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RÉSUMÉ ÉTENDU DE LA THÈSE EN FRANÇAIS   

CHAPITRE I : INTRODUCTION 

La recherche présentée dans ce manuscrit est le résultat d'une étude doctorale de trois 

ans, au cours de laquelle j'ai étudié les propriétés antibactériennes des matrices organiques 

(MO) de la coquille des bivalves d'intérêt économique. Ce projet sôinscrit dans le cadre du 

consortium FishMed-PhD pilot® par lôUniversit® de Bologne (Alma Mater Studiorum, encore 

appelée UniBo). Il a pour visée à long terme la possibilité de recycler les coquilles de bivalves 

de consommation courante (hu´tres, moules, coques, amande de mer, praire, palourde, etcé) ï 

coproduits de la pêche et de la conchyliculture - en vue de développer une économie vertueuse. 

Les coquilles vides, après consommation, sont en effet une ressource extrêmement abondante, 

qui ne sont valorisée à ce jour que par des applications de peu de valeur ajoutée (remblais, 

bétons, compléments alimentaires pour volaille). Or, ces structures min®ralis®es r®sultent dôun 

processus de biomin®ralisation, ce qui implique quôelles contiennent aussi des compos®s 

organiques (protéines, polysaccharides), pratiquement pas exploités actuellement. Mon projet 

a pour but de mettre en évidence certaines propriétés de ces composés organiques coquilliers, 

et en particulier leur capacit® antibact®rienne. Notons quôil sôagit de la toute premi¯re tentative 

de recherche d'agents antibactériens dans les coquilles de bivalves plutôt que dans les tissus 

mous. La deuxième nouveauté réside dans le fait que le projet cible spécifiquement des 

pathogènes marins de poissons et de mollusques. Ainsi, à moyen terme, mes recherches peuvent 

avoir des applications relativement directes dans le domaine de lôaquaculture.   

 

1.1 Introduction 

Depuis la naissance de la civilisation au Proche-Orient, les êtres humains ont toujours 

cherché à s'installer près des côtes. En raison des avantages évidents que procure un accès direct 

aux mers et aux océans, les peuplements humains sont en effet (pré)historiquement plus 

concentrés dans les zones côtières, cette tendance se renforçant massivement aujourd'hui avec 

l'augmentation drastique de la population mondiale. Selon une estimation du Programme des 

Nations Unies pour l'Environnement (UNEP), environ 40 % de la population mondiale vit à 

moins de 100 kilomètres de la côte. Ce pourcentage atteint 60 % si l'on considère une zone 

frangeante de 150 km. Ce ph®nom¯ne sôillustre de fa­on remarquable par le fait que parmi les 

vingt plus grandes villes du monde, treize (Tokyo, Shanghai, Sao Paulo, Mumbai, Osaka, New-

York City, Karachi, Buenos Aires, Istanbul, Calcutta, Manille, Lagos, Rio de Janeiro) sont 

situées sur le littoral. L'augmentation de la densité de population et de l'activité économique 
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dans les zones côtières génères une intensification des pressions environnementales exercées 

sur les écosystèmes côtiers. Ce phénomène, qui n'épargne aucune partie du globe, est 

particulièrement marqué en Europe et dans le bassin méditerranéen, qui déjà soumis à un trafic 

maritime intense et à une surexploitation de ses ressources aquatiques, voit sa vulnérabilité 

s'accentuer d'année en année. 

Outre la favorisation dôexports de produits locaux ¨ longue distance par transport 

maritime, les environnements côtiers offrent des avantages concrets aux zones densément 

peuplées en termes de disponibilité alimentaire immédiate. La pêche côtière, la pêche hauturière 

et les installations aquacoles constituent ainsi les principaux fournisseurs de produits de la mer, 

notamment de poissons, d'oursins, de crustacés, de mollusques et d'algues. Dans cette liste, les 

mollusques constituent une source majeure de protéines, de sels minéraux et d'oligo-éléments, 

dont les bienfaits ont été reconnus très tôt dans l'histoire de l'Humanité. En effet, les premières 

traces de consommation de mollusques remontent à plus de 100 000 ans (voir Chapitre I). De 

nos jours, les techniques de conchyliculture et de pêche des mollusques propulsent ces derniers 

au rang de denrée alimentaire essentielle à l'échelle mondiale. Cette importance est 

particulièrement marquée en Asie et en Europe où ils constituent une part significative du 

régime alimentaire et de l'économie maritime. Cependant, leur utilité ne se limite pas à la 

consommation : depuis la préhistoire, la coquille, organe de protection externe des mollusques, 

a été recyclée et employée à des fins multiples, allant de l'esthétique au pratique en passant par 

les us culturels. Ces aspects variés sont explorés plus en détail dans la seconde section du 

Chapitre I de ma thèse (1.2. « Des ornements aux biotechnologies : L'évolution de l'utilisation 

des coquillages de mollusques à travers les âges », revue bibliographique soumise à la revue 

internationale Journal of Ethnobiology). 

La coquille est un exosquelette biominéralisé et, à ce titre, présente des propriétés 

physiques et biochimiques particulières dues à sa nature organo-minérale. En effet, la fraction 

organique, également appelée matrice coquillière, un mélange de macromolécules comprenant 

des protéines et des sucres, est sécrétée et occluse lors la formation de la coquille. De 

nombreuses études fondamentales utilisant une approche protéomique ont mis en évidence la 

complexité moléculaire de cette matrice, qui comprend un large éventail de fonctions peu 

connues, qui ne sont pas nécessairement associées au processus de biocalcification. En quelques 

mots, la coquille est devenue une source potentielle de composants intéressants dans plusieurs 

domaines d'application, notamment dans les biomatériaux, la santé ou l'environnement. La 

recherche de ñmol®cules utiles dans les coquillesò est d'autant plus pertinente que les tonnages 

de coquilles vides produits suite à la consommation alimentaire de mollusques sont 
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considérables : on estime qu'environ 10 millions de tonnes de coquilles provenant d'huîtres, 

palourdes, coquilles Saint-Jacques et moules sont produites chaque année. Une grande partie 

de ces d®chets reste totalement inexploit®e, induisant ainsi dôimportantes nuisances 

environnementales et sociétales (Morris et al., 2019 ; Topiĺ Popoviĺ et al., 2023). Dans le 

présent manuscrit, je revisite l'utilisation des déchets coquilliers, dans la perspective de 

développer des applications innovantes à forte valeur ajoutée : l'utilisation de substances 

antimicrobiennes issues de coquilles d'intérêt économique. A cette fin, j'ai extrait et caractérisé 

les matrices organiques des coquilles de plusieurs espèces de mollusques ; jôai ainsi mis en 

place deux types de tests de criblage antibact®rien, compl®t®s par une approche dôanalyse 

protéomique. Les résultats de mes travaux peuvent avoir des retombées dans divers domaines, 

notamment en aquaculture, dans la sant® ou dans la protection de lôenvironnement. Ma 

recherche s'inscrit dans le cadre du programme pluriannuel FishMed-PhD (Innovative 

Technologies and Sustainable Use of Mediterranean Sea Fishery and Biological Resources) 

piloté par l'université de Bologne. D'une manière générale, ce programme s'inscrit dans une 

recherche de mise en place d'une économie circulaire vertueuse, engagée dans le 

développement de pratiques durables de production alimentaire, de santé et de gestion des 

déchets.  

Avant de présenter certains des résultats expérimentaux que j'ai acquis au cours de ces 

trois dernières années, je souhaite partager avec le·a lecteur·ice de ce manuscrit une 

introduction dans laquelle je brosse le tableau des multiples utilisations des coquillages à travers 

les âges (section 1.2) et passe en revue la production de mollusques et énumère les défis actuels 

de cette industrie (section 1.3). Enfin, je conclus le premier chapitre en exposant le plan général 

de la partie pratique de mon travail (section 1.3). 
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1.2. Des Ornements Aux Biotechnologies : L'Evolution de l'Utilisation des Coquillages de 

Mollusques à Travers les Ages 

Section calibrée comme un article de revue bibliographique qui est actuellement soumis à une 

revue internationale (Journal of Ethnobiology) pour publication. 

 

Les mollusques ont toujours représenté une source importante de nourriture pour les 

populations humaines. Un sous-produit de la consommation de mollusques est la coquille, un 

squelette externe composé de carbonate de calcium. Plutôt que d'être simplement considérée 

comme un déchet, la coquille des mollusques a, à de nombreuses reprises au cours des temps, 

été réutilisée ou recyclée pour des applications diverses et variées. Cette revue énumère les 

différentes utilisations des coquilles de mollusques au cours des siècles, depuis le paléolithique 

jusqu'¨ aujourd'hui. Pour plus de clart®, jôai regroup® les utilisations en quatre grands th¯mes : 

les utilisations esthétiques, religieuses et culturelles, les utilisations pratiques, les utilisations 

médicinales et pharmaceutiques traditionnelles et, enfin, les applications récentes et futures. 

Les coquilles étant des composites organo-minéraux, elles constituent un immense réservoir de 

macromolécules potentiellement bioactives qu'il convient d'étudier. Le développement 

d'applications à haute valeur ajoutée basées sur l'exploitation des coquillages représente une 

perspective fascinante pour les temps à venir, qui s'inscrit dans le cadre général d'une économie 

circulaire vertueuse, engagée dans la création de secteurs durables de la production alimentaire, 

de la santé et de la gestion des déchets.  

Dans cette revue, br¯ve en comparaison de lô®tendue th®matique et temporelle du sujet, 

je tente de couvrir au mieux les multiples utilisations des coquillages à travers le temps et 

l'espace. Bien que certaines de ces réutilisations soient anciennes ou traditionnelles, elles 

révèlent des propriétés remarquables mais insoupçonnées des coquillages : pensons simplement 

à l'exemple étonnant des implants dentaires mayas en nacre de mollusque (section 1.2.3. 

« Médecine Traditionnelle et Usages Pharmaceutiques »). Aujourd'hui, en 2025, on ne sait 

toujours pas ce qui a fait le succès de cette opération réalisée il y a 12 ou 13 siècles. Une partie 

du secret réside probablement dans les composants organiques de la matrice de nacre, qui 

permettent lôost®o-int®gration dôimplants de nacre dans la m©choire. Un tel exemple nous incite 

à considérer les coquillages comme d'immenses réservoirs inexplorés de composants bioactifs 

et à revisiter leur reconversion pour des applications à haute valeur ajoutée. 
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1.3. Aquaculture des Mollusques : Dynamiques de Production, Défis et Développements Futurs 

Dans cette section de ma thèse, je fournis une analyse approfondie de l'évolution 

historique et des tendances contemporaines de l'aquaculture des mollusques. Je retrace le 

développement de l'exploitation des mollusques depuis le Paléolithique inférieur jusqu'à nos 

jours, mettant en lumière les innovations et les pratiques qui ont façonné cette industrie. En 

effet, la transition du Paléolithique au N®olithique voit lô®volution de la r®colte des mollusques 

vers une activité organisée. Afin de pérenniser cette ressource, les populations articulent les 

prélèvements autours des cycles de vie des mollusques, développant des pratiques de gestion 

durable des stocks et allant jusquô¨ la cr®ation des premi¯res formes d'aquaculture, notamment 

par l'élevage d'huîtres plates dans la Rome antique. Ces développements historiques ont jeté les 

bases de l'aquaculture moderne des mollusques.  

