentes dans la glande digestive de la moule et de la coquille Saint-

Jacques afin de connaître les genres bactériens les plus abondants mais aussi de suivre 

l'évolution du microbiote de la glande digestive lorsque cette dernière est exposée à un apport 

en bactéries exogènes. Il s'agit donc d'une approche non ciblée réalisée par metabarcoding. 
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Isolation and functional testing of three cultivable bacteria for domoic 

acid depuration. 
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Abstract  

For many years the fishing activity has been subjected to the appearance of blooms of Pseudo-

nitzschia sp. and its toxin domoic acid contaminating the trophic chain. This is particularly true 

along the French coast where domoic acid accumulates intensely and sometimes for several 

months in the digestive gland of King scallops Pecten maximus. This contamination leads to a 

significant loss of income for fishermen and this is why fishermen are looking for possibilities 

to accelerate the detoxification process.  

The aim of this study was to isolate cultivable bacteria from the digestive glands of four bivalves 

species, contaminated with domoic acid following a natural bloom: three fast depurators 

(Donax trunculus, Mymachlamys varia, Mytilus edulis) and one slow depurator (Pecten 

maximus). At the end of this study, a collection of 601 isolates representing 32 different 

bacterial genera was created. Two bacterial strains of Pseudoalteromonas and Cellulophaga 

isolated from all fast-depurating bivalves were identified as potential candidates for their ability 

to decrease the concentration of total domoic acid in solution. A strain of the genus Shewanella 

found in the digestive gland of P. maximus was also chosen for testing on domoic acid in 

solution. The genus Shewanella can also have algicidal activity and could be used to mitigate 

blooms in addition testing bacteria directly found in the host digestive gland could limit the 

rejection that can be encountered when using a probiotic created from bacteria from another 

host.  

No significant growth of the three bacterial strains seems to have been observed in 48H in a 

domoic acid solution. The concentration of domoic acid in solution was not significantly 

reduced after 48 hours in contact with the bacterial solution. The test should be performed again 

https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/the
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/test
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/should
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/be
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/again
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by changing the concentration of bacteria as well as the exposure time in order to be able to 

consolidate the results obtained in this study. 

These preliminary results intend to provide the first foundation for the development of 

probiotics to accelerate the depuration of king scallops. 

 

Keywords : bacteria, domoic acid, Pecten maximus, depuration  

 

1. Introduction 

According to the Food and Agriculture Organization of the United Nations and the World 

Health Organization, probiotics are "live microorganisms which when administered in adequate 

amounts confer a health benefit on the host”. In aquaculture, bacteria are used more and more 

(Ringø, 2020 ; Paillard et al., 2022) for their ability to replace antibiotics in the fight against 

bacterial infections and for their growth and weight enhancement capability in a wide variety 

of species including prawns, crabs, finfish (see reviews Ringø et al., 2020; Pérez-Sánchez et 

al., 2013; Gomez-Gil et al., 2000; Langlois et al., 2021) and bivalve molluscs (Prado et al., 

2010: Paillard et al., 2022; Sumon et al., 2022). Strains from genera such as Bacillus, 

Alteromonas and Streptomyces are for example being used to promote growth of shrimps in 

shellfish aquaculture (Ringø et al., 2020). Strains of Phaeobacter inhibens and Bacillus pumilus 

have also been identified to potentially protect Argopecten irradians and Crassostrea virginica 

larvae against Vibrio spp. challenges, as demonstrated by Sohn et al. (2016). Other bacteria, 

such as Phaeobacter gallaeciensis, Alteromonas macleodii 0444 and Neptunomonas sp, were 

identified for their activity against Vibrio pectenicidia in Pecten maximus larvae (Kesarcodi-

Watson et al., 2014). In the study by Kesarcodi-Watson et al. (2014), larval survival was 

elevated in all treatments and the largest larvae were observed in the control, A. macleodii 0444 

and P. gallaeciensis. The beneficial effects of bacteria also extend to bioremediation, a method 

of pollutant degradation using living organisms. Bacteria have also been shown to reduce the 

concentration of phycotoxins in vitro but to date, the mechanism behind why and how bacteria 

use those toxins has not been specified. Indeed, tests carried out found that seven strains of 

Pseudoalteromonas haloplanktis isolated from the digestive tract of Mytilus edulis 

contaminated with Paralytic shellfish Toxins (PST) (Donovan et al., 2009) were able to reduce 

by 90% the quantity of PST present in an algal extract of Alexandriuem tamarense. Vasama et 

https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/by
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/the
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/concentration
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/of
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/bacteria
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/as
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/well
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/as
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/the
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al. (2014) found that two strains of freeze-dried powder Lactobacillus rhamnosus (GG, ATCC 

53103 from Valio, Finland and LC-705, DSM 7061 from Ron Hull & Associates, Australia) 

removed up to 77% of saxitoxin and 33.3% of gonyautoxins 3 from a neutral pH 7.3 and acidic 

solution pH 2. These results are identical whether the bacteria are viable or not, suggesting that 

the mechanism for removal of the toxin is linked to binding and not to the metabolism of the 

bacteria (Vasama et al., 2014). These strains had already been identified as capable of removing 

60.3% of pure cyanobacterial peptide toxins microcystin-LR and microcystin-LF, 77.4% 

(Nybom et al., 2008). Finally, certain lactic acid bacteria, such as Lacticaseibacillus rhamnosus 

(strain 1473) and Paracoccus aerius (strain 5038) isolated from various matrix (Parmigiano 

Reggiano cheese and seaweed, respectively) seem to be capable of degrading okadaic acid (OA) 

and tetrodotoxin (TTX). This effectiveness of the bacteria was also observed in a cell-free 

supernatant form, reducing OA by 30% and TTX by 24% (Martelli et al., 2022).  

In recent years, worldwide increase in toxic microalgal blooms impacted economic activity 

relaying on bivalve harvesting (Moore et al., 2019; 2020), since these filter-feeders can 

accumulate high amounts of toxin in their tissues, becoming toxic for humans when consumed. 

The genus Pseudo-nitzschia responsible for the production of domoic acid (Trainer et al., 2012) 

that can be lethal to human, has been regularly observed in Europe (Husson et al., 2016; Bogan 

et al., 2007; Bresnan et al., 2017). To protect consumers, the European Union has set a health 

threshold of 20µg of domoic acid per gram of shellfish flesh (Belin et al., 2013). Above this 

limit, any shellfish harvest, issued from fishery or aquaculture, is banned (Campbell et al., 2001; 

Bogan et al., 2007; Husson et al., 2016; Ryan et al., 2017; Moore et al., 2019).  

Most bivalve species depurate domoic acid rapidly (Blanco et al., 2002). For example, the blue 

mussel M. edulis depurates in a few hours or days high levels of domoic acid (Novaczek et al., 

1991,1992). Conversely, the King scallop P. maximus takes months or even years to depurate 

equivalent amounts of domoic acid (Blanco et al., 2006; Lui et al., 2007; Bresnan et al., 2017). 

Two studies proposed that bacteria from the digestive gland and feces of mussels M. edulis 

were capable of metabolizing domoic acid (Stewart et al., 1998, Hagström et al., 2007), such 

as strains of the Moraxella and Alteromonas genera (Stewart et al., 1998), likely explaining the 

rapid depuration of contaminated mussels. Hagström et al. (2007) observed that the presence 

of mussel pseudo-faeces and bottom sediment rapidly removed most of the domoic acid toxin 

in solution without further identification of the bacterial strains. The authors suggested, after in 

vitro experiments, that the presence of these bacteria able to use domoic acid, could explain the 
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decrease of the toxin content in solution. On the contrary, they hypothesized that slow-

depurating bivalves do not inhabit these bacteria. The use of these bacteria to facilitate the 

depuration of P. maximus therefore appears to be an interesting lead to investigate. Indeed, 

faster depuration could allow a reduction in the duration of closure of fishing activities in the 

event of a bloom of toxic Pseudo-nitzschia sp. 

Considering that bacteria could be involved in the degradation of domoic acid in certain 

bivalves (Stewart et al., 1998 ; Hagström et al., 2007), and that the probiotic roles of bacteria 

in bivalves are now demonstrated (Sohn et al., 2016), this study aimed to isolate cultivable 

bacteria from the digestive glands of four bivalve species, contaminated with domoic acid 

following a natural bloom: three fast depurators and one slow depurator. Bacteria isolated either 

from fast depurators or P. maximus were then tested for their ability to degrade domoic acid in 

solution. These preliminary results intend to provide the first foundation for the development 

of a probiotic to accelerate domoic acid depuration in slow depurators, such as king scallops.  

 

2. Materials and methods 

2.1 Sample collection  

2.1.1 Animals 

Bivalves were sampled between the 30th of March and the 8th of April, 2021, in the northwest 

coast of Brittany, France, after a Pseudo-nitzschia australis bloom in Camaret-sur-Mer 

(1.1×105 cell.l-1 according to REPHY monitoring network in Camaret-sur-Mer on the 30th of 

March https://envlit-alerte.ifremer.fr/). A total of 5 clams Donax trunculus (Linnaeus, 1758) 

and 5 blue mussels Mytilus edulis (Linnaeus, 1758) were sampled on March 30th, 2021, from 

the Kervel location as well as 10 variegated scallop Mymachlamys varia (Linnaeus, 1758) 

obtained from the Anse du Roz and Roscanvel locations (Brittany, France) collected on April 

7th, and 8th, 2021. Finally, 10 king scallops Pecten maximus (Linnaeus, 1758) were dredged 

from Camaret (Brittany, France) on April 8th, 2021 (Fig.1). 

https://envlit-alerte.ifremer.fr/
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purification onto marine R2A plates. Isolated colonies were then cultured in 5 mL of marine 

R2A broth at 20 °C for 7 more days. A 500 µL aliquot of each bacterial culture was then frozen 

in 500 µL of 50% glycerol solution for storage at -80 °C. The remaining culture was 

centrifuged, and the pellet was stored at -20 °C for DNA extraction for identification. 

When needed, the bacterial strain selected for exposure to dissolved domoic acid was inoculated 

into R2A broth at 20 °C from a glycerol stock maintained at -80 °C. Bacterial growth is assessed 

with a reading of the OD at 492 nm. 

 

2.2. gDNA extraction from isolated bacterial colonies and 16s rRNA gene 

amplification 

DNA extraction from isolated bacterial colonies was performed using the Wizard® Genomic 

DNA purification kit (Promega Corporation, USA) according to the manufacturer instructions 

and DNA concentration and purity were assessed using a NanodropTM spectrophotometer.  

The 16s rRNA gene used for bacteria identification was amplified by PCR using Universal 

primers 8F (5’-AGAGTTTGATCATGGCTCAG-3’) and 1492R (5´-

GTTACCTTGTTACGACTT-3´) (Durand et al., 2015). PCR were performed using a thermal 

cycler (Biosystem GeneAmp PCR System 9700) in 25 µL final reaction volume containing 1 

X GoTaq Flexi buffer, 0.2 µM of each primer, 0.2 µM dNTP, 0.15 U of GoTaq polymerase 

enzyme (Promega, Charbonnières, France) and 1 μL of bacterial DNA.  

PCR assay started by an initial denaturation at 94 °C for 5 min, followed by 35 cycles at 94 °C 

for 1 min, 58 °C for 1 min, and 72 °C for 1 min 30 s, and a final extension step at 72 °C for 5 

min. Each PCR reaction was run together with positive gDNA from Vibrio tapetis and negative 

controls (molecular grade water instead of DNA). 

PCR products were purified with the Wizard® SV gel and PCR Clean-Up System (Promega, 

USA) and eluted in 30 μL of molecular grade water and stored at -20 °C. 

 

2.3 16s rRNA gene Sequencing 

The 16s rRNA gene amplicons were verified by electrophoresis (1% agarose, 1 in 1X TBE) and 

cleaned with Wizard® Genomic DNA Purification kit (Promega, USA). Samples were then 

sent to GENEWIZE (Germany) for Sanger sequencing.   

Sequences received were cleaned, trimmed, and aligned using Geneious software (v.2023 1.2, 

Biomatters, New Zealand) and analyzed with BLAST and NCBI reference database. A 
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sequence similarity greater than 94.5 % was considered sufficient to allocate the taxonomic 

identity at genus level (Yarza et al., 2014). 

 

2.4 Extraction and quantification of total domoic acid from Pseudo-nitzschia 

cultures 

Two solutions were prepared from Pseudo-nitzschia cultures to test the capacity of selected 

bacteria to degrade domoic acid. The first solution (DA) containing domoic acid was obtained 

from a toxic Pseudo-nitzschia australis (strain PN-21-21) culture. The second solution (non-

DA) did not contain any domoic acid and was obtained from Pseudo-nitzschia fraudulenta 

(strain PNF 20-1) culture. The cultures were provided by the UMR BOREA from the University 

of Caen (France). Upon arrival, Pseudo-nitzschia australis and Pseudo-nitzschia fraudulenta 

cultures were first sonicated using a Digital Sonicator - Ultrasonic processor (Misonix, Inc.) 

equipped with a microtip using an amplitude of 50 Hz. Samples were kept on ice and processed 

2 min alternating pulse on for 2 sec and off for 8 sec, to prevent deteriorating domoic acid. 

Shreddings were then filtered through 0.2 µm cellulose acetate membrane filter (Minisart® 

Syringe Filter by Sartorious), transferred into 15 mL Eppendorfs tubes and maintained at -20°C 

until experiments. Measurements of domoic acid concentration of each solution obtained were 

performed using ASP ELISA kit, according to the manufacturer’s protocol (Eurofins Abraxis, 

Warminster, PA). The absorbance was read using a spectrophotometer (POLARstar Omega, 

BMG Labtech) using a 450 nm filter. A four-parameter logistic curve fitting model was created 

with absorbance values obtained for the dilution of a domoic acid standard solution using the 

software included in the ELISA kit. The absorbance values of the samples were then plotted 

against the standard curve. Domoic acid stock solutions obtained from Pseudo-nitzschia 

australis and Pseudo-nitzschia fraudulenta respectively contained a final concentration of 

219,313 pg.mL-1 and 0 pg.mL-1. 

For in vitro exposure of bacteria, 20 mL of solution at a concentration of 17,545 ng.mL-1 for 

toxic samples and 0 ng.mL-1 for non-toxic samples were obtained after dilution of the stock 

solution in sterile filtered (0.2 µm) seawater.   
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2.5 In vitro test of domoic acid degradation by bacterial candidate  

Candidate bacteria, identified from fast-depurating species and not found (or not part of the top 

genera) in scallop digestive gland, were recultured from glycerol stocks as described above.  

The first two bacterial strains tested, Pseudoalteromonas sp. and Cellulophaga sp., were only 

found in the three fast-depurating species and not in scallops. They were thus isolated from the 

digestive gland of M. edulis. 

The third candidate bacterial strain, Shewanella sp., was shared by D. trunculus, M. varia and 

P. maximus in this study. This genus has however been described in the microbiota of mussels 

(Pierce and Ward, 2019) even though it was not found in this study. This third bacterial strain 

was chosen to test the hypothesis that scallops possess the bacteria that metabolize domoic acid, 

but in a concentration too low to depurate the high quantities of domoic acid accumulated 

during a bloom. In fact, as the depuration of the scallop is effective at the start of its 

contamination, it can be assumed that these bacteria can use the domoic acid present in the 

environment. During a bloom, the quantity of domoic acid that the bacteria must assimilate 

would be too great compared with the number of bacteria capable of metabolizing this toxin. 

This could correspond to the plateau reached by the depuration of the scallop (Garcia-Corona 

et al., in prep). The strain used for the test was isolated from the digestive gland of P. maximus.  

A sample of each candidate bacterial strain was incubated in Zobell broth at 20 °C under 

agitation and in the dark for 24 hours. Bacterial growth of each strain was also monitored to see 

if bacteria multiplication was observed, using OD492 nm reading, using a Multiskan™ FC 

Microplate Photometer (ThermoFisher Scientific, USA). One milliliter of each bacterial 

cultures at a final concentration of 106 CFU mL-1 (1 OD unit = 8 x 108 CFU mL-1) was 

distributed into each well of a 96-well plate, diluted into 1 mL of “DA” and “non-DA” 

solutions”, at a final concentration of 17,545 ng.mL-1 for toxic solutions (from P. australis 

cultures) and 0 ng.mL-1 for non-toxic samples (from P. fraudulenta cultures). The plate was 

incubated at 20 °C with agitation and in the dark. Samples taken after 24 and 48 hours of 

incubation and kept at -20 °C before analysis were divided as follows: 500 µL for the 

determination of particulate domoic acid and 500 µL which was sonicated and filtered for the 

determination of total domoic acid. A sample of 200 µL of each well was taken to monitor 

bacterial growth using a photospectrometer. 
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2.6 Domoic acid quantification 

2.6.1 In animal samples 

Right after bivalve sampling, each digestive gland was dissected and domoic acid extraction 

was performed as described by Quilliam et al. (1995) and stored at -20 °C pending analysis. 

Domoic acid quantification for P. maximus, D. trunculus, M. edulis, and M. varia was carried 

out at the Ifremer station in Concarneau on digestive gland. Samples were treated and analyzed 

by high performance liquid chromatography (HPLC-UV) at the Ifremer station in Concarneau 

as described in Garcia-Corona et al., 2022. 

 

2.6.2 In domoic acid solution incubated with bacteria.  

Each mix present in the wells of the 96-wells plate was divided into two samples, as follows: 

500 µL were filtered on 0.2 µm cellulose acetate membrane filter (Minisart® Syringe Filter by 

Sartorious) for dissolved domoic acid quantification and 500 µL were sonicated according to 

the protocol (see section 2.5.) and then filtered on a 0.2 µm filter in order to measure total 

domoic acid quantification. Domoic acid quantification was performed using an ELISA kit 

analysis following the protocol described above (see section 2.4). 

 

2.7 Statistical analysis 

Values of OD and domoic acid concentrations after incubation with several bacterial strains 

were analyzed using a Kruskal-Wallis Test where “condition” was fixed as a factor. Differences 

were considered statistically significant at α = 0.05 for all analyses. All analyses were done 

using R (R version 4.2.1; R Core Team 2022). 

 

 

3. Results 

3.1 Domoic acid concentration in bivalves.  

Differences in the domoic acid accumulated in the digestive glands were found between the 

different shellfish species sampled after blooms of the toxic P. australis (Table 1). Higher 

concentrations of domoic acid were observed in the scallop P. maximus, followed by the ones 

in the digestive gland of clams D. trunculus and the scallops M. varia and the lowest were found 

in the blue mussels M. edulis. 
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Table 1.  Domoic acid concentrations in the digestive glands of four bivalve species sampled 
in the northwest coast of Brittany, France between the 30th of March and the 8th of 
April, 2021 during a Pseudo-nitzschia australis bloom.  

Species Number of 

individuals 

Sampling localisation 

(Brittany, France) 

Domoïc acid 

concentration in the 

digestive gland 

(Mean +/- SE) 

Clams  

(Donax trunculus) 

5 Kervel 9.02 ± 1.7 mg.kg-1 

Variegated scallops 

(Mymachlamys varia) 

5 

5 

Roz 

Roscanvel 

- 

11.26 ± 2.8 mg.kg-1 

Blue mussels 

(Mytilus edulis) 

10 Kervel 2.4 µg.kg-1 

King scallops 

(Pecten maximus) 

10 Camaret-sur-Mer 1765,6 ± 252,5 mg.kg-1 

 

 

3.2 Bacterial cultures 

Out of the 213 sequences obtained, 155 could be identified (Fig. 2) the remaining 58 were not 

of good enough quality after sequencing to be used. Bacterial genera obtained were represented 

using pie charts for each bivalve species studied.  
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Only two bacterial genera were found from the 16 sequences isolated from the digestive glands 

of M. edulis and identified as Pseudoalteromonas and Cellulophaga (Fig.2A). The genus 

Pseudoalteromonas represented 67% of the strains identified.  

A total of 8 different bacterial genera were observed out of the 23 sequences isolated from the 

digestive glands of clams D. trunculus (Fig.2B). The major genera isolated were for 25% Vibrio 

sp., 19% Aquimarina sp., 19% Pseudoalteromonas sp., 13% Shewanella sp., 6% Flammeovirga 

sp., 6% Alkalihalobacillus sp., 6% Cellulophaga sp. and 6% Bacterium sp. 

For variegated scallop M. varia sampled in Roscanvel (Fig. 2C), 33 usable sequences were 

analyzed, leading to 15 identified bacterial genera. A total of 24% were represented by the 

genus Vibrio sp., 15% by Sulfitobacter, 9% by Bacillus, 6% by Flammeovirga, 6% by Ruegeria, 

6% by Lysinibacillus and 6% by Halomonas. These genera were followed by 3% of Shewanella, 

Aequorivita, Cellulophaga, Pseudomonas, Pseudoalteromonas, Streptomyces, Brevibacillus, 

Microbacterium. 

For variegated scallops M. varia sampled in the Anse du Roz (Fig. 2D), 16 sequences were 

used to identify 7 bacterial genera. The main genera were Vibrio (38%) and Bacillus (32%), 

followed by Shewanella (6%), Microbacterium (6%), Salinibacterium (6%), Photobacterium 

(6%) and Streptomyces (6%).  

From the 78 sequences available for the digestive glands of King scallops P. maximus (Fig. 

2E), 23 bacterial genera were identified. The main genera were Vibrio (24%), Bacterium (10%), 

Bacillus (10%). Other genera isolated included Pseudomonas (5%), Flammeovirga (5%), 

Shewanella (5%), Ruegeria (5%), Aurantimonas (4%), Brevundimonas (4%), Roseobacter 

(3%), Sulfitobacter (3%) and Roseibium (3%). The other genera represented only 1% of the 

isolated bacteria. 

The comparison of bacterial genera between the four bivalve species (Fig. 3) highlighted two 

genera: Pseudoalteromonas and Cellulophaga, isolated from DA-fast depurators: variegated 

scallops, mussels, and clams, but not from king scallops. There were no bacterial genera found 

in common between king scallops and blue mussels but the genera Vibrio, Shewanella and 

Flammeovirga were found in variegated scallops, clams, and King scallops. Furthermore, D. 

trunculus and P. maximus shared two additional bacterial genera in common: 

Alkalihalobacillus and Bacterium. Finally, variegated scallops and king scallops had 8 species 
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3.3 In vitro test of domoic acid degradation by bacterial candidate 

Two genera, Pseudoalteromonas  and Cellulophaga., found in all three fast depurator bivalve 

species, and absent from king scallops, were chosen to be tested on solutions prepared from 

toxic (DA) or non-toxic (No-DA) Pseudo-nitzschia cultures to assess their potential to degrade 

or metabolize domoic acid. The Pseudoalteromonas sp. and Cellulophaga sp. strains used for 

in vitro degradation tests were obtained from M. edulis digestive gland samples. In addition, a 

strain of the genus Shewanella sp., isolated from the digestive gland of the King scallop, was 

also tested. 

3.3.1 Optical density (OD) and bacterial growth 

A significant increase in OD between T0 and T48 was observed for the Cellulophaga (Kruskal-

Wallis, p-value = 0.0463) and Shewanella (Kruskal-Wallis, p-value = 0.0463) strains exposed 

to dissolved domoic acid in solution. No significant increase in OD was observed for the 

Pseudoalteromonas strain after 48 hours of exposure (Fig 4). 

A significant increase in OD between T0 and T48 was observed for the Cellulophaga (Kruskal-

Wallis, p-value = 0.04311) and Shewanella (Kruskal-Wallis, p-value = 0.04953) strains without 

domoic. No significant increase in OD was observed for the Pseudoalteromonas strain after 48 

hours of exposure (Fig 4). 

The difference in OD between the three strains tested without domoic acid and recorded after 

48 hours for the control without domoic acid showed a significant difference for each of the 

three strains, with respectively p-value = 0.0463 for Cellulophaga sp. and Pseudoalteromonas 

sp. and p-value = 0.04311 for Shewanella sp (Fig 4). 
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Figure 4. Bacterial growth for three different bacterial strains in solution with (DA) or without 
(No DA) dissolved domoic acid (n=3). OD at 492 nm was taken at the start of the 
experiment (black bar) and after 48 hours (grey bar) of exposition. All values are 
expressed as mean ± standard error (SE).  

 

3.3.2 Domoic acid concentration in solution 

The mean domoic acid concentration for the control was 25.01 ± 1.13 ng.mL-1 at the start of 

the experiment and 14.27 ± 0.28 ng.mL-1 after 48 hours. All three bacterial strains exposed to 

dissolved domoic acid showed differences in domoic acid concentration compared to the 

control samples after 48 hours (p-value = 0.04953). Only the Cellulophaga strain had a domoic 

acid concentration different from T0 control samples (p-value = 0.04953). After 48 hours, no 

decrease in the concentration of dissolved domoic acid was observed for any of the bacterial 

strains used (Fig 5). 
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Figure 5. Domoic acid concentration after 48 hours of bacterial exposition in dissolved domoic acid 

solution. Three bacterial strains were used, Cellulophaga sp. from M. edulis digestive glands, 

Pseudoalteromonas sp. from M. edulis digestive glands and Shewanella sp. from P. maximus 

digestive glands. Controls for dissolved domoic acid concentration were also sampled at the 

beginning of the experiment (T0 control) and after 48 hours of exposure (T48 control). 

Samples (n=3) were filtered, and the results show the part of dissolved domoic acid (dDA). 

All values are expressed as mean ± standard error (SE). Differences were considered 

statistically significant at α = 0.05 for all analyses. 

 

4. Discussion 

This study consisted in a screening of cultivable bacteria from digestive glands of four bivalve 

species contaminated by domoic acid. Three bivalve species identified as fast-depurator of 

domoic acid and one species as a slow-depurator. The objective was to identify cultivable 

bacteria as potential candidates for their ability to decrease domoic acid concentration in vitro. 

Blooms of toxic microalgae are on the increase (Anderson et al., 2021; Wells et al., 2020), and 

the contamination of exploited species poses a real threat to the fishing industry (Brown et al., 

2019). Fishing activities are sometimes closed for several weeks in the case of contamination, 
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and this can extend to months or even years when the species concerned retains the toxin for a 

long time, as is the case with P. maximus and the domoic acid toxin (Campbell et al., 2003). To 

this day the explanation for this long retention is still unknown, several scenarios for 

accelerating depuration have been studied, by modifying temperature, light, or food intake 

(Blanco et al., 2006) or by supplementing with antioxidants (Pena-Llopis et al., 2014; 

Vanmaldergem et al., 2023) unfortunately without success for concentrations encountered 

during blooms. In the long term, the development of a probiotic seems to be the most feasible 

solution for the entire industry, which could be introduced at the larval stage in hatcheries.  

 

Cultivable bacteria isolated  

This work identified a total of 30 cultivable bacterial genera in M. edulis, D. trunculus, M. varia 

and P. maximus. None was shared by all the four bivalve species studied. The greatest diversity 

was found in P. maximus, with 23 different genera of cultivable bacteria. This result can be 

partly explained by the higher number of digestive glands analyzed for P. maximus compared 

to the number of digestive glands used for D. trunculus and M. varia. However, the same 

number of digestive glands were analyzed for P. maximus and M. edulis, which presented the 

lowest diversity of cultivable bacteria isolated. Consequently, the difference in diversity 

between the two species does not depend only on this parameter.  

 

Both species of bivalves were contaminated by domoic acid, and it can be hypothesized that 

exposure to domoic acid may have favoured bacteria species able of metabolizing domoic acid 

to the detriment of other bacteria species, leading to a depletion of cultivable microbiota in the 

mussel. In fact, the presence of these bacteria could explain the fast-depurating processus in M. 

edulis, M. varia and D. trunculus. This hypothesis has been formulated by Stewart et al.(1998) 

after demonstrating that bacterial strains of Moraxella sp., Pseudomonas sp. and  

Alteromonas sp. could use domoic acid in solution and appeared to be present only in the 

digestive gland of certain bivalves such as M. edulis and Mya arenaria. In addition, the authors 

pointed out that the bivalves Placopecten magellanicus and Modiolus modiolus considered as 

slow depurators, seemed to lack these bacteria.  

 

A shift in the bacterial community in favor of other bacterial species or genera was observed in 

Manila clams Ruditapes philippinarum exposed to mercury in their environment, with a shift 

to mostly Microbacteriaceae (Leite et al., 2017). This is also observed in the case of chronic 
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mycotoxicosis (HCC) diseases originating from a high dosage of mycotoxin contamination 

where specific bacterial species, such as Helicobacter hepaticus, have been found to correlate 

with the development of HCC in mice (Gargano and Hughes, 2014). This is also the case for 

diseases such as small bowel bacterial overgrowth (SBBO), a condition affecting humans and 

characterized by increased numbers of endogenous symbiotic bacteria in the small intestine that 

can lead to severe malabsorption syndrome (Sieczkowska et al., 2016).  

This change in microbiota composition may explain the faster depuration of M. edulis compared 

to P. maximus and in this study it is interesting to note that the samples from D. trunculus also 

have fewer bacterial genera identified and are also the least contaminated after mussels. This 

pattern was not found in M. varia from Roscanvel and the Anse du Roz, but it should be noted 

that no concentration of domoic acid was obtained for the animals from the Anse du Roz and 

that the animals from Roscanvel showed a contamination higher than for D. trunculus samples. 

P. maximus had the highest bacterial diversity and the highest domoic acid burden.  

It cannot be ruled out that this low diversity may also be due to the choice of R2A medium for 

isolations, the composition of which would not have favoured the survival of certain bacteria 

in mussel’s samples. 

 

To our knowledge, there is no descriptive study of the bacterial genera or cultivable species 

present in the digestive system of these four bivalve species. However, many of the bacterial 

genera isolated in this study have been found in the digestive microbiota of bivalves. This is 

particularly true for the Vibrio genus, which is regularly found in bivalves and certain of its 

species have been implicated in diseases (Lambert et al., 1998; Travers et al., 2015 Pruzzo et 

al., 2017). Numerous studies have been carried out on infections by the Vibrio genus affecting 

molluscs such as clams Venerupis decussatus and D. trunculus, abalone Haliotis diversicolor 

or oyster C. gigas (Gómez-León et al., 2005; Cai et al., 2006; Travers et al., 2015; 

Prado et al., 2015; Destoumieux-Garzon et al., 2020). Grouped together under the term 

‘vibriosis’, these infections can also affect P. maximus larvae and can lead to necrosis of the 

velar cells and a 100% mortality in 3 to 5 days (Nicolas et al., 1996).  

 

The genera Pseudoalteromonas and Pseudomonas have also already been found in the digestive 

gland and gut microbiota of bivalves, such as C. gigas, M. galloprovincialis, Ruditapes sp, 

Perumytilus purpuratus, Perumytilus purpuratus, Perna uiridis, Sacupharca cornea and Venus 

mercenaria (Vezzulli et al., 2018 ; Akter et al., 2023, Aranda et al., 2012; Sun et al., 2022; 
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Guillard, 1959) and have been found in the haemolymph microbiota of P. maximus (Desriac et 

al., 2013). These genera are certainly part of the microbial core shared by these bivalves. 

Certain strains of the genus Pseudomonas were described by Stewart et al. (1998) as being 

capable of degrading domoic acid in solution, so their presence in the digestive gland of M. 

varia, a rapid depurator, is of interest. In addition, this genus is also present in P. maximus, a 

slow depurator, so the Pseudomonas strains present in scallops may be different from those 

found in fast depurators. 

 

These results do represent the cultivable microbiota of the digestive gland at a specific time and 

cultivated on a particular medium and it has been proven that many factors such as temperature 

(Alma et al., 2020), the presence of pollutants such as microplastics (Li et al., 2020) or a change 

in diet (Pierce and Ward, 2019), can influence and modify the microbiota composition. These 

modifications may also be due to the environment, whether it being the geographic location of 

the animals, water composition or the presence of other organisms. 

 

Bacterial candidates 

Potential candidate bacteria capable of metabolizing domoic acid, Pseudoalteromonas sp. and 

Cellulophaga sp. were isolated from rapid depurators in this study. If these strains demonstrate 

a domoic acid metabolizing activity, they could be tested as probiotics, enabling the scallops to 

depurate the toxin more quickly. 

The genus Pseudoalteromonas is already widely studied for different properties, notably for its 

degradation actions on a mixture of PST. Indeed, Donovan et al. (2009) succeeded in isolating 

P. haloplanktis from the digestive tract of M. edulis contaminated with PST, which reduced in 

vitro the toxicity of the PST solution by 90% in three days. Since domoic acid is also a 

hydrophilic phycotoxin, it is possible that this bacterial genus also has a bioremediation action 

on the latter. Nonetheless, the results obtained in this study did not significantly demonstrate 

this activity under the conditions of this experiment but require additional analyses with a higher 

concentration of bacteria to confirm these results. 

The genus Cellulophaga is known for its agarolytic activity (Skerratt et al., 2002; Ramos et al., 

2017). A study has also shown that this bacterial genus is capable of switching on and off this 

activity, which makes it possible to promote the growth of certain species of associated 

microalgae (Skerratt et al., 2002). Indeed, Cellulophaga sp. was shown to be non-virulent in 

the presence of its host Pseudo-nitzschia pungens, while its algicidal activity led to the decline 
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of the culture of Pseudo-nitzschia australis (Sison-Mangus et al., 2014). This mutualist 

interaction between the host algae and its bacteria also appears to influence domoic acid 

production, which is greater in the presence of the associated bacteria. The hypothesis being 

that the bacteria potentially feed on the domoic acid produced by the algae (Sison-Mangus et 

al., 2014). We could therefore hypothesize that the Cellulophaga genus is capable of 

metabolizing domoic acid released into the environment.  

The results obtained in this study did not demonstrate the activity of the Cellulophaga sp. strain 

we isolated on dissolved domoic acid solution obtained from a culture of toxic Pseudo-nitzschia 

australis. No growth of this Cellulophaga sp. strain was observed during the 48-hour 

experiment, neither did the total domoic acid content decrease after 48 h of incubation. 

However, these results need to be confirmed with a longer exposure time and higher bacterial 

concentrations to verify whether this action is dose-dependent and if similar results can be 

obtained with different strains of Cellulophaga. 
 

Based on the criteria stated previously, the Shewanella genus has also been considered as a 

potential candidate. This genus is found in the gut microbiota of oysters Crassostrea virginica 

(King et al., 2012), a bivalve species also considered to be a rapid depurator (Mafra et al., 

2010). Strains from this genus are known and used as a probiotic in fish aquaculture (García de 

la Banda et al., 2012; Vidal et al., 2016) and have shown to increase the phagocytic activity 

(Nayak, 2010). The genus Shewanella can also have algicidal activity, particularly on 

cyanobacteria, and could be used to mitigate blooms (Li et al., 2014). Results obtained in this 

study did not demonstrate the activity of the Shewanella sp. strain on dissolved domoic acid 

solution. However, a small growth of this strain could be observed, resulting in an increase in 

the optical density after 48 hours in the presence of a solution with or without domoic acid but 

no decrease in total domoic acid content was monitored after 48 hours of incubation. The strain 

tested does not therefore appear to be capable of degrading domoic acid in the conditions of 

this study.  

 

As previously stated, these results need to be confirmed with a longer exposure time, higher 

bacterial concentrations, and more replicates to verify these results. Different strains of these 

bacterial genera could also be tested because those used in this study may not have the activity 

of metabolizing domoic acid. As mentioned previously, the exposure time was probably not 
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long enough, for example in the study by Hagtröm et al. (2007) a decrease in the domoic acid 

concentration is only observable after 28 days of incubation.  

It would perhaps be wise to resort to new isolations on media other than R2A, although it allows 

slower growth of bacteria and therefore a good evaluation of the diversity of the samples tested, 

such as marine broth more commonly used for the cultivation of marine bacteria. Finally, it 

would be interesting to be able to carry out smears of digestive glands not contaminated by 

domoic acid to evaluate the differences in bacterial diversity between digestive glands 

contaminated or not contaminated.  

Nevertheless, further tests should be carried out because considering the information found in 

the literature on other phycotoxins (Vasama et al., 2014; Donovan et al., 2009) probiotics 

appear as the most cost-effective way to deal with the long retention of domoic acid in P. 

maximus but also other exploited species that may be impacted. 

 

Probiotics elaboration 

This preliminary study made it possible to create a collection of bacteria and three have been 

tested for domoic acid degradation without conclusive results. 

However, this is only the first step towards the creation and use of a probiotic cocktail. Indeed, 

even if the use of bacteria isolated from other species is very common in probiotics, more and 

more studies are being carried out to produce probiotics from bacteria present in the target 

species or a genetically close species (Gibson et al., 1998). This is the reason why the 

Shewanella strain, isolated from the digestive gland of P. maximus, was also tested in this 

experiment, indeed if the activity of this strain would have been confirmed, this would make it 

possible to limit the rejection that can be encountered when using a probiotic created from 

bacteria from another host (Offret et al., 2018; Gibson et al., 1998). In fact, just like the grafting 

process in human medicine, rejection or a harmful ricochet effect on the organism being treated 

cannot be ruled out when there is a concentrated supply of exogenous bacteria (Gueimonde et 

al., 2004). In the future, before any strains proven to be effective against domoic acid in solution 

can be used, several points would need to be checked.  

First the precise identification of the species would be required, since certain species of 

Pseudoalteromonas sp. for example, can be harmful to P. maximus larvae (Kesarcodi-Watson 

et al., 2014). Its use as a probiotic on P. maximus larvae will therefore depend on its efficiency 

on domoic acid degradation, but also its action on the larvae. It is essential to ensure that each 
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probiotic does not cause side effects or excess mortality in treated animals, whatever their life 

stage. This applies to each strain or mixture of strains considered. 

To gain a better understanding of the action of domoic acid-metabolizing bacteria, it would also 

be interesting, on a second hand, to check whether this action remains even after lysis of the 

bacterial cells. In fact, certain strains of Lactobacillus rhamnosus keep the capacity to remove 

phycotoxins even though the cells are non-viable (Vasama et al., 2014).  

 

The use of probiotics to accelerate domoic acid depuration in P. maximus would also be a 

sustainable alternative if the changes made to the microbiota could be passed on to the offspring. 

This possibility was demonstrated by Fallet et al. in (2022), when survival of farmed oysters to 

the Pacific oyster mortality syndrome (POMS) increased when exposed to the microbiota of 

wild oysters. This improvement in survival was also transmitted to the next generation, which 

had not been exposed to wild oyster microbiota. 