L'aquaculture des mollusques a connu une croissance significative ces dernières 

décennies, surpassant pour la première fois la pêche de capture en termes de volume de 

production en 2022 : atteignant un record de 130,9 millions de tonnes de biomasse, elle 

représente alors plus de 51% de la production aquatique totale. Les mollusques représentent 

environ 17-21% de tous les produits aquacoles selon les r®gions. La conchyliculture, ¨ lôorigine 

de plus de 75% des bivalves sur le marché, atteint une production mondiale annuelle d'environ 

18,9 millions de tonnes. Les huîtres creuses et les coquilles Saint-Jacques figurent parmi les 

espèces marines les plus exploitées. La Chine domine la production mondiale, représentant 85% 

de la biomasse totale, tandis que l'Europe contribue à hauteur de 5,5%. En Europe, l'Espagne 

est le plus grand producteur aquacole de mollusques, se concentrant principalement sur la moule 

méditerranéenne Mytilus galloprovincialis. La France, quant à elle, est le principal producteur 

européen d'huîtres creuses Magallana gigas, avec une production annuelle de 78 000 tonnes. Il 

convient de noter que la génération de sous-produits coquilliers dans la conchyliculture est 

significative, représentant jusqu'à 75% du poids total de la production dans la plupart des 

exploitations. Cette proportion varie selon les espèces, allant de 45% pour les moules à 90% 

pour certaines espèces à coquille épaisses (Table 1.1). 

Produisant plus de 14 millions de tonnes de bivalves chaque année dans le monde, la 

conchyliculture est en passe de devenir le principal producteur de óóviandeôô pour une grande 

partie de la population humaine. Ce secteur très actif de l'industrie alimentaire génère d'énormes 

quantités de sous-produits, les coquilles, estimées à environ 10 millions de tonnes par an. Bien 

que les coquilles de bivalves soient réutilisées dans divers domaines (section 1.2), une large 

proportion est encore considérée comme un déchet et jetée, générant des nuisances à la fois 

environnementales et sociales. Les connaissances passées, traditionnelles et contemporaines sur 
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les propriétés supposées et avérées des coquilles de mollusques suscitent l'intérêt pour ces 

organes minéralisés prometteurs, qui ne demandent qu'à être réutilisés. En effet, plusieurs 

études se concentrent déjà sur les propriétés ostéoinductives et cicatrisantes des coquilles de 

bivalves ; et l'état actuel des problématiques de proliférations de pathogènes soulève des 

inquiétudes concernant les micro-organismes multirésistants et les maladies émergentes dans 

les secteurs sensibles que sont la sécurité alimentaire, la conservation des environnements et de 

la santé humaine en général.  

Dans ce contexte, ma recherche doctorale se concentre sur la recherche de 

molécules antibactériennes dans une ressource gaspillée très abondante. J'ai ainsi 

l'intention de développer une nouvelle approche, innovante et sophistiquée, pour valoriser les 

coquilles du secteur alimentaire. A cette fin, j'ai extrait et caractérisé les matrices organiques 

de sept bivalves de consommation courante et j'ai réalisé un criblage antibactérien contre des 

pathogènes marins, en combinaison avec une approche protéomique sur les extraits de 

coquilles.  

La structure de mon manuscrit se déroule comme suit : dans le chapitre suivant, le 

Chapitre II, je discute des différents systèmes de défense des bivalves, avant de me concentrer 

sur la description des coquilles des modèles que j'ai étudiés et de leurs microstructures. Ce 

chapitre se termine par l'établissement d'un inventaire exhaustif et actualisé de tous les peptides 

et protéines antimicrobiens (AMPP) identifiés dans les tissus mous des mollusques, en 

établissant un parallèle avec ma recherche doctorale de ces molécules dans les tissus calcifiés 

de la coquille. Le Chapitre III représente le point central et expérimental de ce manuscrit. J'y 

présente la mise en place du criblage antibactérien et l'analyse protéomique qui s'ensuit : les 

espèces modèles utilisées comme sources de molécules potentiellement bioactives, leurs cibles 

bactériennes et l'adaptation des protocoles de tests sur des micro-organismes marins. Ce 

chapitre comprend deux articles, l'un portant sur un protocole innovant permettant d'utiliser 

pour la première fois des composés insolubles de la matrice coquillière, et l'autre soumis pour 

publication, exposant les résultats positifs du criblage antibactérien. Le Chapitre IV regroupe 

les miscellanées : les données non publiées (résultats négatifs du criblage) et les phases 

interm®diaires des exp®rimentations. Ces donn®es restent au cîur de ma th¯se car elles 

fournissent des informations cruciales sur l'ensemble du criblage antibactérien et sur la culture 

de bactéries encore peu documentées. Dans le Chapitre V, je développe la discussion générale 

de ma thèse et je présente une vue d'ensemble des connaissances développées grâce au criblage 

antibactérien et à l'exploration protéomique des extraits de matrice coquillère. Je discute des 

limites de mon projet et des perspectives qu'il apporte en termes d'expériences supplémentaires 
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et de champs d'application potentiels. Enfin, le Chapitre VI est une annexe à mon projet de 

recherche doctorale. J'y insère deux articles auxquels j'ai collaboré de façon substantielle : l'un 

publié en 2023, explorant le domaine biomédical à travers les propriétés inductives 

ostéogéniques de la nacre ; et l'autre sur un nouveau procédé analytique combinant l'imagerie 

multispectrale et les gels électrophorétiques de pigments de coquilles de gastéropodes existants 

et fossiles (45 millions d'années).  

 

 

CHAPITRE II : FOCUS SUR LES MECANISMES DE DEFENSES DES MOLLUSQUES 

2.1. Les Mécanismes de Défense Intrinsèques des Mollusques 

Pour introduire ce travail de criblage antibactérien au sein de tissus calcifiés des 

bivalves, il est important dôexposer les m®canismes de d®fense des mollusques qui sont mis en 

jeu dans le cadre dôune fonction antibact®rienne. Les mollusques constituent l'un des groupes 

d'animaux les plus diversifiés. Ces organismes à corps mou sont largement répandus dans le 

monde, ayant colonisé divers écosystèmes - terrestres, marins et d'eau douce - tout en étant 

confront®s aux menaces de la pr®dation, de la dessiccation, des attaques de parasites et dôagents 

pathogènes. Pour survivre, les mollusques ont développé une série de mécanismes de défense 

adaptés à leurs niches écologiques et aux pressions environnementales locales. Au-delà des 

stratégies comportementales de survie, leurs défenses intrinsèques comprennent la protection 

physique par les coquilles, les défenses physico-chimiques par le mucus et les substances 

antimicrobiennes, et les réponses cellulaires par les hémocytes. Ce chapitre explore ces 

systèmes de défense intégrés et leurs synergies, avant de se concentrer sur les coquilles des 

bivalves modèles utilisés au cours de ce doctorat et sur les composants moléculaires identifiés 

dans les tissus mous des mollusques. 

La coquille joue un rôle crucial dans la protection mécanique contre la prédation et les 

forces d'écrasement, tout en réduisant l'exposition aux parasites et en limitant la dessiccation. 

Elle sert également de support structurel, permettant aux mollusques de maintenir la forme et 

l'intégrité de leurs organes internes, et facilite la motilité via l'attachement musculaire (Lowell, 

1984; Cortie, 1992; Ponder et al., 2020a). Bien que la présence d'une coquille externe soit 

caractéristique de nombreux mollusques, ce trait n'est pas systématique au sein du phylum. Les 

coquilles "vraies" sont observées dans le sous-phylum Conchifera, comprenant cinq classes de 

mollusques à coquille. Cependant, certains clades ont secondairement internalisé ou même 

perdu leur coquille au cours de l'évolution. Les coquilles de mollusques sont principalement 

constituées de carbonate de calcium (95-99% du poids), avec une matrice organique 
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représentant 1-5%. Cette matrice, composée de diverses biomolécules, joue un rôle de 

r®gulation du d®p¹t min®ral lors de la formation de la coquille, mais lô®tendue de ses fonctions 

demeure à ce jour à découvrir (Weiner et al., 1984; Nudelman et al., 2006; Marin, 2020). Chez 

les conchifères, les coquilles sont généralement constituées de deux polymorphes de carbonate 

de calcium : l'aragonite ou la calcite. La structure de la coquille est caractérisée par des couches 

superposées de microstructures définies par des arrangements, des tailles et des directions 

cristallines spécifiques. Le type et l'organisation des microstructures présentes dans une 

coquille influencent sa solidité, sa flexibilité et sa durabilité (Marin et al., 2012; Liang et al., 

2021).  

Les trois mécanismes suivants font partie d'un système de défense chimique et cellulaire 

intégratif, qui est utile lorsque la protection de la coquille devient insuffisante ou chez les 

mollusques qui en sont dépourvus. Bien que tous les mécanismes de défense présentés dans ce 

chapitre interagissent et influencent les autres, le "mucus", les "défenses cellulaires" et les 

"s®curit®s mol®culaires" sont particuli¯rement li®s par des syst¯mes dôactivations synergiques 

qui ont lieu dans tous les compartiments du corps de lôanimal. Le mucus est une substance 

viscoélastique complexe, sécrétée par les mucocytes des tissus en contact avec l'environnement 

extérieur. Composé principalement d'eau et de glycoprotéines, il joue un rôle crucial dans la 

survie des mollusques, représentant jusqu'à 25% de leur budget énergétique. Il remplit de 

nombreuses fonctions physiologiques essentielles : il facilite la locomotion, aide à la rétention 

d'eau chez les espèces terrestres et intertidales, possède des propriétés antifouling et 

antimicrobiennes, et participe à la cicatrisation et à l'homéostasie. Il sert également de médium 

pour la migration des hémocytes et l'accumulation d'AMPPs, renforçant ainsi les défenses 

immunitaires. Sa composition et ses fonctionnalités varient selon les espèces et leurs 

environnements. Les défenses cellulaires sont assurées par les hémocytes, qui jouent un rôle 

central dans le système immunitaire inné des mollusques. Ces cellules mobiles, présentes dans 

l'hémolymphe et les tissus, se divisent en trois catégories selon leur taille et leur granularité. 

Leurs fonctions principales incluent la reconnaissance de particules étrangères, la signalisation 

immunitaire, le transport et la sécrétion de substances bioactives (toxines et/ou AMPPs), 

lôattaque directe des micro-organismes intrus (phagocytose, formation de nodules, 

encapsulation, mélanisation/biominéralisation) et la régulation de divers processus de 

réparation tissulaire (coquille, plaies, coagulation sanguine). Les défenses moléculaires des 

mollusques sont omniprésentes dans tout l'organisme et comprennent des molécules de 

reconnaissance, des protéines de signalisation et des effecteurs antimicrobiens. Les hémocytes 

jouent un rôle central en produisant, stockant, transportant et sécrétant ces composés défensifs. 
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Le système de défenses moléculaires inclut des lectines, des protéines à domaine fibrinogène 

et C1q, des enzymes lytiques, et la cascade de la phénoloxydase (PO). Les peptides / protéines 

antimicrobien(ne)s (AMPPs) sont particulièrement efficaces contre un large spectre de 

pathogènes. Certains mollusques ont développé des défenses moléculaires spécialisées et 

adaptées à leurs interactions interspécifiques : côest le cas des venins neurotoxiques chez les 

gastéropodes ou des pigments permettant de produire de l'encre chez les céphalopodes. 

L'ensemble de ces mécanismes crée un environnement hostile aux envahisseurs potentiels, 

illustrant l'adaptation évolutive des mollusques à leurs niches écologiques. Les sections 

suivantes de ce chapitre approfondissent les aspects des défenses des mollusques qui font l'objet 

de ma recherche doctorale, à savoir les coquilles des espèces de bivalves étudiées ici et les 

AMPP présents dans les tissus mous des mollusques. 

 

2.2. Les Bivalves et leurs Coquilles 

Jô®tablis dans cette section une description des caract¯res macroscopiques des coquilles 

qui ont été utilisées au cours de ma recherche doctorale et une illustration de leurs 

microstructures via des images de Microscopie Electronique à Balayage (MEB). Les 

illustrations macroscopiques ont été fournies par Jérôme Thomas (Biogéosciences) tandis que 

les images MEB ont été acquises par moi-même et par une stagiaire de Master, Marie Aries 

Lasseron qui a travaillé dans l'équipe Biominéralisation du laboratoire Biogéosciences de 

f®vrier ¨ mai 2024. Pour les microstructures, jôai v®rifi® que mes observations étaient en accord 

avec la littérature antérieure, en particulier Taylor et al. (1969, 1973) et Carter (1990). Ma thèse 

se base sur sept mod¯les de bivalves dôint®r°t ®conomique : quatre ptériomorphes que sont 

lôamande de mer Glycymeris glycymeris, la moule méditerranéenne Mytilus galloprovincialis, 

l'huître creuse du Pacifique Magallana gigas, la coquille Saint-Jacques Pecten maximus, ainsi 

que trois euhétérodontes que sont la coque commune Cerastoderma edule, la praire Venus 

verrucosa et la palourde japonaise Venerupis philippinarum. 

 

2.3. Revue des Composants Antimicrobiens dans les Tissus Mous des Mollusques 

Les mollusques sécrètent une variété de composés antimicrobiens comme effecteurs de 

leur système de défense chimique contre les microorganismes envahissants. Parmi eux, les 

peptides antimicrobiens (AMPs) sont de petites molécules cationiques à large spectre d'activité, 

qui peuvent être classés en trois catégories principales basées sur leurs caractéristiques 

structurelles : les AMPs riches en cystéine (comme les défensines), les AMPs riches en proline, 
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et les AMPs linéaires à conformation Ŭ-hélicale. L'étude des AMPs des mollusques est 

principalement limitée à leurs tissus mous, avec des disparités importantes dans l'identification 

des AMPs entre les espèces, en partie dues aux différences dans leur exploitation économique. 

Je choisis dans ma thèse d'utiliser le terme plus large de peptides et protéines antimicrobiens 

(AMPPs) pour englober la diversité des molécules impliquées dans le système immunitaire inné 

des mollusques, y compris les protéines et enzymes qui interagissent fréquemment avec les 

réseaux d'AMPs. Comme brièvement abordé dans la section 2.1, les AMPPs des mollusques 

présentent une grande diversité en termes de distribution, de nature et d'expression selon les 

espèces. Leur expression peut être généralisée dans l'organisme ou spécifique à certains tissus, 

constitutive ou modulée lors de réponses immunitaires. Les AMPPs remplissent diverses 

fonctions antimicrobiennes, notamment la destruction directe des pathogènes, l'activité anti-

biofilm et des effets bactériostatiques ou fongistatiques. Ils agissent sur différentes cibles 

cellulaires et moléculaires, comme les membranes microbiennes ou les composants 

intracellulaires, et peuvent également jouer un rôle dans le déclenchement de l'élimination des 

pathogènes. Leur efficacité dépend généralement de leur concentration et certains AMPPs 

peuvent interagir entre eux ou moduler la sensibilit® des pathog¯nes ¨ dôautres AMPPs. Cette 

diversit® fonctionnelle conf¯re aux AMPPs dôorigine ómollusqueô un potentiel prometteur dans 

diverses applications biomédicales : certains ont démontré des propriétés anticancéreuses, 

antivirales, analgésiques et cicatrisantes. Des activités antibactériennes ont également été 

observées dans quelques rares cas de coquilles de mollusques (Chen et al., 2016 ; Terada et al., 

2017; Ahmad et al., 2018). La présence d'AMPPs dans certains extraits minéralisés motive la 

recherche de ces composés dans les coquilles de bivalves commerciaux, largement produits et 

consommés. Dans cette section, je dresse la liste exhaustive des AMPPs de mollusques 

identifiés à ce jour, en Table 2.1, comportant les espèces sources, les espèces cibles et les 

éventuels mécanismes antimicrobiens identifiés. 

 

 

  



RÉSUMÉ ÉTENDU EN FRANÇAIS 

 

11 

CHAPITRE III : PROPRIETES ANTIBACTERIENNES DES EXTRAITS COQUILLERS 

3.1. Introduction 

Ce chapitre repr®sente le cîur de la recherche exp®rimentale qui compose cette th¯se, 

il est axé sur le criblage antibactérien de substances extraites des coquilles de bivalves d'intérêt 

®conomique. Jôy expose les aspects techniques du protocole de criblage, puis je présente un 

article publié détaillant le protocole d'extraction de la matrice organique et les méthodes 

développées pour utiliser la Matrice Insoluble dans l'Acide (Acid-Insoluble Matrix, ou AIM, 

en anglais). Enfin, les résultats positifs obtenus lors du criblage sont inclus dans un article 

soumis à une revue internationale, tandis que les résultats négatifs sont présentés dans le 

Chapitre IV des óMiscellan®esô. 

 

3.2. Criblage Antibactérien 

Le criblage antibactérien est un processus systématique visant à identifier et évaluer des 

agents antibactériens potentiels. Dans le cadre de ma recherche doctorale, ce criblage s'inscrit 

dans un effort de bioprospection, se concentrant sur la ressource naturelle peu explorée que sont 

les matrices organiques des coquilles de bivalves (Valgas et al., 2007; Cushnie et al., 2020). 

Les méthodes de criblage antibactérien sont classées en trois catégories principales : 1) les 

méthodes de criblage initial (qualitatives ou semi-quantitatives), 2) les méthodes de criblage 

secondaire (quantitatives), et 3) les méthodes de criblage tertiaire (techniques avancées à haut 

débit). Chaque méthode offre des avantages spécifiques et présente des limitations en termes 

de coût, de temps et de ressources nécessaires (Hetru & Bulet, 1997; Balouiri et al., 2016 ; 

Cushnie et al., 2020; Massoud et al., 2020). Des exemples tirés de la littérature illustrent 

l'application de ces méthodes de criblage aux organismes marins, notamment aux mollusques, 

démontrant le potentiel de ces animaux comme sources de molécules antimicrobiennes, 

motivant ainsi l'exploration des matrices organiques des coquilles de bivalves comme source 

potentielle de nouveaux agents antibactériens (Defer et al., 2009 ; López-Abarrategui et al., 

2012). 

Les sept modèles bivalves sélectionnés sont, comme décrits précédemment : G. 

glycymeris, M. galloprovincilis, M. gigas, P. maximus, C. edule, V. verrucosa et V. 

philippinarum. Le processus de nettoyage des coquilles et de production de la poudre qui sert 

de mat®riau de base ¨ lôextraction de la matrice organique (OM) est décrit dans cette section. 

La table 3.1 expose les quantit®s dôOM extraites pour chaque esp¯ce de bivalve. Les cibles 

bactériennes sélectionnées sont des pathogènes marins de la famille des Vibrionaceae, un choix 
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basé sur une revue approfondie de la littérature et des informations écologiques et ethno-

médicales : Aliivibrio salmonicida, Vibrio aestuarianus, Vibrio harveyi LMG7890, Vibrio 

harveyi ORM4, Vibrio mytili et Vibrio tapetis CECT4600. En tant que bactéries marines, ces 

souches impliquent une adaptation minutieuse des protocoles expérimentaux à leurs conditions 

de vie, tant en termes de temp®rature (certaines ®tant psychrophiles, côest-à-dire se développant 

dans des milieux froids) que dôhygrom®trie (Rodrigues & de Carvalho, 2022). La détermination 

de ces paramètres a nécessité des tests préliminaires exposés dans le Chapitre IV. Deux types 

de tests sont réalisés pour le criblage antibactérien : un test óclassiqueô de diffusion sur disques 

(Bauer et al., 1966), criblage initial permettant notamment de tester les propri®t®s de lôAIM 

(Lutet-Toti et al., 2024), et un test de microdilutions sur plaques, criblage secondaire réservé 

aux Matrices Solubles dans lôAcide (Acid-Soluble Matrix, ASM) pour tenter de caractériser les 

m®canismes dôaction antibact®rienne des extraits (Zgoda & Porter, 2001 ; Rudilla et al., 2018; 

Blazanin, 2024). 

 

 

3.3. Détourner l'Usage d'une Presse Manuelle de Laboratoire pour des Tests de Bioactivité : Un 

Protocole Innovant pour Tester les Matrices Insolubles de « Déchets » Coquillers 

Article de protocole publié dans Methods and Protocols :  

Lutet-Toti, C., Da Silva Feliciano, M., Debrosse, N., Thomas, J., Plasseraud, L., & Marin, F. 

(2024). Diverting the Use of Hand-Operated Tablet Press Machines to Bioassays: A Novel 

Protocol to Test óWasteô Insoluble Shell Matrices. Methods and Protocols, 7(2), Article 2. 

https://doi.org/10.3390/mps7020030  

 

Cet article décrit de manière détaillée un nouveau protocole permettant de tester la 

totalit® des matrices coquilli¯res. En effet, lorsque lôon extrait des matrices de coquilles, une 

fraction importante des extraits est totalement insoluble dans des solvants aqueux, ce qui limite 

fortement leur utilisation ult®rieure pour des tests dôactivit® antimicrobienne. Dans notre article, 

nous présentons un protocole qui contourne cet obstacle technique. Après une extraction 

adaptée des protéines de coquille et la production de deux fractions organiques - l'une soluble, 

l'autre insoluble - nous utilisons une presse à comprimés manuelle pour générer des comprimés 

bien calibrés constitués à 100 % d'une matrice de coquille insoluble. Un contrôle FT-IR de la 

qualité des comprimés montre que la pression utilisée dans la presse n'altère pas les propriétés 

moléculaires des extraits insolubles. Les comprimés produits peuvent être directement testés 

dans différents essais biologiques, tels que l'essai de la zone d'inhibition bactéricide en boîte de 

Pétri. Le détournement de l'utilisation de la presse à comprimés manuelle ouvre de nouvelles 

https://doi.org/10.3390/mps7020030
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perspectives dans l'analyse des matrices de coquilles insolubles, pour la découverte de 

nouveaux composants bioactifs. 