 

5. Conclusion  

The proliferation of domoic acid-producing Pseudo-nitzschia sp. microalgae is an 

environmental and health problem, but it also leads to serious economic losses for the French 

and international scallop fisheries (Husson et al., 2016). Finding ways to mitigate domoic acid 

action in solution but most importantly for bivalves such as P. maximus is of great importance 

for the future of this fishing industry and fishermen considering its long retention of the toxin 

that can lead to the closure of fishing for several months. This study is the first to focus on 

cultivable bacteria present in P. maximus contaminated with domoic acid and three rapid 

depurators. It made it possible to highlight potential candidates as well as the bacterial 

collection which will make it possible to consider different tests. Preliminary expositions have 

been carried out on domoic acid solution and new tests need to be conducted on other strains 

and with modified parameters in order to advance the search for a probiotic to accelerate the 

decontamination of domoic acid in P. maximus. 
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Abstract 

Domoic acid contamination of marine resources can be an economic and sanitary obstacle for 

fisheries that needs to be addressed. Bivalves, as filter feeders, are among the most exposed 

organisms to Pseudo-nitzschia spp. blooms. The King scallop, Pecten maximus, is distinguished 

by its long retention of domoic acid, unlike other species such as mussels Mytilus edulis, which 

depurate very quickly from just a few hours to days. Two studies by Stewart et al. in 1998 and 

Hagström et al. in 2007 proposed that mussels could host in their digestive gland and their 

feces, bacteria capable of metabolizing domoic acid and thus inducing a decrease in its presence 

in the environment. The presence of such bacteria in King scallop digestive gland was 

questioned and the possibility of transferring them if they were absent was assessed. In this 

study, scallops contaminated with domoic acid were exposed to either mussel digestive gland 
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homogenate or mussel feces for two weeks. Changes in bacterial communities of scallop’s 

digestive such as the appearance of amplicon sequence variant (ASVs) belonging to the genera 

Maribius, Shewanella, Pseudoalteromonas, Colwellia and Roseobacter were observed. This 

study focused on the composition of microbiota of mussels and scallops. In the long term, these 

results can be the foundation to initiate the development of probiotics as an accelerant of domoic 

acid depuration in King scallops. 

Keywords : microbiota transfer, bacteria, domoic acid, Pecten maximus, Mytilus edulis  

 

1. Introduction 

Marine bivalves are an important resource for the world's population (Grant and Strand, 2019; 

Wijsman et al., 2018). With the ever-increasing demand for this source of nutrition (Tan et al., 

2020), the exploitation and marketing of marine bivalves continues to grow (Costello et al., 

2020; Anderson et al., 2011). While some species, such as oysters and mussels, are now widely 

cultivated, others, such as clams and scallops, are fished in the wild. Bivalves are filter feeders 

that feed on phytoplankton particles suspended in the water column (Shumway et al., 1985; 

Jørgensen 1996) and are prone to accumulate high amounts of contaminants, including 

phycotoxins produced by some microalgae species. A worldwide problem that perfectly reflects 

this situation is domoic acid contamination.  

This phycotoxin is produced by the microalga Pseudo-nitzschia sp., which is present in all the 

world's waters and whose blooms are becoming increasingly recurrent under the impact of 

global warming (Wells et al., 2020; Gibble et al., 2021; Tewari et al., 2022). Domoic acid is a 

water-soluble amino acid, homologue of glutamic acid, a major neuro-excitatory for synaptic 

transmissions (Doble et al., 2000; Garattini et al. 2000). Symptoms in humans caused by this 

toxin include nausea, vomiting and diarrhea, muscle weakness, disorientation, and memory 

loss, and in severe cases of intoxication, death. Domoic acid, like many toxins, has the 

particularity of bioaccumulating along the trophic chain (Bates et al., 1998). Filter-feeding 

bivalves, as primary consumers, are therefore the first links in this chain and the main vector 

for cases of marine mammals, birds, and ultimately human poisoning due to their high 

consumption. Following an episode of contamination leading to the death of three people in 

Canada on Prince Edward Island in 1987 (Bates et al., 2019) and to protect consumers, the 
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health authorities implemented a health safety threshold of 20 µg of domoic acid per gram of 

fresh total weight above which fishing or harvesting are closed.  
 

All shellfish have not the same propensity to contaminate or even eliminate domoic acid. Some 

shellfish, such as blue mussels (Mytilus edulis), need only a few hours or days to depurate the 

toxin from their bodies (Mafra et al., 2010; Novaczek et al., 1991), while others, such as King 

scallops (Pecten maximus), take months or even years to depurate below the health safety 

threshold (Blanco et al., 2006; Bogan et al., 2006; Bresnan et al., 2017). According to Mauriz 

and Blanco (2010), scallops concentrate more than 80% of the toxic burden in its digestive 

gland but little is known about the mechanisms involved in this long retention time in scallops. 

A few attempts to accelerate scallop depuration have been made in the past. The first hypothesis 

was tested by Blanco et al. in 2006, who demonstrated in situ that depuration seems to be 30% 

faster in the digestive gland when scallops are located in the water column. The authors 

hypothesized that a higher temperature, an increased luminosity, and a higher food consumption 

allowed scallops at the surface to depurate faster compared with scallops located on the 

substrate. This approach, although interesting, is not viable in the long term for fishermen, as it 

would require scallop stocks to be moved to an area combining these 3 conditions for a 

minimum acceleration of depuration. Another hypothesis was to test the antioxidant action of 

N-acetylcysteine. Indeed, Peña-Llopis et al. (2014) demonstrated an acceleration of fourfold of 

the standard depuration rate of domoic acid in adductor muscle of king scallops P. maximus 

exposed in vitro to N-acetylcysteine. In this study, the muscle was however very little 

contaminated by domoic acid. Vanmaldergem et al. (2023) thus investigated if this same 

antioxidant could accelerate the depuration of the digestive gland of naturally contaminated 

scallops. Scallops exposed to N-acetylcysteine did not show any significant acceleration in the 

depuration of the digestive gland. Furthermore, this approach would not be viable either for 

fishermen as this treatment would be impossible to implement in terms of cost, logistics and 

time. The use of treatment directly in the hatchery would be one way to limit costs and material 

requirements. This could be integrated in the form of a probiotic cocktail. A probiotic is, 

according to the definition of the Food and Agriculture Organization, “one or more living 

microorganisms which, when consumed in adequate quantities, confer a beneficial effect on the 

health of the host” (Food and Agriculture Organization of the United Nation 2006). 

Certain bacterial genera or consortia of bacteria appeared capable of reducing the concentration 

of these toxins in the environment, including paralytic shellfish toxins (PST) (Smith et al., 2001; 
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Donovan et al., 2009; Vasama et al., 2014), diarrhetic shellfish toxin (DSP) and tetrodotoxin 

(Svensson et al. 2009 ; Martelli et al. 2022) or microcystin (Thees et al. 2019, Ramani et al. 

2012, Christoffersen et al. 2002). However, the exact role of these bacteria has not yet been 

defined, and it is not clear whether they degrade or metabolize the toxins.  

Two studies have investigated the hypothesis that some bacteria could metabolize or degrade 

domoic acid. The first, by Stewart et al. (1998), mentions bacterial genera, Alteromonas, 

Pseudoalteromonas and Moraxella, capable of growing in the presence of domoic acid. These 

three genera were isolated using a domoic acid enrichment technique on a simple culture 

medium. Samples of digestive glands from various bivalve species were tested on this medium 

and the bacteria grown were considered capable of growing and biodegrading domoic acid. 

Bacteria with a significantly higher growth and biodegradation efficiency were isolated from 

the gills and/or digestive gland of blue mussels M. edulis and soft-shell clams Mya arenaria, 

two bivalve species recognized as domoic acid fast depurators. Conversely, the study of Stewart 

et al. (1998) stated that bivalves such as sea scallops Placopecten magellanicus and red mussels 

Modiolus modiolus, known as slow domoic acid depurators, rarely had this type of bacteria. 

The authors therefore concluded that these indigenous bacteria could be a factor facilitating the 

elimination of the toxin in M. edulis and M. arenaria. A second study by Hagström et al. (2007) 

showed that the fecal matter of mussels Mytilus galloprovincialis, as well as bottom sediment 

collected from a river where Pseudo-nitzschia multiseries blooms regularly occur, led to the 

most rapid domoic acid deterioration. The authors hypothesize that this faster degradation was 

associated with a higher number of bacteria and enzymes capable of degrading the toxin, both 

unidentified.  

The use of bacteria to accelerate the depuration of P. maximus therefore appears as a hypothesis 

worth investigating. 

 

From human health effects (Gerritsen et al., 2011; Gill and Garner, 2004) to their use in 

aquaculture (Ringø et al. 2020; Irianto et al. 2002), bacterial supplementation, known as 

probiotics, has been gaining in interest (Prado et al. 2010 ; Dittman et al. 2017 ; Langlois et al. 

2021). In aquaculture, they are most often used to increase the size of treated shellfishes or fish 

(Abasolo-Pacheco et al., 2017 ; Amin et al., 2020; Douillet et al., 1994 ; Hines et al., 2022), 

but also to boost their immunity and thus strengthen their resistance to viruses and/or harmful 

bacteria reducing the use of antibiotics which are becoming a threat to the environment and can 

lead to the resistance to antibiotics  (Cabello et al., 2006). To date, few studies have been carried 
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out on the use of bacteria as potential probiotics for scallops P. maximus. The few experiments 

already carried out involved the use of several bacterial strains at the larval stage of the scallop 

in hatchery (Genard et al., 2014; Ruiz-Ponte et al., 1999; Kesarcodi-Watson et al., 2012, 2014). 

These results showed that scallops larvae were receptive to exogenous bacteria and that the 

latter could have a protective effect on P. maximus larval development (Riuz-Ponte et al., 1999). 

Few other studies have been published on the characterization of bacteria associated with the 

different larval stages (Sandaa et al., 2003) and the microbiota associated with the gonads of P. 

maximus (Lasa and Mira et al., 2016).  

Scallops therefore seem to tolerate certain bacteria for their immune protection and their 

growth. We can hypothesize that it could be possible to supplement P. maximus with bacteria 

from M. edulis that could accelerate scallops’ decontamination. Contaminated scallops could 

be supplemented with microbiota issued from other bivalves considered to be rapid depurators, 

such as blue mussels. The approach presented in this article is designed to be rather quick, easy 

to implement and less expensive for fishing professionals. This experiment consisted of 

exposing naturally contaminated scallops to bacteria present either in mussel digestive gland 

homogenized material or directly in mussel feces. The initial postulate was that scallops, by 

filtering these different inputs, could incorporate the exogenous bacteria present. The bacterial 

composition of the digestive gland of treated scallops was monitored and the domoic acid load 

present in this organ was also measured, to test if some bacteria could be used to accelerate the 

depuration of P. maximus. 

 

2. Materials and methods 

2.1 Animals  

A total of 159 one-year-old scallops (5.72 cm ± 8.1 cm shell length; 9.12 g ± 0.7 g total weight), 

produced by the local Tinduff hatchery, were maintained in the Bay of Brest (Britany, France) 

for 10 months, and harvested on June 11, 2021, after an exposure to a natural bloom of Pseudo-

nitzschia producing domoic acid.  

On the same date, 468 mussels (Mytilus edulis) coming from another location of the bay of 

Brest, the “Petit Minou'' beach in Plouzané were also sampled. Scallops and mussels were 

transferred to the lab the day of the sampling.  
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2.2. Microalgal cultures 

The microalgae Tisochrysis lutea (clone T.iso) was used as forage algae to feed scallops and 

mussels during the experiment. Cultures, obtained from the Argenton hatchery (Ifremer, 

Britany, France), were produced in 300L cylinders containing 1 mm-filtered seawater enriched 

with Conway medium (Walne, 1966) at 18 °C, with continuous light. T.iso was harvested in a 

stationary phase for the feeding experiments. 

 

2.3. Experimental design 

 A two-week experiment was designed to test the possibility of a transfer of the microbiota from 

mussels to scallops and its potential effect on domoïc acid depuration by scallops. The 159 

scallops were randomly distributed in nine thanks of 20 L. Three conditions were tested with 3 

thank for each condition : i) a control condition with only scallops (n=16 scallops per tank), ii) 

a condition with the addition of  digestive gland homogenate from 20 mussel every 24 hours in 

the thanks (n=16 scallops per tank), and iii) a condition consisting in a co-culture of scallops 

and above them, mussels placed on a rail to exposed scallops to mussel feces (n=16 scallops 

and n=32 mussels per tank) (Fig. 1).  

In each tank, the influx of water and food (T-iso microalgae was maintained at 105 cells.mL-1) 

was ensured continuously thanks to 2 peristaltic pumps maintaining the flow rate at 14 mL.min-

1 to ensure a complete renewal of the water in each tank every 24 h. Room temperature was set 

to 16.5 °C and the photoperiod (light: dark) to (14 h:10 h).  

 

 

Figure 1. Experimental design to test mussel digestive-microbiota transfer to scallops. 
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2.4 Sample collection.  

 Scallops and mussels were sampled at the beginning of the experiment (D0, n=15 for each 

bivalve species), after 7 days (D7, n=3 animals per tank) and 14 days (D14, n=3 animals per 

tank). Dissections of the digestive glands from scallops and mussels were performed using 

sterile instruments. A part of 50 mg of each digestive gland was stored in sterile cryotubes at -

80 °C for bacterial identification and another part of 200 mg ± 5 mg was stored at -20 °C for 

domoic acid analysis. Mussels and scallops’ feces were also collected at D7 and D14 with sterile 

pipettes and stored in cryotubes at -80 °C pending bacterial genomic DNA extractions. Water 

of each tank (3 L) was filtered on 0.22 µm glass microfiber filters (WhatmanTM) at each sample 

time and kept in sterile cryotube at -80 °C before bacterial genomic DNA extraction. Following 

each sampling, the water in the tanks was renewed to avoid the development of biofilm.  

 

2.5 DNA extraction protocol 

         2.5.1 From digestive gland and feces 

Bacterial genomic DNA (gDNA) extractions from digestive gland and feces samples of scallops 

and mussels were performed according to the protocol described in Offret et al., 2020, 

combining the use of phenol-chloroform-isoamyl (PCI) alcohol extraction with a DNA 

extraction kit (PowerLyser Powersoil DNA Isolation, Quiagen, USA).  

Quickly after thawing on ice, 40 mg of digestive glands were recovered from the cryotube using 

a sterile scalpel and placed in a sterile 1.5 mL eppendorf tube. After adding 150 µL of TNE, 20 

µL of SDS (20%) and 8 µL of protein K (20 mg.mL-1), the tube was vortexed and incubated for 

30 min in a water bath at 45 °C. After centrifugation (10 min, 10 000 g at room temperature) 

the supernatant was recovered and stored at 4 °C. On the remaining pellet, a second digestion 

was performed by adding 100 µL TNE, 13 µL SDS and 5 µL proteinase K. The sample was 

incubated for 1 h at 45 °C after being vortexed. Then the digestate was centrifuged 10 min at 

10,000 g and the obtained supernatant was pooled to the first one. The resulting pool (200 µL) 

were then transferred to a PowerBead tube form the PowerLyser kit to be mechanically lysed 

with 750 µL of Bead solution and 60 µL of the C1 solution. The FastPrep24TM (2x45 sec) was 

used to shake all samples. Each sample was centrifuged for 30 s at 10,000 g at room temperature 

and 700 µL of supernatant was collected in a new tube with 700 µL of phenol-chloroform-

isoamyl alcohol. After mixing and centrifugating for 15min at 16,000 g at 4 °C, the upper 

aqueous phase was collected in a tube containing a volume of chloroform and mixed for 45 s 
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before being vortexed for 15 min at 16,000 g at 4 °C. The aqueous phase was recovered and 

mixed with 0.7 volume of ice-cold isopropanol and stored overnight at -20 °C.  

Samples were centrifuged 30 min at 16,000 g at 4 °C and the pellet recovered. This pellet was 

suspended in 500 µL of TNE buffer and 250 µL of C2 solution and vortexed before incubation 

at 4 °C for 5 min and centrifuged again for 1 min at 10 000 g at room temperature. The 

supernatant was transferred into a tube containing 200 µL of C3 solution and incubated for 5 

min at 4 °C and then centrifuged for 1 min at 10 000 g at room temperature. The supernatant 

(750 µL) was collected and added to 1200 µL of C4 solution. After vertexing, the mixture is 

added to a SpinnFilter from the kit and centrifuged for 1 min at 10 000 g and the filtrate 

discarded. Then the C5 solution (500 µL) is added to the SpinnFilter and the filtrate again 

discarded after a 1 min centrifugation at 10,000 g. The Spinnfilter was transferred to a collection 

tube and 100 µL H2O added to the filter and centrifuged 30 sec at 10,000 g. This step was 

repeated a second time and the DNA recovered from the bottom of the tube was stored  

at -20 °C. 

 

2.5.2 From water samples 

Bacterial genomic DNA (gDNA) from water samples was extracted from the 0.22 µm glass 

microfiber filters, according to the following protocol. Half a filter was put into a tube 

containing approximately 0.7 g of 100-300 µm diameter glass beads and 1 mL of 1X TEN lysis 

buffer (composed of 10 nM Tris-HCl (pH 10.5), 1 nM EDTA, 150 nM NaCl and 0.5 % SDS) 

along with 100 μL of 20 % SDS and 100 μL of 10 % Sarkosyl.  After bead-beating using the 

FastPrep24TM for 4x45", 1 mL of supernatant was collected into a new tube containing 1 mL 

of PCI (25 :24 :1). The aqueous phase was recovered and centrifuged at 16,000 rpm for 15 min 

at 4 °C. Then the upper aqueous phase was transferred to a new tube with 1 mL of Chloroform 

and mixed by repeated inversion and centrifuged at 16,000 rpm for 15 min at 4 °C. Were added, 

40 μL of 3M Sodium Acetate and 0.7 vol of ice-cold isopropanol to the upper aqueous phase in 

a new tube. The samples were placed overnight -20 °C and then centrifuged to recover the 

gDNA pellet 14,000 rpm for 20 min at 4 °C. 

The pellet was resuspended with 0.5 mL of cold 75 % ethanol and centrifuged at 14,000 rpm 

for 5 min at 4 °C. After allowing the pellet to air dry, the gDNA was resuspended in 100 μL of 

sterile water and stored at -20 °C prior to analysis. 
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2.6 Metabarcoding analyses 

gDNA concentration of all samples was checked by Quantifluor kit (Promega, USA) according 

to the manufacturer's protocol. A total of 144 samples were chosen and sent to Génome Quebec 

Innovation Centre, Montreal, Canada, for sequencing. For each sample, 16S rRNA amplicon 

libraries were generated using primers 341F (5'-CCTACGGGNGGCWGCAG -3') and 805R 

(5'-GACTACHVGGGTATCTAATCC-3') targeting the 16S V3-V4 region (Herlemann et al. 

2011). Paired-end sequencing with a 250 bp read length was performed on a MiSeq system 

(Illumina) with a sequencing fraction of 0.014 for each sample. 

   

Raw sequencing data were processed using the SAMBA 

(https://gitlab.ifremer.fr/bioinfo/workflows/samba ; v4.0.0) workflow created by the SeBiMER 

(Ifremer’s Bioinformatics Core Facility). Amplicon Sequence Variants (ASV) were constructed 

using QIIME 2 (v2020.2) (Bolyen et al. 2019) and DADA2 (Callahan et al., 2016) with the 

optimal trimming parameters defined by FIGARO (Weinstein et al., 2019) (no trimming of 

forward and reverse reads; maxEE=2). Contaminated sequences were removed with 

microDecon (v 1.0.2) (McKnight et al. 2019). Using a Bayesian classifier trained with the 

SILVA database (v.138) and the QIIME 2 feature classifier (Wang et al. 2007) taxonomic 

assignment of ASVs was done. Community analysis and statistics were done on R (R version 

4.2.1) (R Core Team 2022) using the phyloseq packages (v 1.40.0) (McMurdie and Holmes 

2013) and vegan (v 2.6-4) (Oksanen et al. 2022). 

 

 

3. Results  

3.1 Sequencing results 

Data analysis and samples information were reported (Table 1). 

 

 

 

 

 

 

 

https://gitlab.ifremer.fr/bioinfo/workflows/samba
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3.2.1 The ten most abundant genera 

An NMDS (not shown) on data from the digestive glands of scallops and mussels at the start of 

the experiment showed that the samples were significantly different between the two bivalve 

species (Adonis statistical test: R2=0.12, p-value=0.001).  