 

 

3.4. Les Coquilles de Bivalves Présentent-Elles des Propriétés Antibactériennes ? Criblage de 

Matrices Organiques Calcifiantes Contre Deux Pathogènes Marins Majeurs 

Section calibrée comme un article de recherche originale, soumis à revue internationale : 

Science of the TOTal ENvironment (STOTEN). 

 

Chez les mollusques, le processus de biominéralisation de la coquille est régulé par un 

ensemble de macromolécules, mieux connu sous le nom de matrice organique de la coquille. 

Les progrès récents des techniques "omiques" à haut débit ont montré que cette matrice est 

constituée de plusieurs protéines aux fonctions extrêmement diverses. Dans le présent article, 

nous montrons que certains extraits organiques - solubles ou insolubles - de la coquille de 

bivalves couramment consommés possèdent des propriétés antibactériennes contre deux 

pathogènes marins Vibrionaceae, Aliivibrio salmonicida et Vibrio harveyi, souche ORM4. Cet 

effet antibactérien est corroboré par l'identification formelle de plusieurs peptides antibactériens 

par protéomique, dans les différentes fractions de la coquille. Notre étude - la première de ce 

type - attire l'attention sur les coquilles de bivalves d'intérêt économique en tant que sources 

précieuses mais sous-estimées de substances antibactériennes, utilisables en aquaculture. Plus 

généralement, le recyclage des sous-produits de la coquille dans des applications à haute valeur 

ajoutée contribuera au développement d'une économie circulaire durable. 

Les résultats positifs du criblage antibactériens sont exposés dans cette section, ainsi 

que ceux de lôanalyse prot®omique, qui a permis dôidentifier de nombreux AMPPs au sein des 

coquilles des bivalves ®tudi®s, il est dôailleurs notable que la pr®sence dôau moins un type 

dôAMPP soit d®tect®e dans chaque extrait. Ceux-ci partagent une partie de leur séquence avec 

des AMPPs dôorigines vari®es, des mammif¯res aux mollusques en passant par des arthropodes 

ou des anoures. Ce criblage des extraits par une approche protéomique a permis de détecter des 

AMPPs d®j¨ identifi®s dans dôautres syst¯mes. Nous nôexcluons pas la possibilit® que dôautres 

AMPPs, encore inconnus soient présents dans nos matrices mais non détectés car non-

référencés dans les bases de données servant de référence aux interrogations protéomiques.  
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CHAPITRE IV : MISCELLANEES 

4.1. Résultats Négatifs du Criblage Antibactérien 

Dans ce sous-chapitre, je résume les résultats négatifs et les données non publiées du 

criblage antibactérien susmentionné. Quatre des six pathogènes marins testés n'ont montré 

aucune sensibilité significative aux extraits : V. aestuarianus, V. harveyi LMG7890, V. mytili 

et V. tapetis CECT4600. Ces résultats négatifs peuvent s'expliquer par diverses raisons, 

notamment une résistance des souches aux substances antimicrobiennes, l'absence de composés 

antimicrobiens dans les coquilles testées, ou la nécessité d'une action synergique entre 

différentes fractions qui sont artificiellement séparées dans les tests de criblages. Les conditions 

expérimentales, en particulier les concentrations de molécules actives testées, pourraient 

également être ̈  lôorigine de ces résultats négatifs. En effet, nous ne pouvons exclure que les 

concentrations de nos extraits, utilisées pour nos tests, sont insuffisantes pour observer une 

quelconque bioactivité.  

 

4.2. Caractérisation des Souches Bactériennes Marines : Sélection des Standards Antibiotiques 

et Analyse Générale de la Croissance Bactérienne  

Cette section décrit les tests préliminaires effectués pour caractériser la dynamique de 

croissance des souches pathogènes marines utilisées comme cibles du criblage, avant de réaliser 

le test de microdilution avec les extraits ASM de coquilles. Ces tests préliminaires permettent 

de déterminer les conditions optimales de croissance de chaque souche, ainsi que les 

antibiotiques à utiliser comme standards ainsi que leurs gradients de concentrations 

(tétracycline, azoture de sodium ou agent vibriostatique v0129) en fonction de l'altération 

graduelle et progressive de la croissance bactérienne observée. Ces cultures ont été menées sur 

des temps dôincubation permettant dôappr®cier lôenti¯ret® de la courbe de croissance des 

bact®ries, côest-à-dire de leur prolifération à leur mort, en mesurant l'absorbance du milieu 

liquide. Trois longueurs dôondes ont alors ®t® mesur®es (420 nm, 560 nm et 600nm) afin de 

sélectionner la plus adéquate au suivi de la dynamique de croissance bactérienne dans le cadre 

de tests avec des agents colorés. Ces tests ont ainsi permis de déterminer les intervalles de 

mesure dôabsorbance, dôestimer les dur®es id®ales dôincubation et de disqualifier l'agent 

vibriostatique v0129 en tant que standard antibiotique dans les tests de microdilution en raison 

de ses propriétés acidifiantes intrinsèques qui interfèrent avec l'indicateur de pH utilisé dans les 

essais.  
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CHAPITRE V : DISCUSSION GENERALE 

5.1. Récapitulatif des Activités de Recherche Effectuées au Cours du Doctorat 

Ces trois ans de recherches doctorales marquent la première exploration des agents 

antibactériens dans les coquilles des bivalves - plutôt que dans les tissus mous - ciblant 

spécifiquement des pathogènes marins. Ce projet innovant a impliqué l'extraction des matrices 

organiques (OM) des coquilles de sept espèces de bivalves, suivie d'une caractérisation 

biochimique par analyse de gels d'électrophorèse. La composante expérimentale - et donc 

centrale - de ma thèse est représentée par une étude bioprospective, un criblage antibactérien 

des extraits coquillers contre six souches bactériennes marines. Ce criblage a consisté en deux 

tests complémentaires : un test de diffusion sur disque et un test de microdilution en culture 

liquide. Enfin, une analyse protéomique a été effectuée pour détecter la présence dôAMPPs 

connus dans les extraits et tenter dôétablir des corrélations avec la bioactivité observée.  

 

5.2. Limitations du Projet 

Au cours de mon doctorat, et de par sa nature interdisciplinaire et exploratoire, jôai 

rencontré plusieurs difficultés qui ont limité certains aspects de mes recherches. La production 

de poudres décontaminées et l'extraction des matrices organiques se sont révélées être des 

processus longs et fastidieux, limitant les quantités de matériel biologique disponible pour les 

tests. La culture de bactéries marines peu caractérisées sôest r®v®l®e particuli¯rement ardue, 

nécessitant des installations spécifiques pour garantir des conditions de croissance idéales et 

des adaptations de toutes les techniques et protocoles expérimentaux. Ainsi, les milieux de 

cultures adaptés aux souches marines, leurs dynamiques de croissances, leurs sensibilités aux 

substances mais aussi lôaspect intrins¯que de leurs cellules ont imposé des contraintes 

exp®rimentales avec lesquelles il a fallu composer pour sôadapter, voir accepter en tant que 

limite du projet. L'absence de standards établis pour ces pathogènes marins a nécessité de 

nombreux essais pour optimiser les protocoles expérimentaux et ne permet aujourdôhui pas 

encore de comparer mes résultats de façon aussi complète que ce qui peut être fait avec des 

souches dites « classiques » (E. coli, Bacillus spp. etcé). Le manque de données sur les 

modèles étudiés a également engendré des limitations dans l'analyse protéomique, notamment 

par lôomission probable de peptides non renseignés dans les bases de données mais bien 

présents dans nos extraits. Les quantit®s dôOM extraite ont ®galement ®t® limitantes dans la 

nature de lôanalyse prot®omique effectuée : qualitative (détection ici) plutôt que quantitative 

(donnant les proportions dans les OM, information int®ressante pour d®terminer dô®ventuelles 

synergies des AMPPs).  
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5.3. Compilation de Tous les Résultats du Criblage Antibactérien 

Les résultats des deux tests de criblage antibactérien, la diffusion sur disques et la 

microdilution, sont résumés dans la Table 5.1, qui couvre à la fois les résultats positifs et 

négatifs des Chapitres III  et IV. Je compare dans cette section les résultats en fonction des 

souches bactériennes et des espèces de bivalves, apportant des hypothèses quant aux différences 

observ®es, notamment celle dôun cas entrant dans la th®orie de la Reine Rouge : pour survivre, 

le bivalve hôte développerait des parades contre un pathogène agressif fréquemment rencontré, 

associant forte virulence et sensibilité dudit pathogène aux extraits coquillers (Decaestecker & 

King, 2019).  

Les résultats étant complexes et nombreux, je résume ici quelques-uns dôentre eux, qui 

me semblent les plus représentatifs de ma thèse. En effet, A. salmonicida et V. harveyi ORM4 

présentent le plus de sensibilité aux extraits coquilliers, tandis que les autres souches ne sont 

affectées que par un ou deux AIM, appartenant à M. gigas et P. maximus. Ces deux bivalves 

sont les mod¯les du criblage d®montrant du plus dôeffets antibact®riens, avec parfois une 

observation de réponses bactériennes très similaires entre les deux espèces. L'AIM de C. edule 

se démarque en produisant la plus large zone dôinhibition de croissance dôA. salmonicida. 

Lôanalyse prot®omique de cet extrait met en lumi¯re sa composition singulière dôAMPPs au 

sein des autres bivalves, qui pourrait expliquer cet effet particulier. Autre fait notable, les AIM 

de C. edule, G. glycymeris et V. verrucosa ont un effet particulier sur V. harveyi ORM4, 

produisant des couronnes blanchâtres frangeant les zones d'inhibition, possiblement dus à des 

facteurs diffusibles. Ces trois bivalves sont les seuls à montrer une inhibition de la croissance 

d'ORM4 autour des poudres de coquilles, ce qui suggère la présence de composés antibactériens 

puissants et/ou en quantité suffisante dans la matrice organique des coquilles « brutes », dont 

l'effet n'est pas limité par leur occlusion dans les structures carbonatées. En analysant les 

résultats du second test de criblage (microdilution), on observe que M. galloprovincialis est le 

seul bivalve impactant les deux param¯tres de croissance dôA. salmonicida. 

Les tests de microdilution révèlent que certains extraits ASM altèrent significativement 

les paramètres de croissance bactérienne (taux de croissance maximal et capacité de charge). 