Following this result, an UpsetR plot (not shown) revealed that at the start of the experiment, 

179 bacterial genera, corresponding to 777 ASVs, were present only in the mussel digestive 

gland. Scallops, on the other hand, possessed 12 specific bacterial genera represented by 94 

ASVs. The two bivalves shared 64 bacterial genera represented by 74 ASVs. 

The ASVs were used to represent the 10 most abundant genera in the digestive gland samples 

at the beginning of the experiment (Fig. 3). The digestive glands of mussels (Fig. 3A) and 

scallops (Fig. 3B) share common bacterial genera. The genera Blastopirellula, Mycoplasma, 

Prauserella, Rhodopirellula and Rubripirellula are among the 10 most abundant genera shared 

by the two bivalve species. However, others are only found among the 10 most abundant genera 

in one of the two bivalves studied. For the mussel digestive gland samples, the genera Maribius, 

Alteribacillus, Bythopirellula, Candidatus_Xenohaliotis and Unknown Rhodobacteraceae 

could be observed among the 10 most abundant. Whereas for the scallop digestive gland 

samples, the genera DEV007, Haglioglobus, Planctomicrobium, Unknown 

Alphaproteobacteria and Unknown Chlamydiales were among the 10 most abundant observed. 

This last genus, Chlamydiales, was the most abundant in 3 of the 5 scallops samples analyzed. 

For ease of representation the ASVs presented here and identified from the various samples 

were reduced to the 100 most abundant genera.  





Chapitre III 

 

132 

 

 

Figure 4. Representation of the 10 most abundant bacterial genera in the scallop digestive gland for the control scallop (Pm Control) and the scallops 
exposed to mussel’s digestive gland homogenate (Pm exposed to Me DG) or feces (Pm exposed to Me feces) after 7 (D7) and 14 (D14) 
days. Each individual sampled is represented by a bar. 
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ASVs that appeared in scallops’ digestive glands after mussel exposure. 

The relative abundance of the top 100 ASVs not present in scallop digestive gland at the start 

of the experiment or in the control animals and shared only by scallops exposed to mussels’ 

feces (Supplementary Fig. 2A) or digestive gland (Supplementary Fig. 2B) was observed 

after 7 or 14 days of experiment.  

Out of the 737 ASVs identified in scallop’s digestive gland and shared with mussels’ feces and 

the ones with the highest relative abundance, 4 were recognized as belonging to the Colwellia 

genus, 2 to the Sulfitobacter genus, 2 to the Halarcobacter genus, 2 to the Maribius genus and 

Polaribacter genus and 1 to the Pseudoalteromonas genus and Roseobacter genus 

(Supplementary Fig. 2A). 

After 7 days of exposure, the ASVs that belonged to the genera Rosebacillus, Halioglobus, 

Unknown Marinifilaceae had the highest relative abundance with 0.4%, 0.88% and 0.9% 

respectively. The relative abundance of these ASVs seemed to have decreased after 14 days of 

treatment. The ASVs with the highest relative abundance after 14 days of treatment were part 

of the genera Halioglobus (0.6%), Colwellia (3.8% and 3.9%), Rhodobacteraceae (0.6%), 

Paludibacteraceae (0.6%), Polaribacter (0.3%), Halodesulfovibrio (0.35%), Phaeobacter 

0.6%), Sulfitobaccter (1.6%) and Halarcobacter (0.3%).  

For scallops exposed to mussel digestive gland homogenate, a total of 611 ASVs specifically 

shared between these scallops and the digestive glands of mussels were found and the top 100 

were represented (Supplementary Fig. 2B). Some of the genera found are the same as for the 

condition with mussel feces. In fact, 3 ASVs belonged to the Colwellia genus, 2 to the 

Sulfitobacter genus, 3 to the Pseudoalteromonas genus and 1 to the Roseobacter genus. 

However, no ASVs representing the genera Sulfitobacter, Halarcobacter, Polaribacter or 

Maribius were found in the top 100. In addition, 2 ASVs were identified as belonging to the 

genera Shewanella and Halomonas.  

The ASVs with the highest relative abundance after 7 days of exposure to mussel digestive 

gland microbiota were part of the genera Mycoplasma with 3%, Spirochaeta_2 with 0.5% and 

Tenacibaculum with 0.6%. They were not found after 14 days of treatment. The ASVs with the 

most relative abundance then, belonged to the genera Citrobacter (0.8% and 0.4%), Shinella 

(0.4%) and Unknown Pseudomonadaceae (0.5%). 
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Evolution of ASVs which were present in control scallops DG but increased with mussel 

exposure. 

The ASVs shared between all scallop digestive glands and mussel’s microbiota and whose 

relative abundance increased after exposure were also monitored and represented. A plot was 

made for the two exposure times for each condition. 

This increase concerned 53 ASVs for scallops exposed to mussel fecal microbiota after 7 and 

14 days (Supplementary Fig. 3A). The genera associated with these ASVs included Colwellia, 

Halomonas and Mycoplasma. The ASV of the Mycoplasma genus was the most abundant after 

14 days of exposure, with a relative abundance of over 30% in the treated scallops compared 

with 4% in the control ones. 

Scallops exposed to mussel digestive gland homogenate had 60 ASVs found with a higher 

relative abundance after treatment (Supplementary Fig. 3B). These ASVs were part of the 

genera Unknown Rhodobacteraceae (0.4%), Methylotenera (0.3%), Limibaculum (0.29%), 

Paraglaciecola (0.28%), Unknown Pseudomonadaceae (2.8%) et Roseobacter (0.35%).  

 

 

4. Discussion 

The aim of this study was to monitor changes in the microbiota of the digestive gland of scallops 

Pecten maximus contaminated with domoic acid and exposed to exogenous bacteria from 

mussels, considered to be rapid depurators. 

 

Most abundant genera at T0 

The first step in this study was to compare the microbiota of the digestive glands of M. edulis 

and P. maximus. This allowed the identification of similarities and differences between the two 

bivalves' digestive glands microbiota and their major bacterial composition. 

Analyses at the start of the experiment showed that these two species share five of their ten 

most abundant genera with Blastopirellula, Mycoplasma, Prauserella, Rhodopirellula and 

Rupripirellula.   
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The Mycoplasma genus is also widespread in bivalves such as oysters, mussels and abalones 

(Akter et al., 2023; Griffin et al., 2020; Villasante et al., 2020). It is generally reported as an 

infectious agent in the same way as Rickettsia and Chlamydia (Harshbarger et al., 1977; Paillard 

et al., 2004). However, it has also been described as symbiotic, in the digestive tract of mussel 

M. galloprovencialis (Akter et al., 2023) for example or in the digestive gland of the freshwater 

mussel Villosa nebulosa (Aceves et al., 2018). It was also dominant in Crassostrea. gigas 

digestive gland (Offret et al., 2020) and present in Ruditapes philippinarum digestive gland as 

well (Offret et al., 2023). Finally, it is one of the genera that predominates in the digestive 

glands of healthy red abalone (Haliotis rufescens) compared to abalone suffering from 

Whitening Syndrome (Villasante et al., 2020). Few studies have been carried out on Prauserella 

sp., but it has been isolated from the tissues of the stony coral Galaxea fascicularis (Wu et al., 

2014). The last two genera shared by the two bivalve species are Rhodopirellula and 

Rubripirellula. Both belong to the phylum Plactomycetes, which is frequently found in bivalves 

(Zheng et al., 2021; Pierce et al., 2019). Planctomycetes are also found in greater abundance in 

marine snow and are therefore aggregated rather than in free form and are capable of adhering 

to diatoms during blooms (Morris et al., 2006; DeLong et al., 1993) and marine sediment 

(Storesund et al., 2013; 2020). 

 

This study also revealed a greater number of different bacterial genera and ASVs in mussel 

digestive gland samples compared to scallop samples. With almost 8.3 times more ASVs 

corresponding to almost 15 times more bacterial genera, the bacterial diversity of mussel 

digestive glands from this study is greater than that found in scallop digestive glands. Differing 

microbiota between M. edulis and P. maximus can be explained in part by a microbiota specific 

to these bivalve species (Paillard et al., 2022) but also by a different geographical origin (Offret 

et al., 2020; Del Rio-Lavín et al., 2023). Thus, both intrinsic and extrinsic factors shape the 

bacterial community in organisms. It should also be noted that only scallops were contaminated 

with domoic acid, which could also lead to a selection of particular bacteria present in the 

digestive gland. 

The composition of the top 10 most important bacterial genera in mussel’s digestive gland, not 

present in the top 10 genera in the digestive gland of Pecten maximus, includes the genus 

Maribius. Few studies have been conducted on this genus; however, it is found in the digestive 

tract of the shrimp, Litopenaeus vannamei (Sha et al., 2016) and is considered a bacterial 

candidate for hydrocarbon mitigation pathway genes (Guibert et al., 2012). 
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Of the 10 most abundant genera found in scallops, only Chlamydia have been studied more 

extensively. Collingro et al. (2020) have published on the wide variety of hosts for this genus. 

Bivalves are no exception, with Chlamydia observed in both ctenidia and the mantle (Renault 

et al., 1995) of the oyster Crassostrea gigas and in digestive cells (Grizel, 1987). As shown by 

the studies of Cajaraville and Angulo (1991), Chlamydia sp. are also found in the duct cells of 

the digestive gland of the mussel M. galloprovincialis and in the gut epithelium of P. maximus 

larvae. Following immunohistological analysis of these tissues, Chlamydia sp. was described 

as looking like ‘inclusion bodies’ in digestive cells of mussels (Cajaraville and Angulo, 1991). 

Studies have looked at the interactions of Chlamydia sp. with the immune system of its host. 

They focused on species infecting humans, such as C. pneumoniae, which appears to protect 

infected cells from apoptosis (Rajalingam et al., 2001) or C. trachomatis, that have been shown 

to accumulate in non-degradative autophagosomes (Al-Younes et al., 2004).   

Although the presence of Chlamydia sp. in mussels M. edulis, which are fast depurators, has 

been confirmed, it appears to be much lower than in scallops. This has also been observed in 

this study with an initial abundance of Chlamydia sp. almost 49 times greater in P. maximus 

samples than in M. edulis samples.  

A recent study by García-Corona et al. (2022) detected the presence of inclusion bodies 

comprising a domoic acid signal in the cytoplasm of digestive cells of scallops. These are 

thought to be late-autophagosomes. The hypothesis put forward in this paper is that the toxin, 

once integrated into the early-autophagosomes, cannot be digested by the lysosomal machinery, 

leaving the toxin trapped within these now labeled late-autophagosomes. We also know that 

domoic acid is a homologue of glutamic acid (Doble et al., 2000; Garattini et al., 2000). 

Glutamic acid is found in buffers used to transport and preserve Chlamydia spp. (Campbell and 

Kuo, 2009; Warford et al., 1984; Liechti et al., 2013); it must likely enable the bacterial cells 

to withstand a certain amount of stress. It is therefore possible that domoic acid could have the 

same effect on Chlamydia spp. 

If there is an interaction between Chlamydia sp. and domoic acid, and if during its inclusion, 

the bacteria also enclose this toxin, then a major infection with Chlamydia sp. could be one 

hypothesis for the long retention of domoic acid in P. maximus. Further research, such as for 

example colocalization between domoic acid and Chlamydia sp. on cryo-immuno histological 

sections of scallop’s digestive glands, needs to be undertaken to investigate this hypothesis.  
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Bacterial composition of P. maximus digestive gland after exposure to mussel microbiome 

The main objective of this experiment was to monitor the microbiota of the digestive gland of 

scallops after addition of bacteria from mussel microbiota, using two administration methods 

(feces or digestive gland) to see if any shift could occur. 

  

Top 10 genera in P. maximus  

After exposure to the mussel microbiota, the composition of the top 10 most abundant bacterial 

genera in P. maximus samples revealed some changes not observed in control scallops. Indeed, 

while the genera Haglioglobus, Mycoplasma, Unknown Chamydiales et Unknown 

Alphaproteobacteria have been preserved, the others have been replaced by the genera 

Colwellia, SAR324_clade, Spirochatea_2, Sulfitobacter, Unknown Legionellaceae et Unknown 

Rhodobacteraceae.  

The Colwellia genus is present in the digestive glands of control scallops however ASVs of this 

genus, after 14 days of exposure to mussel microbiota, were observed in slightly higher relative 

abundance in exposed scallops. It is therefore likely that the abundance of this genus was 

favored by the contribution of mussel microbiota. This genus has been isolated from several 

different environments such as seawater, sediments (Marx et al.,2009, Nogi et al. 2004) and 

marine animals such as the intestines of sea urchin (Christiansen et al.,2018) and has already 

been found in the blue mussel M. edulis (Kim et al., 2017). This bacterial genus is known for 

its ability to digest agar (Xu et al., 2017) and carrageenan (Christiansen et al., 2018) and has 

been investigated for its ability to degrade hydrocarbons (Mason et al, 2014).  

The genus Sulfitobacter is considered to be a rather ubiquitous marine bacterium. It has been 

isolated from various marine species and seawater and has the ability to degrade gelatin 

(Ivanova et al., 2004) as well as dimethylsulfoniopropionate (Kwak et al., 2014). More 

interestingly, it is a genus described as having symbiotic interactions with diatoms and more 

specifically with Pseudo-nitzschia sp. The species S. pseudonitzschiae has been isolated from 

various Pseudo-nitzschia spp. and an increase of up to 35% in the growth of P. multiseries has 

been observed in the presence of this bacterium, which metabolizes the taurine produced by the 

algae (Heliwell et al., 2022). This type of bacteria also protects algae from certain viruses (Amin 

et al., 2012).  

https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/after
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/exposure
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/to
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/the
https://dictionary.cambridge.org/fr/dictionnaire/anglais-francais/mussel
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Few studies have been carried out on SAR324, it is a ubiquitous and to this date uncultivated 

genera. It has been recorded in surface and bottom waters in the North Pacific (Boeuf et al., 

2021) and is found host-specifically in the abalone Haliotis diversicolor (Huang et al., 2020). 

Finally, the genus Spirochaeta is found in the intestinal microbiota of bivalves such as C. gigas 

and M. galloprovincialis (Akter et al., 2023), and in the composition of the microbiota of the 

crystalline stylet of several bivalves such as Arctica islandica, Cerastoderma edule, 

Crassostrea gigas and Laternula elliptica (Husmann et al., 2010). It has been shown that some 

species of this genus are capable of degrading xylan or cellulose (Hespell, 1994). Furthermore, 

Sohaskey and Barbour (2000) have demonstrated that the Spirochaeta aurantia species has a 

carboxylesterase activity, and the authors hypothesize that this activity could be beneficial to 

the bacteria due to its living environment. Indeed, in turbid environments such as marine, marsh 

and muddy waters, this could help it to inactivate toxic compounds. In mammals, 

carboxylesterases are also known to detoxify xenobiotic compounds (Wang et al., 2018).   

 

ASVs appearance with a focus on genera identified for their domoic acid degrading 

activity. 

Scallops exposed to mussel feces appear to share 737 ASVs with mussel feces microbiota. In 

scallops exposed to mussel digestive gland homogenate the appearance of 611 ASVs shared 

with the mussel was observed. As these ASVs are not found specifically in water and are shared 

by mussels, the hypothesis that they have been transmitted via the mussel microbiota is 

plausible. Among the ASVs that can be considered as transferred from mussel microbiota, some 

are affiliated to genera of interest. This is the case of Pseudomonas sp. An ASV belonging to 

this genus was found in the top 100 ASVs of the digestive glands of scallops after 14 days of 

exposure to the digestive gland microbiota of M. edulis. Stewart et al. (1998) isolated this genus 

from the digestive system of M. edulis and identified it as one of the genera able to grow in a 

domoic acid-enriched environment and therefore capable to use it. This is also the case for the 

Alteromonas sp. genus. The genera found in Stewart et al. (1998) were able to induce the 

disappearance of up to 57% of the domoic acid enriched substrate in 14 days at 20 °C. The 

authors also point out that the presence of these bacteria in bivalves such as M. edulis or M. 

arenaria is related to their ability to rapidly eliminate domoic acid. Therefore, these bacteria 

are candidates worth considering for the depuration of domoic acid in P. maximus. The 

identification of these strains down to species level has not been made public, so studies 

enabling formal identification of the strains should be carried out.  
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Another interesting transfer is that of ASVs belonging to the genus Pseudoalteromonas. In this 

study, ASVs of this kind are observed to appear in the digestive glands of scallops after 7 and 

14 days of exposure to mussel microbiota, whether in the condition with digestive gland 

homogenate or in the presence of feces. These ASVs were therefore absent from the digestive 

glands of control scallops. This potential transfer is most interesting indeed, this genus has a 

toxin degradation activity that has already been demonstrated for other phycotoxins. Donovan 

et al. (2009) found that 7 strains belonging to the species P. haloplanktis isolated from the 

digestive tract of M. edulis, reduced the toxicity of an algal extract of a paralytic shellfish toxin 

(PST) mixture by ≥90% within 3 days. It is therefore possible that strains of this genus are 

capable of metabolizing other phycotoxins, including domoic acid. This genus is therefore a 

good candidate to help scallop’s domoic acid depuration.  

 

5. Conclusion 

This monitoring of ASVs present in mussel microbiota and found after 7- or 14-days exposure 

in scallop digestive glands provides constructive evidence of the possibility of modifying 

scallop microbiota via the transfer of fecal microbiota and mussel digestive tract. For some 

ASVs, their presence in the digestive gland of scallops seems to persist over the 14 days of 

simple exposure to mussel microbiota. Nevertheless, their possible implantation within P. 

maximus digestive system needs to be assessed to know whether these bacterial genera are 

simply part of the transient microbiome. The use of bacteria as probiotics from rapid depurators 

such as M. edulis seems a relatively realistic approach to implement. The possibility of exposing 

scallop larvae, in hatchery, to a probiotic cocktail containing bacteria found only in rapid 

depurators and metabolizing domoic acid could increase the depuration capacity of this toxin 

in scallops.  

  

Conflict of interest  

All authors approved the final version of this manuscript and declared no conflict of interest. 

 

Funding 

This work received financial support from the French project “MaSCoET” (Maintien du Stock 

de Coquillages en lien avec la problématique des Efflorescences Toxiques) financed by France 

Filière Pêche. This study was also funded in response to the ZABrI (Zone Atelier Brest Iroise) 



Chapitre III 

 

141 

 

and the IUEM (Institut Universitaire Européen de la Mer) call for projects. MD is the recipient 

of a doctorate fellowship from Region Bretagne ARED and France Filière Pêche. 

 

Data availability statement  

The evidence and data that support the findings of this study are available from the 

corresponding author upon request. 

 

Literature cited. 

Abasolo-Pacheco, F., Campa-Córdova, Á.I., Mazón-Suástegui, J.M., Tovar-Ramírez, D., 

Araya, R., Saucedo, P.E., 2017. Enhancing growth and resistance to Vibrio alginolyticus 

disease in catarina scallop ( Argopecten ventricosus ) with Bacillus and Lactobacillus 

probiotic strains during early development. Aquac Res 48, 4597–4607. 

https://doi.org/10.1111/are.13283 

Aceves, A.K., Johnson, P., Bullard, S.A., Lafrentz, S., Arias, C.R., 2018. Description and 

characterization of the digestive gland microbiome in the freshwater mussel Villosa 

nebulosa (Bivalvia: Unionidae). Journal of Molluscan Studies 84, 240–246. 

https://doi.org/10.1093/mollus/eyy014 

Akter, S., Wos-Oxley, M.L., Catalano, S.R., Hassan, M.M., Li, X., Qin, J.G., Oxley, A.P., 2023. 