Les extraits semblent à première vue bactériostatiques, inhibant la croissance bactérienne et 

limitant la prolifération en les plaçant dans un état de stase. Cependant, lôhypoth¯se d'effets 

bactéricides des extraits coquilliers n'est pas exclue : comme abordé précédemment, les limites 

expérimentales rencontrées lors de ce criblage peuvent impliquer que la Concentration 

Bact®ricide Minimale (MBC) nôait pas ®t® atteinte pour certaines substances lors de nos tests. 
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Lôanalyse prot®omique des extraits a permis dôidentifier de nombreux AMPPs au sein 

des coquilles des bivalves ®tudi®s, il est dôailleurs notable que la pr®sence dôau moins un type 

dôAMPP soit d®tect®e dans chaque extrait. Ceux-ci partagent une partie de leur séquence avec 

des AMPPs dôorigines vari®es, des mammif¯res aux mollusques en passant par des arthropodes 

ou des anoures. La d®tection dôAMPP venant de ces derniers, spécifique à certains extraits, 

intrigue quant à leur nature et suggère une forme de spécialisation accrue des bivalves aux 

pathog¯nes. Lôensemble des r®sultats de lôanalyse prot®omique semble r®v®ler de potentielles 

combinaisons dôAMPPs au sein des extraits, ce qui encourage lôhypoth¯se de modes dôaction 

synergiques de ces derniers. 

 

5.4. Perspectives 

Les r®sultats obtenus sôinscrivent dans plusieurs perspectives dôapplications 

prometteuses, notamment dans les domaines de l'aquaculture, de la sécurité alimentaire et de la 

conservation environnementale. La mise en évidence de propriétés antibactériennes contre des 

pathogènes marins dans les extraits de coquilles de bivalves issus du secteur alimentaire 

encourage la recherche dôapplications dans la lutte contre lôantibior®sistance, dans une 

meilleure conservation des produits de la mer lors de leur transport, la diminution de lôusage de 

produits toxiques dans les syst¯mes dôaquaculture ou dans les antifoulings, et même dans la 

conservation du patrimoine attaqué par certaines souches. Dans un contexte où les défis 

environnementaux et sanitaires s'intensifient, il est particulièrement intéressant de chercher des 

solutions innovantes dôorigine naturelle parmi des ressources qui ®taient jusque l¨ ignor®es, les 

coquilles de mollusques dôint®r°t ®conomique. 

 

5.5. Conclusion 

Pour conclure, ma thèse de doctorat se caractérise par une approche interdisciplinaire, 

couvrant des domaines variés tels que l'histoire de l'art, l'ethnobiologie, la biominéralisation, la 

biologie moléculaire, la bioinformatique et la microbiologie. Mes recherches expérimentales se 

sont concentrées sur un criblage antibactérien de coquilles de bivalves d'intérêt économique, 

appliqué aux pathogènes marins Vibrionaceae, et complété par une exploration protéomique 

antimicrobienne. Les résultats de mes recherches mettent en évidence une activité 

antibactérienne de Magallana gigas et Pecten maximus contre plusieurs de ces pathogènes, 

ainsi que celle de Cerastoderma edule contre Aliivribrio salmonicida. Dans le cas de V. harveyi 

ORM4, souche représentant à la fois la bactérie la plus virulente et la plus sensible du criblage, 



RÉSUMÉ ÉTENDU EN FRANÇAIS 

 

18 

jô®mets lôhypoth¯se dôune course ¨ lôarmement entre bivalves h¹tes et pathog¯nes, suivant la 

théorie de la Reine Rouge. Ce projet exploratoire apporte de nouvelles perspectives dans 

l'expérimentation sur les bactéries marines et la bioprospection des ressources naturelles, 

établissant des normes utiles pour de futures explorations impliquant ces organismes. 

 

 

CHAPITRE VI : ANNEXE COMPILANT DEUX ARTICLES RESULTANT DE 

COLLABORATIONS SCIENTIFIQUES 

6.1. Collaboration avec Sarah Nahle : Application Biomédicale de la Nacre dans la 

Minéralisation Ostéoblastique 

Article de recherche originale publié dans Marine Biotechnology : 

Nahle, S., Lutet-Toti, C., Namikawa, Y. et al. Organic Matrices of Calcium Carbonate 

Biominerals Improve Osteoblastic Mineralization. Mar Biotechnol 26, 539ï549 (2024). 

https://doi.org/10.1007/s10126-024-10316-w 

  

De nombreux organismes incorporent des solides inorganiques dans leurs tissus afin 

d'en améliorer les propriétés fonctionnelles et mécaniques. Les tissus minéralisés qui en 

résultent sont appelés biominéraux. Plusieurs études ont montré que les biominéraux nacrés 

induisent une minéralisation extracellulaire ostéoblastique. Parmi eux, Pinctada margaritifera 

est bien connue pour la capacité de sa matrice organique à stimuler les cellules osseuses. Dans 

ce contexte, nous avons voulu étudier les effets des extraits de coquilles de trois autres espèces 

de Pinctada (Pinctada radiata, Pinctada maxima et Pinctada fucata) sur la minéralisation de 

la matrice extracellulaire ostéoblastique, en utilisant un modèle in vitro de cellules précurseurs 

ostéoblastiques de souris (MC3T3-E1). Pour mieux comprendre la relation Pinctada-

minéralisation osseuse, nous avons évalué les effets de 4 autres mollusques nacrés qui sont 

phylogénétiquement éloignés et distincts du genre Pinctada. En outre, nous avons testé 12 

mollusques non nacrés et un groupe supplémentaire. Des poudres de coquilles biominérales ont 

été préparées et leur matrice organique a été partiellement extraite à l'aide d'éthanol. Tout 

d'abord, l'effet de ces poudres et extraits a été évalué sur la viabilité des cellules MC3T3-E1. 

Nos résultats indiquent que ni la poudre ni la matrice soluble dans l'éthanol (ESM) n'affectent 

la viabilité cellulaire à de faibles concentrations. Nous avons ensuite évalué la minéralisation 

ostéoblastique à l'aide de la coloration au rouge d'Alizarine et nous avons constaté que la 

minéralisation de MC3T3-E1 était principalement induite par les biominéraux nacrés, en 

particulier ceux qui appartiennent au genre Pinctada. Cependant, quelques biominéraux non 

nacrés ont également été capables de stimuler la minéralisation extracellulaire. Dans l'ensemble, 
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nos résultats valident la capacité remarquable des extraits de biominéraux CaCO3 à promouvoir 

la minéralisation osseuse. Néanmoins, d'autres études in vitro et in vivo sont nécessaires pour 

identifier les mécanismes d'action des biominéraux dans l'os. 

 

6.2. Collaboration avec Luca Polacchi : L'Electrophorèse sur Gel Couplée à la 

Photoluminescence Révèle des Biochromes Complexes dans les Coquillages Modernes et 

Fossiles 

Section calibr®e sous forme dôarticle de recherche originale, soumis à revue internationale :  

Methods in Ecology and Evolution 

 

L'électrophorèse est couramment utilisée pour visualiser les mélanges de protéines, tels 

que ceux qui sont occlus dans les biominéraux calcaires. Cependant, elle est inefficace pour 

détecter les biochromes, une classe importante de composés organiques de faible poids 

moléculaire communément associés aux exosquelettes calcifiés. Nous décrivons une nouvelle 

approche basée sur le couplage entre l'électrophorèse et l'imagerie spectrale de luminescence 

pour révéler les biochromes invisibles, les identifier chimiquement, mettre en évidence leur 

possible interaction putative avec les macromolécules de la coquille et, enfin, en obtenir de 

grandes quantités. Notre protocole repose sur trois étapes clés : une extraction douce à partir de 

poudre de squelette nettoyée (étape 1) ; un fractionnement électrophorétique optimisé 

immédiatement suivi par l'acquisition directe d'images spectrales sur gel avant la coloration 

classique du gel (étape 2) ; une purification à grande échelle par électrophorèse préparative 

couplée à l'imagerie spectrale de luminescence, afin d'obtenir des quantités significatives de 

biochromes d'intérêt (étape 3). Les étapes 1 à 3 ont été appliquées avec succès à des extraits de 

coquilles de gastéropodes récents, tandis que les étapes 1 et 2 ont été appliquées à des coquilles 

fossiles. Notre protocole a permis l'identification directe et non invasive sur gel des molécules 

de porphyrine, même à l'état de traces. Au-delà des biominéraux de carbonate de calcium, elle 

ouvre de nouvelles voies pour l'étude d'une large gamme de composites biologiques, 

minéralisés ou non, qui contiennent des biochromes luminescents. Elle est particulièrement 

adaptée aux spécimens anciens et aux fossiles, en vue de retracer l'origine et l'évolution des 

complexes de biochromes dans les archives géologiques. 
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1.1. Introduction  

Since the emergence of civilization in the Near Eastern region, human beings have 

always sought to settle near the coast. Because of the evident benefits that accrue from having 

a direct access to seas and oceans, human settlements have been more concentrated in the 

coastal zone than elsewhere and this tendency is massively increasing today as the world 

population is growing. An estimation by the United Nations Environment Programme (UNEP) 

indicates that about 40% of the worldôs population lives within 100 kilometers of the coast. 

This percentage reaches 60% if one considers a zone of 150 kms. Significantly, among the 

twenty largest cities in the world, thirteen (Tokyo, Shanghai, Sao Paulo, Mumbai, Osaka, New-

York City, Karachi, Buenos Aires, Istanbul, Kolkata, Manila, Lagos, Rio de Janeiro) have a 

coastal location. As population density and economic activity in the coastal zone increases, the 

environmental pressures on coastal ecosystems become more severe. No region in the world 

escapes this threat, particularly in Europe and around the Mediterranean basin, an extremely 

busy Sea becoming increasingly vulnerable each year. 

Beside favoring the possibility of long-distance export of local goods via maritime 

transport, coastal environments offer practical solutions to big-sized human settlements in term 

of immediate food availability. Coastal fishing, offshore fishing and aquaculture facilities are 

the main providers of sea food, including fishes, sea urchins, crustaceans, mollusks and algae. 

In this list, mollusks come as a major source of proteins, mineral salts and oligo-elements, the 

benefits of which were recognized very early in humankind history. Indeed, the first traces of 

mollusk consumption date back more than 100.000 years (see section 1.3. Molluscan 

Aquaculture). Nowadays, because mollusks can be harvested or grown in huge amounts, they 

represent an indispensable food resource all over the world, especially in Asia and Europe, but 

food consumption is not the sole way to use them: indeed, since prehistory and antiquity, the 

external protection organ of mollusks, the shell, has been recycled and utilized for all kinds of 

purposes, from aesthetical to practical via cultural uses, an aspect that I treat in this chapter, in 

the next section (1.2. From Ornaments to Biotechnologies). The shell is a biomineralized 

exoskeleton and, as such, exhibits peculiar properties due to its organo-mineral nature. Indeed, 

the organic fraction, also called shell matrix, a mixture of macromolecules comprising proteins 

and sugars, is secreted and gets occluded during the shell formation. Several fundamental 

studies have evidenced the molecular complexity of the shell matrix, which comprises a wide 

range of unsuspected functions, not necessarily associated to the biocalcification process. In 

few words, the shell has become a potential source of components of interest in several fields 
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of applications, including biomaterials, health or environment. Searching for ñuseful molecules 

in shellsò is particularly relevant since the volumes of empty shells following consumption are 

considerable: one estimates that around 10 million tons of shells coming from consumed 

oysters, clams, scallops, mussels are produced each year at world scale and a large proportion 

of this waste materials is totally unexploited (Topiĺ Popoviĺ et al., 2023). In addition, these 

huge concentrations of waste induce environmental and societal nuisances (Morris et al., 2019). 

In the present manuscript, I revisit the use of waste shells, in the perspective to develop an 

innovative field of application: the use of antimicrobial substances from shells of economic 

interest. To this end, I have extracted and characterized several shell matrices and finally set up 

two types of antibacterial assays, complemented by a proteomics approach. My research can 

find applications in aquaculture, health and environmental conservation. It takes place in the 

frame of the pluriannual FishMed-PhD program (Innovative Technologies and Sustainable Use 

of Mediterranean Sea Fishery and Biological Resources) piloted by the University of Bologna. 

Generally speaking, this program is part of a search for setting up a virtuous circular economy, 

committed to generate sustainable sectors of food production, health and waste management.  

 

Before even presenting some of the experimental results I have acquired during these 

last three years, I want to share with the reader of this manuscript an extended introduction, in 

which I paint the picture of the multiple uses of shells through the ages (section 1.2) and review 

the production of mollusks and list the current challenges of this industry (section 1.3). Then, I 

conclude chapter one by exposing the general plan of the practical part of my work (section 

1.3). Note that section 1.2 is calibrated as a review paper that is submitted.  
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1.2. From Ornaments to Biotechnologies: The Evolution of Mollusk Shell 

Uses Through the Ages 

Submitted in 2025 to Journal of Ethnobiology, SAGE Editions 

Lutet-Toti, C.1,2, Thomas J. 1, Falini, G.2, Goffredo, S.3, Gabillot, M.4, and Marin, F1. 

 

1 UMR CNRS-uB-EPHE 6282 óBiog®osciencesô, Universit® de Bourgogne, Dijon, France.  

2 Dipartimento di Chimica ñGiacomo Ciamicianò, Alma Mater Studiorum Università di Bologna, Bologna, Italy.  

3 Dipartimento di Scienze Biologiche Geologiche e Ambientali, Alma Mater Studiorum Università di Bologna, 

Bologna, Italy. 

4 UMR CNRS-UBE 6298 óARTEHISô, Universit® de Bourgogne Europe, Dijon, France. 

* Correspondence: frederic.marin@u-bourgogne.fr; camille.lutet-toti@u-bourgogne.fr; Tel.: (33) 7 69 50 27 12 

 

Abstract 

Mollusks have always represented an important source of food for human beings. A by-

product of mollusk consumption is the shell, the mollusk skeleton made of calcium carbonate. 

Instead of being simply considered as a waste material, the mollusk shell has always been 

repurposed or recycled for many different applications. This review lists the different uses of 

mollusk shells over thousands of years, from the Paleolithic times to now. For clarity, we have 

grouped the uses in ten themes: ornaments and decorative items, derived shell products of pearl 

industry, religious symbols and amulets, musical instruments and signaling, shell 

representations in art, currency and wealth, practical applications, shells in medicine, recent and 

future applications. As shells are organo-mineral composites, they constitute an immense 

reservoir of potentially bioactive macromolecules that need to be investigated. The 

development of high added value applications based on the exploitation of shells represents a 

fascinating prospect for the coming times, which fits into the general frame of a virtuous circular 

economy, committed to generate sustainable sectors of food production, health and waste 

management.  

Keywords: seashells; mollusks; human applications; recycling 

 

1.2.1. Introduction 

ñIôm going to throw away my find (a shell, NDA) like one throws away a burnt cigarette. 

This shell has served me, exciting in turn what I am, what I know, what I don't know... Like 

Hamlet picking up a skull from the loam, and approaching him to his living face, looks at 

himself frightfully sows in some way, and as it enters in a meditation without exit, which is 

limited everywhere by a circle of astonishment, thus, under the human gaze, this little hollow 

limestone body and spiral calls around you quantity of thoughts, none of which comes to an 

endò ... This is how the French novelist, poet and philosopher Paul Val®ry (1871-1945) 
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concludes his meditation (ñLôHomme et la Coquille et Autres Textesò, i.e., ñThe Man and The 

Shell and Other Textsò, 1937) based on the observation of the spiral shell of a gastropod found 

on the seashore.  

The mollusk shell has always exercised a power of fascination over human beings. It is 

charged with symbols that go well beyond the soft body it encloses and its use as food. It 

concentrates indeed different properties that made it attractive for repurposing. First of all, 

shells are aesthetic objects in shape and in color; for some of them - the nautilus, the land snail, 

the tiger cowrie ï the combination of remarkably regular shapes and surprisingly colored 

patterns makes them classified among the most beautiful objects of Nature. Secondly, they are 

hard objects, of superior mechanical properties, ónot easy to breakô, the colors of which are 

stable and stand the test of time; this extended lifespan, far above that of a man, is of major 

importance when shells are considered as religious symbols or perennial ornaments. Thirdly, 

shells are made of an abundant raw material, calcium carbonate, which, while compact and 

solid, is rather easy to work: indeed, it can be pierced, abraded, polished and sculpted; in short, 

shells can be embellished, manufactured and transformed. At last, shells are not only mineral 

objects but contain an organic fraction, which, in recent applications, is central in their 

repurposing. Due to these properties, empty shells have been reused since the prehistoric times, 

in several manners.  

In this context, our interdisciplinary review aims at covering and describing, as 

exhaustively as possible, all the uses and reuses of mollusk shells by humans, throughout times 

and geographical space. We have collected data and documentation from several sources, 

including excavation reports (in archaeology), museum catalogues of art, expedition journals, 

generalist books and treatises, research papers in sciences, social sciences and humanities, 

reports of governing institutions or of associations for the environment protection. As the uses 

of shells are extremely diversified, we grouped them in four themes that are: 1) Aesthetic, 

religious and cultural uses, past & present; 2) Practical uses, past & present; 3) Traditional 

medicinal and pharmaceutical uses, past & present; 4) Recent and future applications. For this 

last part, we will see that the repurposing of shells can be an asset in the context of global 

warming and environmental changes. We will also emphasize the fact that shell reuse can lead 

to applications of high added value, in particular in the fields of biomaterials, health and 

zootechnics.  



CHAPTER I ï INTRODUCTION 

27 

1.2.2. Aesthetic, Religious and Cultural Uses, Past and Present 

1.2.2.1. Paleolithic times 

Personal ornaments made from shells have a rich history dating back to the earliest 

evidence of human symbolic behavior. The oldest records of beads belong to Tritia gibbosula 

gastropods shells from the Middle Paleolithic era in Morocco (Bizmoune cave), more than 

142,000 years ago (Sehasseh et al., 2021). To date, these shells are considered as the first 

evidence of a calcareous material of marine origin to be likely consumed and recycled as 

ornaments. They were intentionally perforated ï minute flint drill stones were found on the site 

- and used as ñbeadsò, according to the broadest definition, i.e. ósmall artifact that is perforated 

and suitable to be used as adornmentô (Bar-Yosef Mayer, 2015). During the same period 

(Middle Paleolithic), 50,000 years ago, Iberian Neanderthals of the Cueva de los Avione deposit 

used pierced shells of Acanthocardia, of Glycymeris and of Spondylus, decorated with red and 

black mineral pigments, in what seems to have been body ornaments (Zilhão et al., 2010). The 

Upper Paleolithic period saw one of the first widespread occurrences of personal 

ornamentation, with the use of shell beads emerging simultaneously on three continents (Kuhn 

et al., 2001). This global phenomenon suggests a consistent availability of the shells and a 

significant leap in human social development. A striking example of shell use in ornamentation 

comes from the Grimaldi grave, 11 130 year-old (Late Epigravettian), where two children were 

found in association of thousands of pierced shells of the marine gastropod Cyclope neritea. 

These shells were probably embroidered to garments covering the abdominal region, such as 

loincloths or tuniques (Henry-Gambier et al., 2001; Plankenhorn-Farrell, 2023). In this specific 

example, shells were associated with funeral rites.  

The major symbolic significance of shell ornaments is undoubted in various cultures 

across time. In South Africa, 46 000 years old beads found in Sibudu Cave show no signs of 

wear, suggesting a purely symbolic use rather than practical adornment (Vanhaeren et al., 

2019). 

 

1.2.2.2. Mesolithic Iron Age 

As human societies progressed through the Mesolithic and into the Neolithic period, the 

use of shell beads became more sophisticated. In Mesolithic Serbia, Cyclope neritea beads were 

added to embroidery, with evidence of prolonged use indicated by wear patterns (Cristiani & 

Boriĺ, 2012). Nassa snails remained particularly popular for creating beads, with archaeological 

evidence spanning from South Africa to Morocco (Bar-Yosef Mayer, 2015; Vanhaeren et al., 

2019). The evolution of beading techniques, including organized processing, fine crafting, and 
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painting symbols on shells, has been used to trace the development of modern human behavior 

and symbolism (Henshilwood et al., 2004; Tsoraki et al., 2020). In European Neolithic times, 

a unique form of shell ornamentation emerged: ñDoppelknºpfeò, translated as ñdouble buttonsò. 

These double buttons had a diameter of about half a centimeter and exhibited in their thickness 

a groove that allowed their simple seamless insertion in holes pierced in skin clothing. Note 

that this prehistoric feature may be somehow considered as the ancestor of the well-known 

tradition of ñpearliesò, popular in the London working class (with the exception that ñpearliesò 

sew nacre buttons on their jacket). These standardized, pearl-like ornaments were likely used 

as decorative additions to clothing (Sakalauskaite et al., 2019), likely worn only during special 

occasions: ceremonies or religious rituals. A tunic could carry dozens to hundreds of these 

double buttons, aligned or forming geometric motives. The way these ornaments were 

fabricated was extremely sophisticated: first ribbons of nacre were cut from shells, then they 

were cut perpendicularly in minute cubes the top of which were polished and rounded by 

abrasion. Finally, a groove was obtained around the perimeter of the bead by maintaining it on 

its two flat sides and abrading the tiny cylinder with a thin abrading thread. Interestingly, for a 

long time, it was thought that the raw material used for making double buttons was coming 

from marine sources (Mediterranean Sea) and was the subject of long-distance exchanges 

across Europe. A recent study on three archaeological sites (Danish, German and Romanian) 

combining proteomics and geochemistry (Sakalauskaite et al., 2019) demonstrated 

unequivocally that in each case the raw material was the nacre of freshwater Unionoid bivalves, 

found in the rivers at the vicinity of the three archeological sites. This finding destroyed the 

hypothesis of long-distance exchanges of raw materials in this specific case (which did not 

prevent long-distance exchanges of shells in other cases). What is particularly interesting to 

notice is that while the raw material was common and found locally, the sophisticated 

fabrication technique was exported throughout Europe. What made ñdoppelknºpfeò of high 

price was less the raw material itself than the hours spent to produce each of these remarkable 

flat pearls. 