Host Species and Environment Shape the Gut Microbiota of Cohabiting Marine 

Bivalves. Microb Ecol. https://doi.org/10.1007/s00248-023-02192-z 

Al-Younes, H.M., Brinkmann, V., Meyer, T.F., 2004. Interaction of Chlamydia trachomatis 

Serovar L2 with the Host Autophagic Pathway. Infect Immun 72, 4751–4762. 

https://doi.org/10.1128/IAI.72.8.4751-4762.2004 

Amin, M., Bolch, C.J.S., Adams, M.B., Burke, C.M., 2020. Growth enhancement of tropical 

abalone, Haliotis asinina L, through probiotic supplementation. Aquacult Int 28, 463–

475. https://doi.org/10.1007/s10499-019-00473-4 

Amin, S.A., Parker, M.S., Armbrust, E.V., 2012. Interactions between Diatoms and Bacteria. 

Microbiol Mol Biol Rev 76, 667–684. https://doi.org/10.1128/MMBR.00007-12 

Anderson, S.C., Mills Flemming, J., Watson, R., Lotze, H.K., 2011. Rapid Global Expansion 

of Invertebrate Fisheries: Trends, Drivers, and Ecosystem Effects. PLoS ONE 6, 

e14735. https://doi.org/10.1371/journal.pone.0014735 



Chapitre III 

 

142 

 

Bates, S.S., Bird, C.J., Freitas, A.S.W.D., Foxall, R., Gilgan, M., Hanic, L.A., Johnson, G.R., 

McCulloch, A.W., Odense, P., Pocklington, R., Quilliam, M.A., Sim, P.G., Smith, J.C., 

Rao, D.V.S., Todd, E.C.D., Walter, J.A., Wright, J.L.C., 1989. Pennate Diatom 

Nitzschia pungens as the Primary Source of Domoic Acid, a Toxin in Shellfish from 

Eastern Prince Edward Island, Canada. Can. J. Fish. Aquat. Sci. 46, 1203–1215. 

https://doi.org/10.1139/f89-156 

Bates, S.S., Lundholm, N., Hubbard, K.A., Montresor, M., Leaw, C.P., 2019. Toxic and 

Harmful Marine Diatoms, in: Seckbach, J., Gordon, R. (Eds.), Diatoms: Fundamentals 

and Applications. Wiley, pp. 389–434. https://doi.org/10.1002/9781119370741.ch17 

Blanco, J., Acosta, C.P., Mariño, C., Muñiz, S., Martín, H., Moroño, Á., Correa, J., Arévalo, 

F., Salgado, C., 2006. Depuration of domoic acid from different body compartments of 

the king scallop Pecten maximus grown in raft culture and natural bed. Aquat. Living 

Resour. 19, 257–265. https://doi.org/10.1051/alr:2006026 

Blanco, J., Mauríz, A., Álvarez, G., 2020. Distribution of Domoic Acid in the Digestive Gland 

of the King Scallop Pecten maximus. Toxins 12, 371. 

https://doi.org/10.3390/toxins12060371 

Boeuf, D., Eppley, J.M., Mende, D.R., Malmstrom, R.R., Woyke, T., DeLong, E.F., 2021. 

Metapangenomics reveals depth-dependent shifts in metabolic potential for the 

ubiquitous marine bacterial SAR324 lineage. Microbiome 9, 172. 

https://doi.org/10.1186/s40168-021-01119-5 

Bogan, Y.M., Harkin, A.L., Gillespie, J., Kennedy, D.J., Hess, P., Slater, J.W., 2007. The 

influence of size on domoic acid concentration in king scallop, Pecten maximus (L.). 

Harmful Algae 6, 15–28. https://doi.org/10.1016/j.hal.2006.05.005 

Bogan, Y.M., Kennedy, D., Harkin, A.L., Gillespie, J., Hess, P., Slater, J.W., 2006. 

COMPARISON OF DOMOIC ACID CONCENTRATION IN KING SCALLOPS, 

PECTEN MAXIMUS FROM SEABED AND SUSPENDED CULTURE SYSTEMS. 

Journal of Shellfish Research 25, 129–135. https://doi.org/10.2983/0730-

8000(2006)25[129:CODACI]2.0.CO;2 

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A., 

Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J.E., Bittinger, 

K., Brejnrod, A., Brislawn, C.J., Brown, C.T., Callahan, B.J., Caraballo-Rodríguez, 

A.M., Chase, J., Cope, E.K., Da Silva, R., Diener, C., Dorrestein, P.C., Douglas, G.M., 

Durall, D.M., Duvallet, C., Edwardson, C.F., Ernst, M., Estaki, M., Fouquier, J., 



Chapitre III 

 

143 

 

Gauglitz, J.M., Gibbons, S.M., Gibson, D.L., Gonzalez, A., Gorlick, K., Guo, J., 

Hillmann, B., Holmes, S., Holste, H., Huttenhower, C., Huttley, G.A., Janssen, S., 

Jarmusch, A.K., Jiang, L., Kaehler, B.D., Kang, K.B., Keefe, C.R., Keim, P., Kelley, 

S.T., Knights, D., Koester, I., Kosciolek, T., Kreps, J., Langille, M.G.I., Lee, J., Ley, 

R., Liu, Y.-X., Loftfield, E., Lozupone, C., Maher, M., Marotz, C., Martin, B.D., 

McDonald, D., McIver, L.J., Melnik, A.V., Metcalf, J.L., Morgan, S.C., Morton, J.T., 

Naimey, A.T., Navas-Molina, J.A., Nothias, L.F., Orchanian, S.B., Pearson, T., Peoples, 

S.L., Petras, D., Preuss, M.L., Pruesse, E., Rasmussen, L.B., Rivers, A., Robeson, M.S., 

Rosenthal, P., Segata, N., Shaffer, M., Shiffer, A., Sinha, R., Song, S.J., Spear, J.R., 

Swafford, A.D., Thompson, L.R., Torres, P.J., Trinh, P., Tripathi, A., Turnbaugh, P.J., 

Ul-Hasan, S., Van Der Hooft, J.J.J., Vargas, F., Vázquez-Baeza, Y., Vogtmann, E., Von 

Hippel, M., Walters, W., Wan, Y., Wang, M., Warren, J., Weber, K.C., Williamson, 

C.H.D., Willis, A.D., Xu, Z.Z., Zaneveld, J.R., Zhang, Y., Zhu, Q., Knight, R., 

Caporaso, J.G., 2019. Reproducible, interactive, scalable and extensible microbiome 

data science using QIIME 2. Nat Biotechnol 37, 852–857. 

https://doi.org/10.1038/s41587-019-0209-9 

Bresnan, E., Fryer, R.J., Fraser, S., Smith, N., Stobo, L., Brown, N., Turrell, E., 2017. The 

relationship between Pseudo-nitzschia (Peragallo) and domoic acid in Scottish shellfish. 

Harmful Algae 63, 193–202. https://doi.org/10.1016/j.hal.2017.01.004 

Cabello, F.C., 2006. Heavy use of prophylactic antibiotics in aquaculture: a growing problem 

for human and animal health and for the environment. Environ Microbiol 8, 1137–1144. 

https://doi.org/10.1111/j.1462-2920.2006.01054.x 

Cajaraville, M.P., Angulo, E., 1991. Chlamydia-like organisms in digestive and duct cells of 

mussels from the Basque coast. Journal of Invertebrate Pathology 58, 381–386. 

https://doi.org/10.1016/0022-2011(91)90184-R 

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P., 2016. 

DADA2: High-resolution sample inference from Illumina amplicon data. Nat Methods 

13, 581–583. https://doi.org/10.1038/nmeth.3869 

Campbell, L.A., Kuo, C., 2009. Cultivation and Laboratory Maintenance of Chlamydia 

pneumoniae. CP Microbiology 12. 

https://doi.org/10.1002/9780471729259.mc11b01s12 

Christiansen, L., Bech, P.K., Schultz-Johansen, M., Martens, H.J., Stougaard, P., 2018. 

Colwellia echini sp. nov., an agar- and carrageenan-solubilizing bacterium isolated from 



Chapitre III 

 

144 

 

sea urchin. International Journal of Systematic and Evolutionary Microbiology 68, 687–

691. https://doi.org/10.1099/ijsem.0.002568 

Christoffersen, K., Lyck, S., Winding, A., 2002. Microbial activity and bacterial community 

structure during degradation of microcystins. Aquat. Microb. Ecol. 27, 125–136. 

https://doi.org/10.3354/ame027125 

Collingro, A., Köstlbacher, S., Horn, M., 2020. Chlamydiae in the Environment. Trends in 

Microbiology 28, 877–888. https://doi.org/10.1016/j.tim.2020.05.020 

Costello, C., Cao, L., Gelcich, S., Cisneros-Mata, M.Á., Free, C.M., Froehlich, H.E., Golden, 

C.D., Ishimura, G., Maier, J., Macadam-Somer, I., Mangin, T., Melnychuk, M.C., 

Miyahara, M., De Moor, C.L., Naylor, R., Nøstbakken, L., Ojea, E., O’Reilly, E., 

Parma, A.M., Plantinga, A.J., Thilsted, S.H., Lubchenco, J., 2020. The future of food 

from the sea. Nature 588, 95–100. https://doi.org/10.1038/s41586-020-2616-y 

Del Rio-Lavín, A., Monchy, S., Jiménez, E., Pardo, M.Á., 2023. Gut microbiota fingerprinting 

as a potential tool for tracing the geographical origin of farmed mussels (Mytilus 

galloprovincialis). PLoS ONE 18, e0290776. 

https://doi.org/10.1371/journal.pone.0290776 

DeLong, E.F., Franks, D.G., Alldredge, A.L., 1993. Phylogenetic diversity of aggregate-

attached vs. free-living marine bacterial assemblages. Limnol. Oceanogr. 38, 924–934. 

https://doi.org/10.4319/lo.1993.38.5.0924 

Dittmann, K.K., Rasmussen, B.B., Castex, M., Gram, L., Bentzon‐Tilia, M., 2017. The 

aquaculture microbiome at the centre of business creation. Microbial Biotechnology 10, 

1279–1282. https://doi.org/10.1111/1751-7915.12877 

Doble, Adam, 2000. Pharmacology of Damoic Acid, in: Seafood and Freshwater Toxins. 

Pharmacology, Physiology and Detection. 

Donovan, C.J., Garduño, R.A., Kalmokoff, M., Ku, J.C., Quilliam, M.A., Gill, T.A., 2009. 

Pseudoalteromonas Bacteria Are Capable of Degrading Paralytic Shellfish Toxins. 

Appl Environ Microbiol 75, 6919–6923. https://doi.org/10.1128/AEM.01384-09 

Donovan, C.J., Ku, J.C., Quilliam, M.A., Gill, T.A., 2008. Bacterial degradation of paralytic 

shellfish toxins. Toxicon 52, 91–100. https://doi.org/10.1016/j.toxicon.2008.05.005 

Douillet, P.A., Langdon, C.J., 1994. Use of a probiotic for the culture of larvae of the Pacific 

oyster (Crassostrea gigas Thunberg). Aquaculture 119, 25–40. 

https://doi.org/10.1016/0044-8486(94)90441-3 



Chapitre III 

 

145 

 

Garattini, S., 2000. Glutamic Acid, Twenty Years Later. The Journal of Nutrition 130, 901S-

909S. https://doi.org/10.1093/jn/130.4.901S 

García-Corona, J.L., Hégaret, H., Deléglise, M., Marzari, A., Rodríguez-Jaramillo, C., Foulon, 

V., Fabioux, C., 2022. First subcellular localization of the amnesic shellfish toxin, 

domoic acid, in bivalve tissues: Deciphering the physiological mechanisms involved in 

its long-retention in the king scallop Pecten maximus. Harmful Algae 116, 102251. 

https://doi.org/10.1016/j.hal.2022.102251 

Genard, B., Larouche, O., Nicolas, J.-L., Miner, P., Beaudin, M.-L., Tremblay, R., 2014. Effect 

of the probiotic strain Phaeobacter gallaeciensis after bacterial challenge on the 

complete larval development of Pecten maximus. Aquat. Living Resour. 27, 27–34. 

https://doi.org/10.1051/alr/2014005 

Gerritsen, J., Smidt, H., Rijkers, G.T., De Vos, W.M., 2011. Intestinal microbiota in human 

health and disease: the impact of probiotics. Genes Nutr 6, 209–240. 

https://doi.org/10.1007/s12263-011-0229-7 

Gibble, C.M., Kudela, R.M., Knowles, S., Bodenstein, B., Lefebvre, K.A., 2021. Domoic acid 

and saxitoxin in seabirds in the United States between 2007 and 2018. Harmful Algae 

103, 101981. https://doi.org/10.1016/j.hal.2021.101981 

Gill, H.S., Guarner, F., 2004. Probiotics and human health: a clinical perspective. Postgraduate 

Medical Journal 80, 516–526. https://doi.org/10.1136/pgmj.2003.008664 

Grant, J., Strand, Ø., 2019. Introduction to Provisioning Services, in: Smaal, A.C., Ferreira, 

J.G., Grant, J., Petersen, J.K., Strand, Ø. (Eds.), Goods and Services of Marine Bivalves. 

Springer International Publishing, Cham, pp. 3–5. https://doi.org/10.1007/978-3-319-

96776-9_1 

Griffin, T.W., Baer, J.G., Ward, J.E., 2021. Direct Comparison of Fecal and Gut Microbiota in 

the Blue Mussel (Mytilus edulis) Discourages Fecal Sampling as a Proxy for Resident 

Gut Community. Microb Ecol 81, 180–192. https://doi.org/10.1007/s00248-020-01553-

2 

Guibert, L.M., Loviso, C.L., Marcos, M.S., Commendatore, M.G., Dionisi, H.M., Lozada, M., 

2012. Alkane Biodegradation Genes from Chronically Polluted Subantarctic Coastal 

Sediments and Their Shifts in Response to Oil Exposure. Microb Ecol 64, 605–616. 

https://doi.org/10.1007/s00248-012-0051-9 

Hagström, J.A., Granéli, E., Maneiro, I., Barreiro, A., Petermann, A., Svensen, C., 2007. 

Release and degradation of amnesic shellfish poison from decaying Pseudo-nitzschia 



Chapitre III 

 

146 

 

multiseries in presence of bacteria and organic matter. Harmful Algae 6, 175–188. 

https://doi.org/10.1016/j.hal.2006.08.002 

Harshbarger, J.C., Chang, S.C., Otto, S.V., 1977. Chlamydiae (with Phages), Mycoplasmas, 

and Rickettsiae in Chesapeake Bay Bivalves. Science 196, 666–668. 

https://doi.org/10.1126/science.193184 

Helliwell, K.E., Shibl, A.A., Amin, S.A., 2022. The Diatom Microbiome: New Perspectives for 

Diatom-Bacteria Symbioses, in: Falciatore, A., Mock, T. (Eds.), The Molecular Life of 

Diatoms. Springer International Publishing, Cham, pp. 679–712. 

https://doi.org/10.1007/978-3-030-92499-7_23 

Herlemann, D.P.R., Labrenz, M., Jürgens, K., Bertilsson, S., Waniek, J.J., Andersson, A.F., 

2011. Transitions in bacterial communities along the 2000 km salinity gradient of the 

Baltic Sea. The ISME Journal 5, 1571–1579. https://doi.org/10.1038/ismej.2011.41 

Hespell, R.B., 1994. Xylanolytic activities ofSpirochaeta thermophila. Current Microbiology 

29, 343–347. https://doi.org/10.1007/BF01570227 

Hines, I.S., Santiago-Morales, K.D., Ferguson, C.S., Clarington, J., Thompson, M., 

Rauschenbach, M., Levine, U., Drahos, D., Aylward, F.O., Smith, S.A., Kuhn, D.D., 

Stevens, A.M., 2022. Steelhead trout (Oncorhynchus mykiss) fed probiotic during the 

earliest developmental stages have enhanced growth rates and intestinal microbiome 

bacterial diversity. Front. Mar. Sci. 9, 1021647. 

https://doi.org/10.3389/fmars.2022.1021647 

Huang, Z., Petersen, J.M., You, W., Shao, Z., 2021. A novel SAR324 bacterium associated with 

abalone, Haliotis diversicolor. Aquaculture Research 52, 1945–1953. 

https://doi.org/10.1111/are.15043 

Husmann, G., Gerdts, G., Wichels, A., 2010. Spirochetes in Crystalline Styles of Marine 

Bivalves: Group-Specific PCR Detection and 16S rRNA Sequence Analysis. Journal of 

Shellfish Research 29, 1069–1075. https://doi.org/10.2983/035.029.0409 

Irianto, A., Austin, B., 2002. Probiotics in aquaculture. J Fish Diseases 25, 633–642. 

https://doi.org/10.1046/j.1365-2761.2002.00422.x 

Ivanova, E.P., Gorshkova, N.M., Sawabe, T., Zhukova, N.V., Hayashi, K., Kurilenko, V.V., 

Alexeeva, Y., Buljan, V., Nicolau, D.V., Mikhailov, V.V., Christen, R., 2004. 

Sulfitobacter delicatus sp. nov. and Sulfitobacter dubius sp. nov., respectively from a 

starfish (Stellaster equestris) and sea grass (Zostera marina). International Journal of 



Chapitre III 

 

147 

 

Systematic and Evolutionary Microbiology 54, 475–480. 

https://doi.org/10.1099/ijs.0.02654-0 

Jørgensen, C., 1996. Bivalve filter feeding revisited. Mar. Ecol. Prog. Ser. 142, 287–302. 

https://doi.org/10.3354/meps142287 

Kesarcodi-Watson, A., Miner, P., Nicolas, J.-L., Asmani, K., Robert, R., 2014. Pathogenic 

threats and probiotic use in larviculture of the scallop, Pecten maximus. Aquac Res 47, 

1221–1230. https://doi.org/10.1111/are.12579 

Kesarcodi-Watson, A., Miner, P., Nicolas, J.-L., Robert, R., 2012. Protective effect of four 

potential probiotics against pathogen-challenge of the larvae of three bivalves: Pacific 

oyster (Crassostrea gigas), flat oyster (Ostrea edulis) and scallop (Pecten maximus). 

Aquaculture 344–349, 29–34. https://doi.org/10.1016/j.aquaculture.2012.02.029 

Kim, Y.-O., Park, I.-S., Park, S., Nam, B.-H., Jung, Y.-T., Kim, D.-G., Yoon, J.-H., 2017. 

Colwellia mytili sp. nov., isolated from mussel Mytilus edulis. International Journal of 

Systematic and Evolutionary Microbiology 67, 31–36. 

https://doi.org/10.1099/ijsem.0.001564 

Kwak, M.-J., Lee, J.-S., Lee, K.C., Kim, K.K., Eom, M.K., Kim, B.K., Kim, J.F., 2014. 