In the Early Iron Age Kazulu Natal region of South Africa, disk beads made from marine 

and freshwater mollusk shells were used for necklaces and decorations (Beukes, 2000). The 

cultural importance of shell ornaments persisted into later periods. In Ukraineô Saltiv culture, 

during the late Iron Age, cowries and freshwater mussels were used to make pendants and 

ornaments. Mostly found in the burials of children and women of childbearing age, these 

ornaments adorned hair (hairbeads), headwear, clothes, and even bags (Aksionov, 2022). 
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1.2.2.3. Antiquity to Middle Age 

Another species frequently used for ornaments in the Mediterranean basin was 

Spondylus gaederopus, the thorny oyster (also called the spiny oyster). The shell of this bivalve 

combines two advantages: it is extremely thick, compact and solid and exhibits contrasted 

colors, with an upper valve uniformly dark red, and the lower one, of an immaculate whiteness 

(Sakalauskaite et al., 2020). Artefacts (rings, buttons, tubes, beads) made from this shell are 

widespread in Neolithic times in Europe, indicating that they have been traded and exported 

from the Mediterranean Sea (Adriatic and Aegean Sea) to the North of the continent (Halstead, 

1993; Windler, 2019).  

The manufacture of shell ornaments continued into later periods, such as the early 

Mississippian culture on the Georgia coast (800-1200 CE), where whelk and oyster shell beads, 

pendants, and gorgets were produced using micro-drilling techniques (Pearson & Cook, 2008). 

In Egypt, cowrie shells have a particularly long history as popular ornaments 

showcasing social status: the earliest traces date back to the Epipaleolithic and continue in pre-

dynastical tombs, through pharaonic dynasties and to the late iron ages (Golani, 2014).  

Pre-Columbian civilizations also used shells for body and architectural ornaments: 

similarly - but in a completely independent manner - to what happened around the 

Mediterranean basin, shells of the genus Spondylus were also utilized by South American 

Pacific cultures since the third millenium BC until the 17th century (Lodeiros Seijo et al., 2018). 

This peculiar example illustrates how remarkably convergent were the aesthetic concerns of 

populations which never came into contact, on both sides of the Atlantic Ocean. At last, in 16th 

century Huatulco, Mexico, shell ornamentations, beadings, and decorations were even 

integrated into common architecture (González, 2002).  

 

1.2.2.4. Modern Era 

The prestige associated with shell ornaments persisted throughout the 17th century, as 

an intercontinental trade of shell products flourished. Nacreous shells were heavily (and often 

unsustainably) traded alongside gold and diamonds among wealthy societies (Buck & Hiroa, 

2003; Susanto, 2023). The development of the Dutch East and West India companies quickly 

established Amsterdam as Europe's primary market for nacreous shells, gathering traveling 

collectors from around the world. Nautilus shells are a prime example of such precious shell 

products, which propagation was facilitated by maritime trade: originating from the Indo-

Pacific region (in particular, Indonesia), they were highly prized for their rarity and exoticism 
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(Jalġovec, 2023). In Europe, they found their way into curiosity cabinets, where artisans 

decorated them through various techniques. These included engraving, painting, and carving 

intricate representations of flowers, mystical creatures, and scenes in relief on the shell surface. 

The vivid orange-striped periostracum (outer layer) was often incorporated into designs (wall 

papers, tapestries). A large majority of these nautilus shells were crafted into decorative 

containers with precious metal lids and holds (Fig. 1.1, A & B) (Susanto, 2023). The marine 

origins and intriguing shapes of these decorated shells sparked curiosity: often described as 

ñliminal objects at the intersection of art and natureò, they were inspirations in the quest for 

naturalistic knowledge. Initially appreciated predominantly for their aesthetic appeal, nautilus 

shells, and more generally molluscan shells soon became integral to scientific collections and 

the systematic study of nature (Jalġovec, 2023). 

In parallel to the development of these artistic objects which marked the belonging to a 

noble and wealthy class, the marquetry activity reached its peak between the 17 and the 19 

centuries. It consisted in inserting polished pieces of elephant ivory or of mollusk shell ï with 

geometric or more complex shapes - in furniture, mostly of precious exotic wood. This activity, 

performed in cabinetmaking workshop all over Europe, provided a wide range of furniture, such 

as dressers, desks, bedside or coffee tables, chests of drawers, sideboards, wardrobes, chests or 

large boxes. The shell raw material used for marquetry work originated preferentially from few 

types of nacreous shells, mostly imported from Asia or Oceania: first of all, the abalone 

gastropod Haliotis, highly recognizable by its inserts of greenish reflections, but also the pearl 

oyster Pinctada, which color varies from light grey to dark brown and, at last, the freshwater 

mussel Hyriopsis, which gave white to pinkish nacre inserts.   

 

1.2.2.5. Contemporary Era 

The symbolic significance of shells and shell products persisted throughout time and 

still serve as a connection of communities to cultural heritage and practices (González, 2002). 

A market for rather aesthetic oriented uses for shells or shell materials has developed from the 

eighteenth to the twenty-first century, in particular in Europe, Asia and North America. This 

industry consisted in four types of objects: full shells transformed or not, polished pieces of 

shells as incrustations in other materials (like wood or metal) to form bigger objects, shells 

glued together and finally, cut and polished pieces of shell to make buttons. In the first category, 

one finds all kinds of boxes, in particular, those made of mother-of-pearl: purses, pill boxes, 

snuff boxes (Fig. 1.1, C-G), rosary boxes or even nacreous fly boxes, very common in the 
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French noble female society of the 18th century. One has also to mention the specific use of flat 

rounded valves of the South-East Asian oyster Placuna placenta, the particularity of which is 

their transparency. These shells were and still are used for making composite boxes, coasters 

or even crystal-clear sound mobiles. This first category comprises also mother-of-pearl cutlery 

(mostly forks and spoons), extremely popular among the nobility, used more as decorative 

objects than as kitchen utensils.  

The second category encompasses all the marquetry work on furniture, as described in 

the previous paragraph, an activity that continued in the twentieth century. Beside marquetry, 

properly speaking, another curiosity, well diffused and popular during the 19th century, 

consisted in theater binoculars which body was made of nacre plates glued or inserted on a 

metal frame.  

The third category was represented by a wide range of objects, consisting of full shells 

glued together or glued with other metallic or wooden objects: ashtrays, lampshades, boxes. 

Enter this category souvenirs of coastal localities, such as boxes made of hundreds of tiny shells 

glued together, characters made of shells, miniature landscapes made of shell, country or 

marines scenes sculpted from shells, and so on.... Many of these objects, that are synonym of 

ókitschô, were extremely popular along the 20th century and, in a certain way, are still popular, 

but their wide distribution all over the world poses the problem of resource management.  

Finally, the nacre button industry was extremely flourishing all over Europe. In France, 

the village of Méru (Oise, 40 kms north of Paris) became, at the end of the ninetieth century, 

the world capital for mother-of-pearl buttons and probably the most important center of 

production of nacreous objects in Europe. The company counted up to 150 workers (ñles 

tabletiersò) in the early fifties. Today, the company comprises 35 employees and still produces 

nacreous buttons and other ornamental items like boxes and furniture with nacreous inlays.  

Here and there in touristic coastal places, shops selling exclusively shell souvenirs are 

legion (Fig. 1.1, C & D). However, the growing demand of shell goods in the tourism and 

souvenir industry raises concerns about overexploitation of protected species (Nijman, 2019). 

As a result, these mollusk shells are under sustained collection pressure, with harvesting of 

shells both washed up on shore and in the water, often involving poaching. Such practices 

dysregulate mollusk populations but also the broader beach ecosystems that rely on empty 

shells. 
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Figure 1.1: Collection of decorative objects made from mollusk shells. A: óThe Frewen Cupô by John Plummer of 

York, polished and engraved, depicting marine life and floral motifs and silver-gilt mounts, circa. 1650 (engraved) 

1658-1660 (mounts). On display in Victoria and Albert Museum, London, United-Kingdom; B: Naturalistic detail 

of the reverse side of the óFrewen Cupô; C: Souvenir tray from Portugal; D: Souvenir decoration depicting a coco 

nut on a pearl oyster shell, 20th century, Tahiti, France; E: box made of translucent Placuna sp. shell plates 

assembled together with brass rails, 20th century, France; F: Freshwater unionid mussel ladiesô purse with red 

velvet gussets, 20th century, UK; G: Snail snuffbox, 20th century, France (C-G: F. Marin personal collection; photos 

C-G by Jérôme Thomas, 2024). 

 

 

1.2.3. Derived Shell Products of Pearl Industry: Natural Pearls, Nuclei and Blisters 

In this review, it was not possible for us not to mention "pearls" as ornamental objects, 

although, sensu stricto, the vast majority of pearls currently on the market are not "pieces of 

shell" so to speak, but result from a unique biomineralization process, of physiological origin 

very different from that of the shell: they are cultured pearls, which are made from the grafting 

of a nucleus accompanied by a graft, in an organ - the gonad - which is not supposed to make 

shell. In addition, the pearl industry has taken on such economic importance in certain regions 

of the world (Cook Islands, French Polynesia, China, Japan) that it would deserve in itself an 

in-depth review and a particular development, which goes well beyond the scope of this review. 

However, it is necessary to mention 3 examples of pearl products where the shell is 

directly involved: the first example is that of fine pearls, also called natural pearls, which can 

be considered as a derivative of the shell, since they are considered as an accident of secretion 

of the mantle (Taylor & Strack, 2008). Fine pearls have a long history, dating back to 

Mesopotamia (Bismaya city), 4500 years BC (Strack, 2008). Fine pearls were continuously 

exploited during Antiquity, the Middle Ages, Modern Times, the classical period, until the very 

beginning of the 20th century before being supplanted by cultured pearls, the manufacturing 

process of which was developed by Kokichi Mikimoto, at the very end of the 19th century. 

Even today, although confidential, and involving ridiculously low tonnages, there is a market 

for fine pearls driven by collectors, a market totally independent of that of cultured pearls. 

The second product derived from the shell is precisely the nucleus of the cultured pearl: 

since the development of grafting technology, the nuclei used come traditionally from the 

Mississipian freshwater mussels of the Unionidae family (Amblema sp.). The shells of these 

mussels exhibit a very thick, white layer of nacre, whose mechanical properties (hardness, 

gravity, thermal conductivity) make them particularly suitable for the production of nuclei 

(Taylor & Strack, 2008). In addition, these nuclei can be pierced without bursting. In short, 

mussel shells are cut in cubes, which are consequently tumbled into a lapping machine to form 

spherical beads. A last surface etching step with hydrochloric acid allows obtaining a polished 
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finish (Taylor & Strack, 2008). Different companies commercialize perfectly spherical nuclei 

of all diameters (from 5 to 13 mm) that can be used by pearl farms in their grafting operations. 