Sulfitobacter geojensis sp. nov., Sulfitobacter noctilucae sp. nov., and Sulfitobacter 

noctilucicola sp. nov., isolated from coastal seawater. International Journal of 

Systematic and Evolutionary Microbiology 64, 3760–3767. 

https://doi.org/10.1099/ijs.0.065961-0 

Langlois, L., Akhtar, N., Tam, K.C., Dixon, B., Reid, G., 2021. Fishing for the right probiotic: 

host–microbe interactions at the interface of effective aquaculture strategies. FEMS 

Microbiology Reviews 45, fuab030. https://doi.org/10.1093/femsre/fuab030 

Lasa, A., Mira, A., 2016. Characterization of the microbiota associated to Pecten maximus 

gonads using 454-pyrosequencing. International Microbiology 93–99. 

https://doi.org/10.2436/20.1501.01.267 

Liechti, G.W., Kuru, E., Hall, E., Kalinda, A., Brun, Y.V., VanNieuwenhze, M., Maurelli, A.T., 

2014. A new metabolic cell-wall labelling method reveals peptidoglycan in Chlamydia 

trachomatis. Nature 506, 507–510. https://doi.org/10.1038/nature12892 

Mafra, L.L., Bricelj, V.M., Fennel, K., 2010. Domoic acid uptake and elimination kinetics in 

oysters and mussels in relation to body size and anatomical distribution of toxin. Aquatic 

Toxicology 100, 17–29. https://doi.org/10.1016/j.aquatox.2010.07.002 



Chapitre III 

 

148 

 

Martelli, F., Cirlini, M., Dellafiora, L., Neviani, E., Dall’Asta, C., Bernini, V., 2022. Mitigation 

of marine toxins by interactions with bacteria: The case of okadaic acid and 

tetrodotoxin. Food Control 131, 108428. 

https://doi.org/10.1016/j.foodcont.2021.108428 

Marx, J.G., Carpenter, S.D., Deming, J.W., 2009. Production of cryoprotectant extracellular 

polysaccharide substances (EPS) by the marine psychrophilic bacterium Colwellia 

psychrerythraea strain 34H under extreme conditionsThis article is one of a selection 

of papers in the Special Issue on Polar and Alpine Microbiology. Can. J. Microbiol. 55, 

63–72. https://doi.org/10.1139/W08-130 

Mason, O.U., Han, J., Woyke, T., Jansson, J.K., 2014. Single-cell genomics reveals features of 

a Colwellia species that was dominant during the Deepwater Horizon oil spill. Front. 

Microbiol. 5. https://doi.org/10.3389/fmicb.2014.00332 

Mauriz, A., Blanco, J., 2010. Distribution and linkage of domoic acid (amnesic shellfish 

poisoning toxins) in subcellular fractions of the digestive gland of the scallop Pecten 

maximus. Toxicon 55, 606–611. https://doi.org/10.1016/j.toxicon.2009.10.017 

McKnight, D.T., Huerlimann, R., Bower, D.S., Schwarzkopf, L., Alford, R.A., Zenger, K.R., 

2019. Methods for normalizing microbiome data: An ecological perspective. Methods 

Ecol Evol 10, 389–400. https://doi.org/10.1111/2041-210X.13115 

McMurdie, P.J., Holmes, S., 2013. phyloseq: An R Package for Reproducible Interactive 

Analysis and Graphics of Microbiome Census Data. PLoS ONE 8, e61217. 

https://doi.org/10.1371/journal.pone.0061217 

Morris, R.M., Longnecker, K., Giovannoni, S.J., 2006. Pirellula and OM43 are among the 

dominant lineages identified in an Oregon coast diatom bloom. Environ Microbiol 8, 

1361–1370. https://doi.org/10.1111/j.1462-2920.2006.01029.x 

Nogi, Y., Hosoya, S., Kato, C., Horikoshi, K., 2004. Colwellia piezophila sp. nov., a novel 

piezophilic species from deep-sea sediments of the Japan Trench. International Journal 

of Systematic and Evolutionary Microbiology 54, 1627–1631. 

https://doi.org/10.1099/ijs.0.03049-0 

Novaczek, I., Madhyastha, M.S., Ablett, R.F., Donald, A., Johnson, G., Nijjar, M.S., Sims, 

D.E., 1992. Depuration of Domoic Acid from Live Blue Mussels ( Mytilus edulis ). Can. 

J. Fish. Aquat. Sci. 49, 312–318. https://doi.org/10.1139/f92-035 

Offret, C., Gauthier, O., Despréaux, G., Bidault, A., Corporeau, C., Miner, P., Petton, B., Pernet, 

F., Fabioux, C., Paillard, C., Le Blay, G., 2023. Microbiota of the Digestive Glands and 



Chapitre III 

 

149 

 

Extrapallial Fluids of Clams Evolve Differently Over Time Depending on the Intertidal 

Position. Microb Ecol 85, 288–297. https://doi.org/10.1007/s00248-022-01959-0 

Offret, C., Paulino, S., Gauthier, O., Château, K., Bidault, A., Corporeau, C., Miner, P., Petton, 

B., Pernet, F., Fabioux, C., Paillard, C., Blay, G.L., 2020. The marine intertidal zone 

shapes oyster and clam digestive bacterial microbiota. FEMS Microbiology Ecology 96, 

fiaa078. https://doi.org/10.1093/femsec/fiaa078 

Oksanen, J., Simpson, G.L., 2022. Blanchet FGet al.. vegan: community ecology package. R 

package version, 2-6. 

Paillard, C., Gueguen, Y., Wegner, K.M., Bass, D., Pallavicini, A., Vezzulli, L., Arzul, I., 2022. 

Recent advances in bivalve-microbiota interactions for disease prevention in 

aquaculture. Current Opinion in Biotechnology 73, 225–232. 

https://doi.org/10.1016/j.copbio.2021.07.026 

Paillard, C., Le Roux, F., Borrego, J.J., 2004. Bacterial disease in marine bivalves, a review of 

recent studies: Trends and evolution. Aquat. Living Resour. 17, 477–498. 

https://doi.org/10.1051/alr:2004054 

Peña-Llopis, S., Serrano, R., Pitarch, E., Beltrán, E., Ibáñez, M., Hernández, F., Peña, J.B., 

2014. N-Acetylcysteine boosts xenobiotic detoxification in shellfish. Aquatic 

Toxicology 154, 131–140. https://doi.org/10.1016/j.aquatox.2014.05.006 

Pierce, M.L., Ward, J.E., 2019. Gut Microbiomes of the Eastern Oyster ( Crassostrea virginica 

) and the Blue Mussel ( Mytilus edulis ): Temporal Variation and the Influence of Marine 

Aggregate-Associated Microbial Communities. mSphere 4, e00730-19. 

https://doi.org/10.1128/mSphere.00730-19 

Prado, S., Romalde, J.L., Barja, J.L., 2010. Review of probiotics for use in bivalve hatcheries. 

Veterinary Microbiology 145, 187–197. https://doi.org/10.1016/j.vetmic.2010.08.021 

Quilliam, M.A., Xie, M., Hardstaff, W.R., 1995. Rapid Extraction and Cleanup for Liquid 

Chromatographic Determination of Domoic Acid in Unsalted Seafood. Journal of 

AOAC INTERNATIONAL 78, 543–554. https://doi.org/10.1093/jaoac/78.2.543 

Rajalingam, K., Al-Younes, H., Müller, A., Meyer, T.F., Szczepek, A.J., Rudel, T., 2001. 

Epithelial Cells Infected with Chlamydophila pneumoniae ( Chlamydia pneumoniae ) 

Are Resistant to Apoptosis. Infect Immun 69, 7880–7888. 

https://doi.org/10.1128/IAI.69.12.7880-7888.2001 



Chapitre III 

 

150 

 

Ramani, A., Rein, K., Shetty, K.G., Jayachandran, K., 2012. Microbial degradation of 

microcystin in Florida’s freshwaters. Biodegradation 23, 35–45. 

https://doi.org/10.1007/s10532-011-9484-y 

Renault, T., Cochennec, N., 1995. Chlamydia-like organisms in ctenidia and mantle cells of the 

Japanese oyster Crassostrea gigas from the French Atlantic coast. Dis. Aquat. Org. 23, 

153–159. https://doi.org/10.3354/dao023153 

Ringø, E., 2020. Probiotics in shellfish aquaculture. Aquaculture and Fisheries 5, 1–27. 

https://doi.org/10.1016/j.aaf.2019.12.001 

Ruiz-Ponte, C., Samain, J.F., Sánchez, J.L., Nicolas, J.L., 1999. The Benefit of a Roseobacter 

Species on the Survival of Scallop Larvae. Mar. Biotechnol. 1, 52–59. 

https://doi.org/10.1007/PL00011751 

Sandaa, R.-A., Magnesen, T., Torkildsen, L., Bergh, Ø., 2003. Characterisation of the Bacterial 

Community Associated with Early Stages of Great Scallop (Pecten maximus), Using 

Denaturing Gradient Gel Electrophoresis (DGGE). Systematic and Applied 

Microbiology 26, 302–311. https://doi.org/10.1078/072320203322346164 

Sha, Y., Liu, M., Wang, B., Jiang, K., Qi, C., Wang, L., 2016. Bacterial Population in Intestines 

of Litopenaeus vannamei Fed Different Probiotics or Probiotic Supernatant. Journal of 

Microbiology and Biotechnology 26, 1736–1745. 

https://doi.org/10.4014/jmb.1603.03078 

Shumway, S.E., Cucci, T.L., Newell, R.C., Yentsch, C.M., 1985. Particle selection, ingestion, 

and absorption in filter-feeding bivalves. Journal of Experimental Marine Biology and 

Ecology 91, 77–92. https://doi.org/10.1016/0022-0981(85)90222-9 

Smith, E.A., Grant, F., Ferguson, C.M.J., Gallacher, S., 2001. Biotransformations of Paralytic 

Shellfish Toxins by Bacteria Isolated from Bivalve Molluscs. Appl Environ Microbiol 

67, 2345–2353. https://doi.org/10.1128/AEM.67.5.2345-2353.2001 

Sohaskey, C.D., Barbour, A.G., 2000. Spirochaeta aurantia Has Diacetyl Chloramphenicol 

Esterase Activity. J Bacteriol 182, 1930–1934. https://doi.org/10.1128/JB.182.7.1930-

1934.2000 

Stewart, J.E., Marks, L.J., Gilgan, M.W., Pfeiffer, E., Zwicker, B.M., 1998. Microbial 

utilization of the neurotoxin domoic acid: blue mussels (Mytilus edulis) and soft shell 

clams (Mya arenaria) as sources of the microorganisms 44. 

Storesund, J.E., Lanzèn, A., Nordmann, E.-L., Armo, H.R., Lage, O.M., Øvreås, L., 2020. 

Planctomycetes as a Vital Constituent of the Microbial Communities Inhabiting 



Chapitre III 

 

151 

 

Different Layers of the Meromictic Lake Sælenvannet (Norway). Microorganisms 8, 

1150. https://doi.org/10.3390/microorganisms8081150 

Storesund, J.E., Øvreås, L., 2013. Diversity of Planctomycetes in iron-hydroxide deposits from 

the Arctic Mid Ocean Ridge (AMOR) and description of Bythopirellula goksoyri gen. 

nov., sp. nov., a novel Planctomycete from deep sea iron-hydroxide deposits. Antonie 

van Leeuwenhoek 104, 569–584. https://doi.org/10.1007/s10482-013-0019-x 

Svensson, S., 2003. Depuration of Okadaic acid (Diarrhetic Shellfish Toxin) in mussels, Mytilus 

edulis (Linnaeus), feeding on different quantities of nontoxic algae. Aquaculture 218, 

277–291. https://doi.org/10.1016/S0044-8486(02)00504-5 

Tan, K., Ma, H., Li, S., Zheng, H., 2020. Bivalves as future source of sustainable natural omega-

3 polyunsaturated fatty acids. Food Chemistry 311, 125907. 

https://doi.org/10.1016/j.foodchem.2019.125907 

Tewari, K., 2022. A Review of Climate Change Impact Studies on Harmful Algal Blooms. 

Phycology 2, 244–253. https://doi.org/10.3390/phycology2020013 

Thees, A., Atari, E., Birbeck, J., Westrick, J.A., Huntley, J.F., 2019. Isolation and 

characterization of Lake Erie bacteria that degrade the cyanobacterial microcystin toxin 

MC-LR. Journal of Great Lakes Research 45, 138–149. 

https://doi.org/10.1016/j.jglr.2018.10.013 

Vanmaldergem, J., García-Corona, J.L., Deléglise, M., Fabioux, C., Hegaret, H., 2023. Effect 

of the antioxidant N-acetylcysteine on the depuration of the amnesic shellfish poisoning 

toxin, domoic acid, in the digestive gland of the king scallop Pecten maximus. Aquat. 

Living Resour. 36, 14. https://doi.org/10.1051/alr/2023011 

Vasama, M., Kumar, H., Salminen, S., Haskard, C., 2014. Removal of Paralytic Shellfish 

Toxins by Probiotic Lactic Acid Bacteria. Toxins 6, 2127–2136. 

https://doi.org/10.3390/toxins6072127 

Villasante, A., Catalán, N., Rojas, R., Lohrmann, K.B., Romero, J., 2020. Microbiota of the 

Digestive Gland of Red Abalone (Haliotis rufescens) Is Affected by Withering 

Syndrome. Microorganisms 8, 1411. https://doi.org/10.3390/microorganisms8091411 

Walne, P.R., 1966. Experiments in the large scale culture of the larvae of Ostrea edulis. Fishery 

Invest., (London) Ser. 2, 25(4): l-53. 

Wang, D., Zou, L., Jin, Q., Hou, J., Ge, G., Yang, L., 2018. Human carboxylesterases: a 

comprehensive review. Acta Pharmaceutica Sinica B 8, 699–712. 

https://doi.org/10.1016/j.apsb.2018.05.005 



Chapitre III 

 

152 

 

Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naïve Bayesian Classifier for Rapid 

Assignment of rRNA Sequences into the New Bacterial Taxonomy. Appl Environ 

Microbiol 73, 5261–5267. https://doi.org/10.1128/AEM.00062-07 

Warford, A.L., Rekrut, K.A., Levy, R.A., Drill, A.E., 1984. Sucrose Phosphate Glutamate for 

Combined Transport of Chlamydial and Viral Specimens. American Journal of Clinical 

Pathology 81, 762–764. https://doi.org/10.1093/ajcp/81.6.762 

Weinstein, M.M., Prem, A., Jin, M., Tang, S., Bhasin, J.M., 2019. FIGARO: An efficient and 

objective tool for optimizing microbiome rRNA gene trimming parameters (preprint). 

Bioinformatics. https://doi.org/10.1101/610394 

Wells, M.L., Karlson, B., Wulff, A., Kudela, R., Trick, C., Asnaghi, V., Berdalet, E., Cochlan, 

W., Davidson, K., De Rijcke, M., Dutkiewicz, S., Hallegraeff, G., Flynn, K.J., Legrand, 

C., Paerl, H., Silke, J., Suikkanen, S., Thompson, P., Trainer, V.L., 2020. Future HAB 

science: Directions and challenges in a changing climate. Harmful Algae 91, 101632. 

https://doi.org/10.1016/j.hal.2019.101632 

Wijsman, J.W.M., Troost, K., Fang, J., Roncarati, A., 2019. Global Production of Marine 

Bivalves. Trends and Challenges, in: Smaal, A.C., Ferreira, J.G., Grant, J., Petersen, 

J.K., Strand, Ø. (Eds.), Goods and Services of Marine Bivalves. Springer International 

Publishing, Cham, pp. 7–26. https://doi.org/10.1007/978-3-319-96776-9_2 

Wu, J.-F., Li, J., You, Z.-Q., Zhang, S., 2014. Prauserella coralliicola sp. nov., isolated from 

the coral Galaxea fascicularis. International Journal of Systematic and Evolutionary 

Microbiology 64, 3341–3345. https://doi.org/10.1099/ijs.0.062679-0 

Xu, Z.-X., Zhang, H.-X., Han, J.-R., Dunlap, C.A., Rooney, A.P., Mu, D.-S., Du, Z.-J., 2017. 

Colwellia agarivorans sp. nov., an agar-digesting marine bacterium isolated from 

coastal seawater. International Journal of Systematic and Evolutionary Microbiology 

67, 1969–1974. https://doi.org/10.1099/ijsem.0.001897 

Zheng, Z., Liao, Y., Ye, J., Yang, C., Adzigbli, L., Wang, Q., Du, X., Deng, Y., 2021. 

Microbiota Diversity in Pearl Oyster Pinctada fucata martensii Intestine and Its 

Aquaculture Environment. Front. Mar. Sci. 8, 655698. 

https://doi.org/10.3389/fmars.2021.655698 

 

 

 

 



Chapitre III 

 

153 

 

Supplementary figure 

 

Supplementary Figure 1. Alpha diversity in water samples (n=18) assessed using Observed, 
Chaos1, InvSimpson and Shannon indexes and a Tukey significance test (HSD) to identify any 
differences. The Tukey test gave no significant differences between the samples after 7 (green 
boxplot) and 14 days (blue boxplot) of experiment. 
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La contamination des bivalves par l’acide domoïque constitue un risque sanitaire et économique 

pour l'industrie de la pêche. Les fermetures de pêches dues à cette contamination entraînent une 

perte significative de revenus pour les professionnels partout dans le monde et notamment le 

long de la côte Atlantique de l’Europe de l’Irlande à l’Espagne (Chadsey et al., 2012; Moore et 

al., 2019; Petroff et al., 2021; Ritzman et al., 2018). La coquille Saint-Jacques Pecten maximus, 

en raison de sa rétention prolongée de la toxine, est particulièrement touchée, nécessitant parfois 

plusieurs années avant que la concentration en acide domoïque ne revienne sous les seuils de 

sécurité (Blanco et al., 2006, 2002). La possibilité de décortiquer le muscle, qui accumule moins 

d’acide domoïque que la glande digestive, en usine spécialisée existe. Cette étape permet 

parfois de sauver une partie de la production mais cela entraîne des coûts supplémentaires tant 

pour les exploitants que les consommateurs et, avec une réorganisation nécessaire dans les 

usines qui peut être difficile à mettre en place (Décision de l’Union Européenne 2002/226/ EC). 

Cependant, cela est moins rentable financièrement que la vente de la coquille entière. 

L'augmentation des efflorescences de la microalgue Pseudo-nitzschia sp. depuis les années 

2000 (Amzil et al., 2009; Husson et al., 2016) accroît le risque de contaminations fréquentes 

par l'acide domoïque, mettant en danger la rentabilité des pêcheries à la coquille Saint-Jacques. 

Le risque de voir le taux d’acide domoïque contenu dans la glande digestive de la coquille Saint-

Jacques ne redescendre que rarement sous le seuil de sécurité sanitaire est donc réel. 

L'exposition aux cellules toxiques de Pseudo-nitzschia sp. est le principal facteur expliquant la 

contamination. Face à ce problème, des scénarios pour accélérer la décontamination ont été 

testés, tels que l'utilisation d'antioxydants et l’exposition à la lumière, une augmentation de la 

température et un apport en nourriture. Cependant, les coûts associés à ces scénarios sont 

prohibitifs pour les pêcheurs. Il est donc nécessaire d'explorer des techniques offrant une 

efficacité accrue avec un investissement minimal. Pour accélérer le processus de dépuration, 

des suivis in situ, ainsi que la compréhension des liens entre la taille de la coquille Saint-

Jacques, sa contamination par l'acide domoïque et sa rétention prolongée, sont essentiels. La 

piste des bactéries émerge comme une voie prometteuse et peu contraignante pour les pêcheurs. 

Cependant, le manque de connaissances sur les cinétiques de contamination et de 

décontamination constitue un obstacle à l'élaboration de stratégies d'aide à la dépuration. La 

piste des bactéries émerge comme une voie prometteuse et potentiellement peu contraignante 

pour les pêcheurs. 
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L’ensemble des travaux menés durant cette thèse ont permis de démontrer que : 

(1) En rade de Brest, la contamination par l’acide domoïque des coquilles Saint-Jacques 

n’est pas toujours corrélée au bloom de Pseudo-nitzschia sp. observé en surface. Nos 

résultats, à la suite d’analyses de données de terrain depuis 2011, montrent que l’origine 

des contaminations peut-être plus complexe et met en évidence l’importance du 

compartiment à l’interface eau-sédiment, qui peut représenter une source de 

contamination conséquente (Chapitre 1). 

(2) Les coquilles Saint-Jacques de plus petite taille s’étaient plus contaminées que les 

coquilles de plus grande taille au cours d’un bloom naturel de Pseudo-nitzschia 

australis.et le suivi de ce lot de coquilles pendant deux mois en écloserie a démontré 

que les individus de petite taille dépuraient plus rapidement la toxine de leur glande 

digestive que les individus de grande taille (Chapitre 2). 

(3) Le transfert de microbiote de glande digestive et de fèces entre deux espèces de bivalves 

a été démontré comme possible. De plus, notre travail d’isolement microbiologique et 

de recherche de bactéries candidates a permis d’obtenir une banque de souches 

provenant de dépurateurs rapides et de P. maximus en vue de possibles tests de 

dégradation de l’acide domoïque (Chapitre 3). 

(4) Le genre bactérien Chlamydia, très présent dans la glande digestive des coquilles Saint-

Jacques d’après nos analyses en métabarcoding, pourrait être associé à la longue 

rétention de l’acide domoïque par la coquille Saint-Jacques (Chapitre 3).  
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Les différents schémas de contamination de P. maximus en rade de Brest 

L'objectif de cette étude était d'améliorer notre compréhension de la relation entre la 

concentration de Pseudo-nitzschia sp., sa toxine, l’acide domoïque, et la contamination de la 

coquille Saint-Jacques, Pecten maximus. Les résultats de sept ans de monitoring en rade de 

Brest nous ont permis de souligner la complexité de l’environnement étudié et de mieux 

identifier l’origine des contaminations de la coquille Saint-Jacques par l’acide domoïque 

(chapitre 1). Trois scénarios de contamination de la coquille Saint-Jacques semblent se dégager 

de ce suivi (Fig. 6.).  

Le premier (Fig. 6, scénario 1) met en évidence la présence d’un bloom de Pseudo-nitzschia 

sp. toxique en surface entraînant la production d’acide domoïque qui en sédimentant dans la 

colonne d’eau finit par être filtré par les bivalves tels que la coquille Saint-Jacques entraînant 

leur contamination.  

Le deuxième scénario (Fig. 6, scénario 2) est l'augmentation simultanée de la densité cellulaire 

de Pseudo-nitzschia sp. toxique, à la fois à la surface et au fond, et de la concentration d'acide 

domoïque dans les coquilles Saint-Jacques. Dans ce scénario, les observations mettent en 

évidence l’apparition de cellules toxiques de Pseudo-nitzschia sp. à la fois dans les eaux de 

surface et de fond.  

Ce suivi à grande échelle révèle que la contamination des coquilles Saint-Jacques est plus 

fortement corrélée avec la présence d’acide domoïque au fond de la colonne d’eau. Si ce résultat 

peut sembler évident étant donné l’habitat dans lequel P. maximus évolue, la présence de 

cellules de Pseudo-nitzschia sp. au fond est plus intrigante.  

En effet, le troisième scénario de contamination (Fig. 6, scénario 3) de la coquille Saint-Jacques 

trouve son origine dans des efflorescences qui semblent provenir directement du fond. L'origine 

de la présence de cellules de Pseudo-nitzschia sp. et d'acide domoïque total au fond de la 

colonne d'eau n'a pas encore été résolue et plusieurs hypothèses ont été émises et mériteraient 

d’être étudiées. 
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Figure 6 : Représentation schématique des trois scénarios de contamination par l’acide 
domoïque après un bloom de Pseudo-nitzschia sp. Le bloom phytoplanctonique 
produit de l’acide domoïque (sphères rouges) qui vient contaminer les coquilles 
Saint-Jacques posées sur le sédiment ou enfouies. La taille du cercle de cellules de 
Pseudo-nitzschia sp. est proportionnelle à la concentration en cellules algales. 
(Réalisé avec l’outil en ligne Biorender https://app.biorender.com/) 

 

Parmi ces hypothèses, la présence d’acide domoïque à l'interface eau-sédiment pourrait 

s'expliquer par la remise en suspension de particules piégées dans le sédiment. Des événements 

ponctuels, tels que des tempêtes, pourraient jouer un rôle important dans la remise en 

suspension de l'acide domoïque. Ce phénomène s'est produit en février 2010 dans le nord-ouest 

de la France, dans le Pertuis Breton et dans le nord du Golfe de Gascogne, après la tempête 

Xynthia" (Husson et al., 2016). Bien que la remise en suspension des particules toxiques semble 

bien expliquée, on sait peu de choses sur la capacité éventuelle des cellules de Pseudo-nitzschia 

sp. à conserver leur toxicité après une efflorescence. Le même manque de connaissances 

subsiste concernant la capacité de l'acide domoïque à être conservé au fil du temps dans les 

sédiments, même s'il a été démontré que l'acide domoïque peut s'adsorber sur les sédiments en 

fonction de leur composition (Burns and Ferry, 2007). Un éventuel phénomène de dormance 

https://app.biorender.com/
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des cellules de Pseudo-nitzschia sp. dans les sédiments pourrait également expliquer en partie 

la contamination des coquilles Saint-Jacques ainsi que les épisodes de recontamination, alors 

qu'un bloom toxique n'a pas été détecté en surface. Une autre hypothèse méritant d'être étudiée 

serait que les cellules mortes de Pseudo-nitzschia sp. après un bloom, pourraient encore 

contenir des toxines actives/viables comme le suggèrent plusieurs études (Schnetzer et al., 

2017; Sekula-Wood et al., 2011, 2009). La présence de cellules de Pseudo-nitzschia sp. et 

d'acide domoïque à l'interface sédiment-eau peuvent également s'expliquer par la possibilité 

que des efflorescences de Pseudo-nitzschia sp. toxiques se forment directement plus en 

profondeur dans la colonne d'eau ou à l'interface des sédiments.  

Il arrive parfois que les efflorescences de Pseudo-nitzschia sp. ne soient pas en corrélation 

directe avec la contamination par l'acide domoïque, c’est le scénario rencontré en rade de Brest, 

en 2015. Ces événements sont associés à des proliférations de deux groupes de Pseudo-

nitzschia, “pungens” et “delicatissima”, connus pour avoir des niveaux de toxicité faibles 

(Baugh et al., 2006; Trainer et al., 2012). Ce résultat met en lumière l’importance de développer 

et d’étendre l’emploi de méthodes d’identification des espèces cryptiques comme Pseudo-

nitzschia sp, telles que les sondes moléculaires développées pour des espèces spécifiques 

(Ferrari et al., 2023; Kim and Sako, 2005; McDonald et al., 2007). 

Pouvoir suivre en temps réel la concentration en acide domoïque ou la prolifération de Pseudo-

nitzschia sp.  dans le milieu serait également un atout de taille dans la prévention des épisodes 

de contamination. Ce genre de dispositif a été mis en place par le Monterey Bay Aquarium 

Research Institute (MBARI - https://www.mbari.org/technology/environmental-sample-

processor-esp/), il permet la mesure d’acide domoïque particulaire quasiment en temps réel à 

l'aide de l'Environmental Sample Processor (ESP) (Moore et al., 2021) et certains résultats 

obtenus dans le cadre de suivis ont été publiés par Thurkral et collaborateurs (Thukral et al., 

2023). Dans cette étude, des échantillons d’eau analysés ont révélé une correspondance entre la 

concentration en acide domoïque total et l’expression du gène dabA responsable de la 

biosynthèse d’acide domoïque. De plus, une corrélation positive entre les gènes dab, les 

molécules intermédiaires biosynthétiques de l'acide domoïque et l'abondance de Pseudo-

nitzschia sp. a pu être effectuée. L’utilisation de cette technologie pourrait permettre une 

réponse plus rapide face au début de bloom et une anticipation facilitée pour les pêcheurs.  

 

https://www.mbari.org/technology/environmental-sample-processor-esp/
https://www.mbari.org/technology/environmental-sample-processor-esp/
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Notre étude met clairement en évidence la grande importance des eaux de fond dans la 

contamination de P. maximus mais également d’autres organismes benthiques exposés aux 

blooms. Le monitoring des contaminations des coquilles Saint-Jacques par l’acide domoïque 

dans le cadre de recherches nécessite donc la considération des eaux de fond au même titre que 

les eaux de surface. L’utilisation de trappes à sédiments renforçant les connaissances sur les 

sources de contaminations par l’acide domoïque sera un atout certain pour les prochaines études 

tout comme l’utilisation à grande échelle de méthodes moléculaires permettant une 

caractérisation précise des espèces et la surveillance rapide de l’acide domoïque. 

 

Impact de la taille des coquilles Saint-Jacques sur la contamination et la décontamination 

de l’acide domoïque 

Au cours de notre étude, les coquilles les plus petites semblent avoir dépuré plus rapidement 

que celles de grande taille (Chapitre 2), ces résultats sont cohérents avec ceux obtenus 

précédemment par Bogan et collaborateurs (Bogan et al., 2007a) lors d’une étude sur un pool 

de 12 individus renouvelé tous les mois pendant un an et qui montrait que les petites coquilles 

Saint-Jacques décontaminaient plus rapidement que les grandes. Cependant, d’autres études 

réalisées avec des animaux prélevés à une seule occasion, par Campbell et collaborateurs 

(Campbell et al., 2001) Arévalo et collaborateurs (Arévalo et al., 1998) ne font état d'aucune 

relation entre la concentration en acide domoïque et la longueur de la coquille de P. maximus. 

Il n’existe à ce jour pas de consensus autour de cette question, et la variabilité inter individuelle 

apparaît comme un facteur qui pourrait expliquer ces différents résultats. En effet, la coquille 

Saint-Jacques présente des cinétiques de contamination et de décontamination qui varient 

fortement d’un individu à l’autre (Bogan et al., 2007b), il est donc important de noter qu’il 

existe une très grande variabilité inter-individuelle mais aussi entre groupes d'animaux de 

différentes tailles, qui pourrait être expliquéé par des différences entre les taux de filtration de 

ces individus (Bogan et al., 2006). En conséquence, les coquilles de petite taille se 

contamineraient plus et plus rapidement que les coquilles les plus grosses (Bogan et al., 2007a), 

chapitre 2) et dépureraient plus rapidement également (Bogan et al., 2007a). Cette longue 

dépuration affecterait donc plus fortement les individus de taille commerciale. Pouvoir suivre 

de façon efficace des coquilles Saint-Jacques de groupes de tailles différentes sur le long terme 

permettrait d’approfondir les connaissances déjà acquises sur ce thème. 
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La piste des paramètres écophysiologiques pouvant jouer un rôle dans la contamination et la 

décontamination par l’acide domoïque des individus de tailles différentes semble importante à 

étudier. Obtenir les informations concernant les taux de filtration et de respiration permettrait 

de savoir si ces paramètres jouent un rôle dans les cinétiques de contamination et de 

décontamination. Si tel était le cas alors, influer sur ces paramètres physiologiques pourrait être 

une voie pour accélérer la dépuration des coquilles Saint-Jacques après un bloom. 

En effet, la présence de la toxine peut induire une réponse physiologique adaptative chez 

certains organismes contaminés. Par exemple, en présence de cellules algales toxiques du genre 

Pseudo-nitzschia et donc d’acide domoïque, les huîtres Crassostrea virginica diminuent leur 

taux de filtration ce qui leur permet de consommer moins de cellules toxiques (Mafra et al., 

2009, 2010a, 2010b). Le résultat de cette baisse de filtration pourrait entraîner une 

contamination moins importante que pour d’autres espèces de bivalves comme la coquille 

Saint-Jacques. L'huître C. virginica est également capable de procéder à un tri sélectif des 

particules toxiques en augmentant sa production de pseudo fèces (Mafra et al., 2009). L’étude 

de Sauvey et collaborateurs (Sauvey et al., 2021) sur le taux de filtration chez des larves de 

coquilles Saint-Jacques lors d’une contamination par l’acide domoïque n’a révélé aucun 

changement dans leur taux de filtration. Il a pourtant été démontré que P. maximus était capable 

de moduler son taux de filtration en présence de certaines microalgues toxiques, puisque ce 

mécanisme a été observé lors d’une contamination aux toxines paralysantes produites par la 

microalgue toxique Alexandrium minutum (Even et al., 2022). A ce jour aucune explication n’a 

été avancée concernant cette différence de réponse physiologique entre l’exposition à la toxine 

PST et celle à l’acide domoïque mais il se pourrait que la coquille Saint-Jacques soit moins 

sensible à l’acide domoïque qu’aux PST. 

 

Lien entre la présence de Chlamydia et la longue rétention de l’acide domoïque ?  

La présence très importante de Chlamydia dans la glande digestive de coquille Saint-Jacques 

contaminée par l’acide domoïque mise en évidence par nos analyses métabarcoding pourrait 

constituer un début de réponse à la longue rétention de la toxine dans cet organe. En effet, même 

si ce genre a été également retrouvé chez d’autres bivalves dépurant rapidement la toxine, 

comme M. edulis (Svärdh, 1999), les ASVs retrouvés au cours de nos travaux chez ces deux 

bivalves ne sont pas identiques (Chapitre 3). Cela traduit donc une différence au niveau de 

l’espèce de Chlamydia présente chez la moule et chez la coquille Saint-Jacques. De plus, la 

proportion d’ASVs de Chlamydia est 49 fois plus importante chez P. maximus que chez 
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 M. edulis. Lors d’une infection, les bactéries font face à la réponse du système immunitaire de 

l’hôte qu’elles colonisent (Wang et al., 2018). Afin de déjouer cette protection, les bactéries 

déploient de nombreuses stratégies afin d’échapper au système immunitaire (Hooper, 2009). 

Un de ces mécanismes leur permet de s’encapsuler (Fig. 8B). La création d’une capsule, 

composée de polysaccharides, offre une protection contre la phagocytose occasionnée par le 

système immunitaire (Nanra et al., 2013). Cet état permet la persistance des cellules 

bactériennes ainsi que leur survie lors de conditions défavorables subies par leur hôte, comme 

l’absence d’acide aminé ou la sécrétion de molécules de la réponse immunologique (Hogan et 

al., 2004).  C’est notamment le cas de l'interféron-γ, sécrété par les cellules du système 

immunitaire et qui font entrer Chlamydia trachomatis dans sa phase de persistance (Fig. 7) en 

permettant l’expression d’une enzyme dégradant le tryptophane nécessaire à la croissance de la 

bactérie (Taylor and Feng, 1991). Cette privation d’acide aminé entraîne alors C. trachomatis, 

en état de persistance, à relarguer une protéine, la tryptophane synthase, permettant de convertir 

un substrat différent en tryptophane (Fehlner-Gardiner et al., 2002; McClarty et al., 2007). Ceci 

permet la création d’un stock de tryptophane qui sera utilisé par la bactérie pour son 

métabolisme. Sachant que l’acide domoïque est considéré comme un acide aminé, et que les 

Chlamydia ont la capacité d’utiliser ce mode d’évasion immunitaire, il est tout à fait possible 

de suggérer que ce mécanisme entre en jeu lors d’une contamination par l’acide domoïque. 
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Figure 8 : Représentation schématique des trois hypothèses pouvant conduire à la longue 
rétention de l’acide domoïque par un mécanisme impliquant la bactérie du genre 
Chlamydia. La réponse de la bactérie face au système immunitaire peut être de 
bloquer la fusion entre l'autophagosome et le lysosome (entre l’étape 2 et 3) 
induisant ainsi des corps d’inclusion piégeant l’acide domoïque présent (A). Le 
genre Chlamydia peut également, pour déjouer le système immunitaire ou face à 
des conditions de stress telles qu’une carence en fer ou en acides aminés tels que le 
tryptophane, s’encapsuler et entrer dans une phase de persistance/dormance. 
L’encapsulation englobe l’acide domoïque, acide aminé qui se trouve dans 
l’environnement (B). Enfin, la persistance des Chlamydia sp. se divisant au sein des 
macrophages entraîne un phénomène de capture-sécrétion-recapture entraînant 
l’acide domoïque présent (C). 
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Une autre hypothèse qu’il est possible d’avancer concernant la longue rétention de l’acide 

domoïque qui impliquerait le rôle des Chlamydia sp. concerne une autre méthode pour 

contourner la réponse immunitaire. Ce genre bactérien est en effet capable de bloquer la fusion 

entre les autophagosomes et les lysosomes (Huang and Brumell, 2014) (Fig. 8A). Il a également 

été démontré que C. trachomatis était capable de s’accumuler dans des autophagosomes non 

dégradés (Al-Younes et al., 2004) et de persister pour un certain temps dans les macrophages 

(Gracey et al., 2013; Herweg and Rudel, 2016). Dans plusieurs études, à l’aide de coupes et de 

marquages immunohistologiques, les Chlamydia sont souvent décrites comme des corps 

d’inclusions cytoplasmiques (Renault and Cochennec, 1995). Plus récemment, des études 

portant sur la localisation de l’acide domoïque dans la glande digestive de bivalves ont mis en 

évidence que 90% de la charge en toxine était localisée dans le cytoplasme des cellules 

digestives (Mauriz and Blanco, 2010). Plus précisément, ce signal n’est pas totalement libre 

dans le cytosol mais une partie est retrouvée au sein de structures autophagiques décrites comme 

des corps d’inclusion par l’étude de García-Corona et collaborateurs (García-Corona et al., 

2022). L’origine de la longue rétention de l’acide domoïque dans la glande digestive de la 

coquille Saint-Jacques n’est pas connue, mais García-Corona et collaborateurs (García-Corona 

et al., 2024a) ont proposé une comparaison intéressante avec l’encre lors du tatouage. Ils 

décrivent le phénomène de capture et relargage de l’encre par les macrophages (Baranska et al., 

2018) à l’origine de la tenue dans le temps des tatouages, comme pouvant être similaire au 

mécanisme sous-jacent à la dépuration lente de l’acide domoïque, qui serait également capturé 

par les macrophages puis relâché sans avoir pu être excrété puis à nouveau capturé. 

L’autophagie et la macrophagie sont des processus analogues qui semblent impliqués dans la 

longue rétention de l’acide domoïque (García-Corona et al., 2024b). Ces deux mécanismes 

seraient également impliqués dans la persistance des Chlamydia au sein d’un hôte (Al-Younes 

et al., 2004; Gracey et al., 2013; Herweg and Rudel, 2016). Avec ces connaissances, il est 

pertinent de se demander si au cours de ce processus de formation de corps d’inclusion autour 

des bactéries, l’acide domoïque présent dans les mêmes tissus pourrait se retrouver piégé au 

sein de ces structures (Fig. 8C). Une fois que le système immunitaire est dupé et que les 

bactéries sortent de cette phase, l’acide domoïque pourrait être à nouveau accessible au système 

de dépuration qui reprendrait son cours. En effet, bien que la dépuration de la toxine soit longue, 

elle n’est pas totalement bloquée, puisqu’une diminution est tout de même observée avec le 

temps, même si elle peut être masquée par un épisode de recontamination. 
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Pour savoir si les Chlamydia sp. sont impliquées dans la longue rétention de l’acide domoïque 

par l’un ou l’autre de ces mécanismes ou la synergie des deux, il serait très intéressant d’arriver 

à combiner la localisation de ces corps d’inclusion portant un marquage à l’acide domoïque 

avec la présence des bactéries Chlamydia sp. Des cryocoupes de glandes digestives de coquilles 

Saint-Jacques contaminées ont été envoyées à la plateforme d'histopathologie de l’Université 

de Rennes (H2P2) afin d’effectuer un double marquage par immunohistochimie, avec des 

anticorps ciblant d’une part l’acide domoïque et d’autre part les bactéries Chlamydia. Cette 

technique permettrait, par rapport au marquage immunohistochimique de l’acide domoïque 

réalisé sur coupe histologique classique (García-Corona et al., 2022), d’une part une meilleure 

conservation de l’acide domoïque qui est en grande partie perdue par l’utilisation des solvants 

utilisés classiquement en histologie et également d’appliquer un marquage à l’aide d’anticorps 

dirigés contre C. trachomatis. Malheureusement, pour le moment cette expérience de 

colocalisation n’a pu être menée à bien du fait de la perte de la majorité des tissus sur les coupes 

lors du processus de cryo-histologie. De plus, la détection de Chlamydia sp. a été réalisée grâce 

à la technique du metabarcoding, qui permet une identification non ciblée, généralement 

jusqu'au niveau du genre, de toutes les bactéries présentes dans un échantillon. Ainsi, les 

espèces spécifiques ne sont pas nécessairement connues ou référencées, ce qui pourrait signifier 

que l'anticorps utilisé ne cible pas les espèces de Chlamydia présentes chez P. maximus. Étant 

donné que les Chlamydia sp. exigent un milieu spécifique pour être cultivées (Herbrink et al., 

1991), il n'a pas été possible d'isoler ces bactéries à partir des échantillons de glandes digestives 

prélevés pour l'étude sur la partie cultivable du microbiote de cet organe chez plusieurs espèces 

de bivalves exposés à l’acide domoïque (voir chapitre 3). L'isolement de glandes digestives de 

coquilles Saint-Jacques naturellement contaminées dans un milieu favorable aux Chlamydia 

pourrait permettre d'identifier précisément l'espèce en question, facilitant ainsi la corrélation 

avec la présence d'acide domoïque dans les tissus. 

Une étude portant sur l’utilisation de souches de Lactobacillus crispatus pour inhiber les 

premières étapes de l’infection par Chlamydia trachomatis (Nardini et al., 2016) a permis de 

mettre en évidence que ces bactéries L. crispatus semblent inactiver le premier stade de 

colonisation de Chlamydia. Comme représenté sur la figure 7, c’est lors de sa phase de corps 

élémentaire (elementary body en anglais, EB) qu’agit L. crispatus et limite ainsi l’entrée de 

Chlamydia sp. et sa colonisation dans les cellules épithéliales de l’hôte. Ceci est possible grâce 

à la production de métabolites extracellulaires par L. crispatus, notamment l’acide lactique, 

capables d’inactiver des pathogènes. 
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Si l’hypothèse d’une colocalisation entre l’acide domoïque et une ou des bactéries (Chapitre 3) 

se confirmait, il serait intéressant de chercher des bactéries pouvant entrer en compétition avec 

ces dernières afin de, peut-être, limiter leur implantation ou leur action. 

 

Les bactéries comme piste pour limiter la contamination ou accélérer la dépuration de 

l’acide domoïque 

L’utilisation de l’acide domoïque par certaines souches bactériennes en fait d’excellentes 

candidates pour améliorer/accélérer sa dépuration par la coquille Saint-Jacques. Toutes les 

bactéries n’ont pas la capacité de croître en présence d’acide domoïque mais ce serait le cas de 

souches de Moraxella sp., Alteromonas sp. et Pseudomonos sp. (Stewart et al., 1998). Ces 

souches ont été retrouvées dans les glandes digestives d’espèces de bivalves (M. arenaria et M. 

edulis) dépurant rapidement l’acide domoïque (Stewart et al., 1998) (Chapitre 3). Il est donc 

possible que la coquille Saint-Jacques puisse manquer de certaines souches qui pourraient lui 

permettre de limiter l’accumulation de la toxine. Supplémenter P. maximus en bactéries 

métabolisent l’acide domoïque et qui coloniseraient son tractus digestif ainsi que sa glande 

digestive pourrait limiter la contamination de la coquille Saint-Jacques dû à l’utilisation de la 

toxine par les bactéries au moment de son passage dans le tractus digestif. La concentration 

finale dans la glande digestive de l’animal serait moins importante et la décontamination sous 

le seuil de sécurité sanitaire serait plus rapide et réduirait le temps de fermeture des campagnes 

de pêche.  Mes travaux de thèse ont été menés avec pour objectif de simplifier au maximum les 

scénarios de dépuration envisagés pour qu’ils nécessitent le moins de logistique et de frais 

possibles. Nos résultats de transfert de microbiote de la moule vers la coquille Saint-Jacques 

par simple exposition sont les premiers à valider l’efficacité, au moins temporaire, de cette 

méthode pour transmettre des bactéries exogènes à P. maximus (Chapitre 3). Bien qu’un 

système de coculture entre ces deux espèces de bivalves pourrait être mis en place de façon 

expérimentale, l’utilisation de probiotiques directement en écloserie apparaît comme une 

solution plus réaliste. Ceci est possible grâce à la présence en Bretagne de l'Écloserie du Tinduff 

qui produit des naissains en soutien aux stocks de coquilles Saint-Jacques. En exposant 

directement et régulièrement les larves de coquilles Saint-Jacques par balnéation à un 

probiotique, l’action des bactéries ciblées pourrait être observée que ces dernières s’implantent 

ou non (Dantan et al., 2024). La conception de ce probiotique pourrait également comprendre 

des souches bactériennes ayant un effet bénéfique sur la survie des larves face à d’autres 

problématiques comme les infections par les bactéries du genre Vibrio qui menacent parfois les 
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écloseries (Kesarcodi-Watson et al., 2016; Stevick et al., 2019). L’effets des probiotiques peut 

également se transmettre à la génération suivante notamment chez les huîtres C. gigas (Fallet 

et al., 2022). Si cet effet était également présent avec l’exposition à un cocktail probiotique 

établi pour la coquille Saint-Jacques cela représenterait un atout supplémentaire pour cette aide 

à la dépuration. 

Nos travaux ont spécifiquement identifié deux genres, Pseudoalteromonas et Cellulophaga, 

partagés par trois dépurateurs rapides (M. edulis, D. trunculus et M. varia) (Chapitre 3). Le 

genre Pseudoalteromonas en raison de sa capacité à dégrader et à réduire une autre 

phycotoxine, la PST produite par Alexandrium tamarense, offre une perspective prometteuse 

pour le développement de méthodes de dépuration de l’acide domoïque. Sept souches du genre 

bactérien Pseudoalteromonas ont pu être identifiées comme ayant cette action (Donovan et al., 

2009, 2008). Le genre Cellulophaga se retrouve associé à certaines Pseudo-nitzschia pungens 

et semble influencer positivement leur production d’acide domoïque. Ces bactéries ont 

également causé le déclin d’une culture de Pseudo-nitzschia australis toxique (Sison-Mangus 

et al., 2014), on peut donc émettre l'hypothèse que le genre Cellulophaga est capable de 

métaboliser l'acide domoïque libéré dans l'environnement. 

Deux souches testées au cours de ma thèse n’ont pas donné de résultats sur la dégradation 

d’acide domoïque en solution, mais 12 échantillons de Pseudoalteromonas ont été répertoriés 

dans notre souchothèque et peuvent représenter autant d’espèce de Pseudoalteromonas 

différentes avec des activités sur l’acide domoïque pouvant être différentes. Notre 

souchothèque comporte également 8 échantillons différents identifiés comme appartenant au 

Cellulophaga et comme pour celles de Pseudoalteromonas, toutes devraient être séquencées 

pour être identifiées et chaque souche différente devrait être testée. De plus, l'effet de 

Cellulophaga peut également être dépendant de la présence de cellules de Pseudo-nitzschia sp. 

et non directement de l'acide domoïque. Un test d’exposition des coquilles Saint-Jacques aux 

bactéries en présence de cellules Pseudo-nitzschia australis toxiques pourrait s'avérer utile pour 

tester le potentiel probiotique de ce genre bactérien. 

La collection de bactéries produite dans le cadre de mes travaux de thèse compte 179 souches 

bactériennes pouvant représenter de nombreuses possibilités et de combinaisons bactériennes à 

tester sur de l’acide domoïque en solution. 
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Conclusion 

L’ensemble de ces travaux a permis d'approfondir les connaissances sur les différentes sources 

de contamination de la coquille Saint-Jacques, P. maximus, en rade de Brest en démontrant 

l’implication des cellules de Pseudo-nitzschia sp. et de l’acide domoïque présents à la fois en 

surface, mais aussi et surtout au fond de la colonne d’eau, à l’interface eau/sédiment où vit la 

coquille Saint-Jacques (Figure 9). L’espèce Pseudo-nitzschia australis est également 

confirmée comme étant l’espèce toxique responsable des plus grands épisodes de contamination 

des coquilles et de la fermeture des campagnes de pêche. Ceci permet d’orienter les prochaines 

études d’aide à l’accélération de la dépuration de l’acide domoïque chez P. maximus vers 

d’autres pistes. Ces résultats serviront également dans un futur proche à mettre en place un 

modèle de croissance et de contamination/décontamination de P. maximus prenant en compte 

les sources de contamination ainsi que la réponse écophysiologique de la coquille (travaux de 

thèse d’Eline Le Moan) afin, in fine, d’estimer entre autres le temps de dépuration nécessaire 

aux stocks de coquilles après un bloom. De précieuses informations qui aideront à la prise de 

décision pour les pêcheurs.  

Cette thèse a par ailleurs fait progresser la recherche de propositions d’aide à la dépuration de 

l’acide domoïque chez P. maximus en émettant l’hypothèse qu’une différence de microbiote 

pouvait être en partie à l’origine des différences de contamination/dépuration rencontrées entre 

différentes espèces de bivalves. En mettant à disposition une collection de bactéries cultivables 

pouvant être testées sur de l’acide domoïque en solution puis sur des larves de P. maximus en 

écloserie, ce travail est une avancée non négligeable vers le développement d’un probiotique 

agissant soit sur la contamination et/ou la décontamination de l’acide domoïque. 
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Annexe I – Bilan de thèse 
 

Articles en préparation (4) 

Seven years monitoring of Pseudo-nitzschia sp. and domoic acid in surface and bottom waters 

of the bay of Brest and associated King scallop (Pecten maximus) contamination. 

Margot Deleglise, Tania Hernandez-Farinas, Aude Leynaert, Gaspard Delebecq, Amélie 

Derrien, Aouregan Terre-Terillon, Béatriz Beker, Malwenn Lassudrie, Justine Castrec, Marc 

Long, Erwan Amice, Thierry Le Bec, Julien Thébault, Laurent Chauvaud, Caroline Fabioux, 

Hélène Hegaret 

 

Exploring microbiota transfer as a potential to mitigate the long retention of domoic acid in 

King scallop (Pecten maximus). 

Margot Deleglise, Cyril Noël, Hélène Hegaret, Guillaume Barnouin, Adeline Bidault, Clément 

Offret, Malwenn Lassudrie, Caroline Fabioux. 

 

Isolation and functional testing of three cultivable bacteria for domoic acid depuration. 

Margot Deléglise, Hélène Hegaret, Adeline Bidault, Alix Drouart, Caroline Fabioux. 

 

Domoic acid decontamination in adult King Scallops of two different size group: Insights from 

a two-month study. 

Margot Deléglise, Jean Vanmaldergem, Amélie Derien, Eline Le Moan, Florian Breton, 

Caroline Fabioux, Hélène Hegaret & Jonathan Flye-Sainte-Marie. 

 

Articles annexes à la thèse (2) 

García-Corona, J.L., Hegaret, H., Deléglise, M., Marzari, A., Rodríguez-Jaramillo, C., Foulon, 

V., Fabioux, C. (2022). First subcellular localization of the amnesic shellfish toxin, domoic 

acid, in bivalve tissues: Deciphering the physiological mechanisms involved in its long-

retention in the king scallop Pecten maximus. Harmful Algae, 116, 102251. 

https://doi.org/10.1016/j.hal.2022.102251. 
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Vanmaldergem, J., García-Corona, J. L., Deléglise, M., Fabioux, C., Hegaret, H. (2023). Effect 

of the antioxidant N-acetylcysteine on the depuration of the amnesic shellfish poisoning toxin, 

domoic acid, in the digestive gland of the king scallop Pecten maximus. Aquatic Living 

Resources, 36, 14. https://doi.org/10.1051/alr/2023011. 

 

Présentations orales en conferences nationales et internationals (6) 

 

How to contribute to scallop (Pecten maximus) management after Pseudo-nitzschia australis 

blooms ? A study of domoic acid contamination and decontamination kenetics.  

Margot Deléglise, Caroline Fabioux, Malwenn Lassudrie, Elodie Fleury, Helene Hegaret. 

Conférence annuelle du GdR Phycotox, Novembre 2020 (Distanciel). 

 

Scallop contamination by domoic acid: is surface water monitoring for Pseudo-nitzschia 

sufficient? 

 Margot Deléglise, Aude Leynaert, Justine Castrec, Marc Long, Amélie Derrien, Aouregan 

Terre-Terillon, Erwan Amice, Thierry Le Bec, Julien Thébault, Laurent Chauvaud, Caroline 

Fabioux, Hélène Hegaret. 19th International Conference on Harmful Algae (ICHA), Octobre 

2021 (Distanciel) 

 

Investigating leads to understand the long contamination of King Scallop (Pecten maximus) and 

the importance of considering bottom water in monitoring.  

Margot Deléglise, Aude Leynaert, Gaspard Delebecq, Justine Castrec, Marc Long, Malwenn 

Lassudrie, Amélie Derrien, Aouregan Terre-Terillon, Erwan Amice, Thierry Le Bec, Julien 

Thébault, Laurent Chauvaud, Caroline Fabioux, Hélène Hegaret. Conférence annuelle du GdR 

Phycotox, Mai 2022 (Brest). 

 

Etude du transfert de microbiote digestif et fécal de la moule (M. edulis) vers la coquille Saint-

Jacques (P. maximus). 

 Margot Deléglise, Cyril Noël, Guillaume Barnouin,Clément Offret, Malwenn Lassudrie, 

Hélène Hegaret, Adeline Bidault, Caroline Fabioux. Journée de la ZABrI, Novembre 2022 

(Brest). 
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Testing the transfer of fecal and digestive gland microbiotas between mussels (Mytilus edulis) 

and the King scallop (Pecten maximus) for accelerated depuration of domoic acid. 

 Margot Deléglise, Cyril Noël, Guillaume Barnouin,Clément Offret, Malwenn Lassudrie, 

Hélène Hegaret, Adeline Bidault, Caroline Fabioux. 115th National Shelfisheries Association 

(NSA), Mars 2023 (Batlimore, USA) 

 

Investigating the potential for rapid domoic acid depuration through the transfer of fecal and 

digestive gland microbiotas between the Blue mussel (Mytilus edulis) and the King scallop 

(Pecten maximus). 

Margot Deléglise, Cyril Noël, Guillaume Barnouin, Clément Offret, Malwenn Lassudrie, 

Hélène Hegaret, Adeline Bidault, Caroline Fabioux. Conférence annuelle du GdR Phycotox & 

GIS Cyanobacteries, Mai 2023 (Nantes). 

 

Présentation de poster (2) 

Etude des cinétiques de contamination et de décontamination de l’acide domoïque chez la 

coquille Saint-Jacques Pecten maximus.  

Margot Deléglise, Hélène Hégaret, Caroline Fabioux, Malwenn Lassudrie, Jonathan Flye 

Sainte Marie. Journées de l’école doctorale 2022 (Brest). 

 

Accelerating domoic acid depuration in King scallop Pecten maximus through the use of 

probiotics? 

Margot Deléglise, Cyril Noël, Guillaume Barnouin, Clément Offret, Malwenn Lassudrie, 

Hélène Hegaret, Adeline Bidault, Caroline Fabioux. 20th International Conference on Harmful 

Algae (ICHA), Novembre 2023 (Hiroshima, JP) 

 

Participations dans le cadre du projet MASCOET (5) 

Étude des cinétiques de contamination et de décontamination de l’acide domoïque chez Pecten 

maximus.  

Margot Deléglise, Caroline Fabioux, Malwenn Lassudrie, Elodie Fleury, Helene Hégaret. 

Réunion annuelle du projet MASCOET, Novembre 2020 (Distanciel). 
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Étude des cinétiques de contamination et de décontamination de l’acide domoïque chez Pecten 

maximus.  

Margot Deléglise, Caroline Fabioux, Malwenn Lassudrie, Elodie Fleury, Helene Hégaret. 

Réunion annuelle du projet MASCOET, Novembre 2021 (Brest). 

 

Étude des cinétiques de contamination et de décontamination de l’acide domoïque chez Pecten 

maximus.  

Margot Deléglise, Caroline Fabioux, Malwenn Lassudrie, Elodie Fleury, Helene Hégaret. 

Réunion annuelle du projet MASCOET, Février 2023 (Nantes). 

 

Le Fur Ines, Bruneau Audrey, Blanchet Aline, Cugier Philippe, Deleglise Margot, Derrien 

Amelie, Fabioux Caroline, Guesdon Stephane, Gueux Aurore, Hegaret Helene, Hess Philipp, 

Lassudrie Malwenn, Lemoine Maud, Neaud-Masson Nadine, Piraud Aude, Terre Terrillon 

Aouregan (2022). Expertise sur le retour d'expérience de la contamination ASP dans les Pertuis 

Charentais fin 2021. DDTM 17 - Direction Départementale des Territoires et de la Mer de 

Charente-Maritime, La Rochelle, Ref. ODE/LITTORAL/LER/PC-22.007 Expertise lfremer N° 

22-010, 34p.https://archimer.ifremer.fr/doc/00797/90883/ 

 

Réunions comité des pêches (Novembre 2020 ; Mai 2023) 

 

Organisation (1) 

Comité d’organisation local de la conférence annuelle du GdR Phycotox 2022 (Brest). 

 

Encadrement de stagiaires (4) 

Pierre Gouasdoué, Master 1 Microbiologie fondamentale et appliquée, UBO (Janvier-Février 

2021). 

Jean Vanmaldergem, Reprise d’étude (Janvier-Juin 2021). 

Guillaume Barnouin, Deuxième année du cursus ingénieur AgroParisTech (Mai-Juillet 2021). 

Alix Drouart, Master 1 Sciences de la Mer et du Littoral, Mention Biologie, Parours Biologie 

des Organismes et des Populations, UBO (Janvier-Février 2022). 
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Enseignements (2) 

64H TP/TD (Biologie Animale L1 + Analyse fonctionnelle du génome L3). Université de 

Bretagne Occidentale. Année universitaire 2021-2022 

64H TP/TD (Analyse fonctionnelle du génome L3). Université de Bretagne Occidentale. Année 

universitaire 2022-2023 

 

Formations (9) 

Cytométrie en flux (2020, Brest). 

Techniques de Microscopie électronique (2020, Brest). 

Introduction à l'intégrité scientifique (2020, Distanciel). 

Formation à la Publication scientifique (2020, MOOC). 

DocuSciences - Médiation de problématiques scientifiques, sociales & environnementales par 

l'usage des techniques du cinéma documentaire (2021, Brest). 

Entrepreunariat - et table ronde avec des docteurs dirigeants d'entreprise ou en entreprise (2021, 

Brest). 

Hygiène et Sécurité - Formation Hygiène et sécurité (NEO) (2021, Distanciel). 

Formation métabarcoding, plateforme bio-informatique de Roscoff ABiMS et Ifremer 

SeBIMER (2021, Roscoff).  

Utilisation de l’HPLC (2021, Ifremer Concarneau et LEMAR Brest) 

Habilitation à conduire un autoclave (2023, LEMAR Brest). 

 

Financements obtenus (5) 

Bourse GdR Phycotox participation ICHA 2021 (370€) 

Financement IUEM pour un stagiaire de M2 pour 2023 (financement rendu car analyses 

metabarcoding réalisées en collaboration avec le SeBIMER, Ifremer) 

Projet ZABrI 2022 – Traitement des échantillons métabarcoding par la plateforme Genome 

Quebec (2200€) 

Projet AAP blanc IUEM 2022 – Traitement des échantillons métabarcoding par la plateforme 

plateforme Génome Quebec (3000€) 

Bourse mobilité sortante Isblue NSA 2023 (1782€) 

Bourse GdR Phycotox inscription ICHA 2023 (370€) 
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Annexe II – Article Vanmaldergem et al. (2023) 
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Annexe III – Article Garcia-Corona et al. (2023) 
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