For three decades, with the worrying decline in Mississippi mussel stocks, interesting 

alternatives have been found, such as the use of the Pinctada pearl oyster nacre for making 

nuclei, or the development of artificial nuclei made of calcium carbonate-based material 

(óBironiteô).  

The third product derived from the shell in the pearl industry is the blister, also called 

"mabé", a process commonly practiced by every pearl-producing country (Taylor & Strack, 

2008). It involves introducing and gluing between the mantle of a recipient pearl oyster and the 

internal surface of its shell a simple geometric shape in polymer (a half-drop for example) and 

waiting for the mineralizing activity of the mantle to cover this shape by successive nacre layers. 

The oyster is then sacrificed, the blister is sawed from the shell and can be then transformed 

into a pendant or earring. The mabé is a by-product of the pearl industry, certainly much less 

prestigious than the pearl, but which has the advantage of being less time consuming to produce 

(6 months are enough, instead of 18 for a pearl). It also allows to maximize the profitability of 

an "average" recipient oyster (which we know will not produce beautiful pearls), because 2 or 

3 mabés per valve can be obtained (i.e., 4 to 6 blisters per specimen). Mabés are relatively cheap 

but beautiful alternatives to pearls.  

 

1.2.4. Shells as Religious Symbols and Amulets 

Seashells are widely believed to have magical properties, ranging from protection to 

healing. They are often used to safeguard vulnerable members of societies and gifted as amulets 

to ward off potential health issues or curses, most notably the ñevil eyeò. Their intriguing shapes 

and shiny, iridescent features have captivated spiritual beliefs worldwide, linking them to 

natural elements and phenomena like water or the moon (Golani, 2014; Aksionov, 2022). Such 

connections are quite frequently observed in representations of deities constructed from 

molluscan shells, where the material is used either as the base element for sculptures or in 

decorative detailing (Buck & Hiroa, 2003). In this context, the calcified operculum of the Bolma 

rugosa (formerly Turbo rugosus) sea snail, known as the ñSaint Lucyôs eyeò, is considered both 

an amulet and a talisman in various coastal communities of the western Mediterranean, proving 

very popular in Corsican jewelry. Interestingly, similar mythologies surround the Asian Turbo 

snails' "Eye of Shiva" in Hindu culture. Cheaper and more abundant than Bolmaôs, they are 

often falsely advertised as such in European souvenirs shops and sustain the majority of global 
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trades (Cagniard et al., 2024). In addition to the aforementioned protective powers, highly-

valued shells were often placed in tombs to accompany the defunct and pay for their passage in 

the afterlife (Khamis, 2022). As a subgenre of New-Age lithotherapy, modern shamanism 

promotes wearing nacre beads and pearls for conception, healthy pregnancies, lactation and 

teething. The roots of these practices can be traced back to historical ethnomedical remedies 

involving crushed shells, which will be further elaborated upon in another section of this review 

(González & Vallejo, 2023). 

Another famous example of religious symbol in the Catholic church includes the scallop 

Pecten jacobeus (or maximus), the shell of which - when worn on clothes, bags, sticks or as 

pendants - was used by the pilgrims of Santiago de Compostela as a recognition sign between 

them and as a safe conduct that was supposed to protect them from banditry and allowed them 

to ask for alms, and ultimately, as a proof of the completion of the pilgrimage. This symbol was 

so powerful that during all the Middle-Age, scallop shells were consequently carved as 

ornament into countless religious buildings (churches, monasteries, abbeys) located on the 

pilgrimage route.  

In churches, fonts, during all the Middle-Age, consisted of cups made of stone. From 

the Renaissance times, with commercial exchanges with South-East Asia, stone fonts were 

currently replaced by the lower valves of the giant clam Tridacna gigas, the heaviest bivalve 

known to date. Examples of true Tridacna shells used as fonts can be seen in St-Sulpice church 

in Paris. The fonts of the St-Paul St-Louis church in Paris come from a Caribbean specimen 

offered by the well-known novelist Victor Hugo, in 1843.  

At last, in India and China, from the 13th century to recent, little Buddha figures were 

frequently inserted and glued inside the shells (between the shell and the mollusk mantle) of 

the freshwater mussels (Hyriopsis and Cristaria genera) or of the pearl oyster (Pinctada genus), 

in a similar manner to the production of ómab®sô (see section 1.2.3. Derived Shell Products of 

Pearl Industry). The ógrafted animalsô, so-to-speak, produced over weeks layers of nacre 

covering the Buddha figures. Animals were sacrificed and shells were then collected. These 

objects, named Buddhas blister pearls, were and still are used as amulets or talismans in the far 

east.  
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1.2.5. Musical Instruments and Signaling 

Large gastropods shells have been transformed to produce sound for millennia all over 

the world. Dating back to Paleolithic societies, they are considered the earliest wind 

instruments, and second oldest musical instruments after percussions (Montagu, 2018; Fritz et 

al., 2021). Through reproduction studies, archeologists aim to reconnect each instrument to 

their past uses and current equivalents, uncovering their frequency-altering properties. Indeed, 

the helicoidal inner structure of giant conchs opens up opportunities for sound bending, 

amplification and elongation. Early humans also used paint markings in conch lips and 

additional finger holes to modulate tones (Kolar et al., 2022). 

 

 

  

  
Figure 1.2: Conch shell trumpets. A: Musical trumpet, Papua New Guinea, 20th century. Displayed in the Royal 

Ontario Museum, Toronto, Canada (Daderot, 2011); B: Hora, Japanese battle horn, late 19th century, conch-shell, 

German silver, cotton mesh, copper, nickel, zinc and cord (Haa900, 2013); C: Ϯʻ ónagakô trumpet used during 

ceremonies, National Gugak Center, South Korea; D: Trumpet made of conch shell with copper, gilt copper alloy 

and semi-precious stones, metal pendant with dragon motif, used in the monastic orchestra, Tibet, 18th/19th 

century. Displayed at the British Museum, London, United-Kingdom (Andreas Praefcke, 2011). 
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While the simplest altered shells are often referred to as signaling horns for agriculture, 

long-distance communication, navigation, and war signals (Hiwasaki & Shaw, 2014), more 

intricately carved ones can be assimilated to oboes, flutes or trumpets and used for musical 

entertainment (Fig. 1.2, A) (Buck & Hiroa, 2003; Montagu, 2018). These shells have 

accompanied humans is various cultural aspects, with their craftmanship, decorations and 

ergonomic adaptations (such as coated mouthpieces and lanyard attachments) serving as 

testimonies to our evolution (Moyle, 1990). In this context, the Hora described by Fukui (1994) 

as a ñConch Trumpetò, is a notable example, having played a significant role in Japanese history 

and culture through its multiple purposes: military maneuvering, religious ceremonies, court 

ball music (Fig. 1.2, B). The musical use of molluscan shells is not limited to wind instruments; 

giant mollusks are still used for percussion and string instruments in various coastal or island 

cultures (Moyle, 1990; Buck & Hiroa, 2003). To conclude on this paragraph, let us point out 

that many string instruments, like guitars, lutes, violas, mandolins, harps, harpsichords and 

pianos, from the Baroque era to the present, feature decorative inlays in nacre, which contribute 

to make these instruments unique and precious. Today, several brands propose mid-range or 

high-end guitars (classic, folk or electric) with nacre incrustations in their neck and their body. 

Nacreous guitar picks are also commercialized to give a sharper sound.  

 

1.2.6. Shell Representations in Art 

Pictorial and sculptural representations of seashells are prevalent across successive art 

movements, embodying the magical powers and artifacts associated with founding myths, 

prophets and saints from various religions. The examples are abundant: let us simply consider 

the Birth of Venus, from Botticelli (1485), with Venus emerging from a valve of a giant scallop, 

a symbol of fertility, Oysters from Edouard Manet (1862) or Shell from Salvador Dali (1928). 

During the golden age of The Netherlands, ornate nautilus shells were meticulously depicted in 

hyper-realistic still-life paintings, such as that of Willem Claesz-Heda (1594-1680). Sculptures 

made of shells or sculptures representing a human figure associated to a shell are countless. The 

use of shells in art would require in itself a full development, far beyond this review: we have 

chosen indeed to focus on the direct, material uses of the molluscan shells and not their pictorial 

representation: their intangible symbolism and ensuing portrayals belong to a broad 

philosophical and art-history investigation.  
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1.2.7. Currencies and Wealth 

Molluscan shells served as currency and precious goods across diverse societies from 

prehistoric times to the 19th century, illustrating their long-standing economic significance 

(Fauvelle, 2024). Among these, cowries and Marginella shells were the most prevalent, as 

evidenced by the distribution of archaeological sites across Africa, the Pacific islands, and Asia 

(Iroko, 1990; Yang, 2011). Either fished or collected from coastal areas, their compact size, 

simple shapes, durability, and uniformity made them ideal for exchanges and easy to transport. 

Interestingly, metallic replicas of cowrie shells were also produced, in response to the need for 

currency regulation as economies expanded. This practice highlights the shellsô significance in 

economic systems and their suitability for standardization (Yang, 2021). In the same context of 

governance, specific regions favored different gastropod families with easily distinguishable 

traits and local availability. This is the case of nzimbu olive shells, used exclusively in the 

Kongo kingdom for centuries (Iroko, 1990). 

Currency has not always only existed as a collection of singular pieces to be counted. 

Many cultures developed other methods of registering value, often involving the stringing of 

shells together. Numerous societies utilized shell disks, pierced and mounted on threads, as a 

form of money. A prime example is the diwara money of Guinea, where the value of shell disk 

strings was determined by their length (Echterhölter, 2020). Another example is the tabu from 

New-Guinea, consisting of strings of Nassarius camelus perforated shells (Thomas, 2007). 

Similarly, tribes along the Pacific coast of North America exchanged Dentalium shells referred 

to as haik-wa. These elongated shells were also strung together, with their value indicated by 

both each individual shell length and the number that were sewn together (Einzig, 1949; A. M. 

González, 2002). This approach enabled the development of a nuanced system of valuation 

based on multiple interacting factors. Wampum represents another complex form of currency: 

this artifact of shell bead embroidery incorporated size, color, and symbolic patterns of the craft 

to denote value (Fig. 1.3, A & B). In addition to their monetary functions, wampum were used 

as diplomatic tools in treaty-making processes. This use persisted through the European 

colonization of North America while their exchange as proper currency declined. Today, the 

majority of their purpose reside as canvas in cultural transmission of techniques, traditions and 

stories (Einzig, 1949). A similar example is the tafuliae from the Solomon Islands, where beads 

carved of bivalve shells of different biological origins are woven according to geometrical 

patterns to form armbands or belts. This complex usage highlights the role of shell money as 

an integrative part of social and political life. 
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Figure 1.3: Shell money. A: Wampum cuff, shell, leather, sinew, Mohawk population, Canada, Great Lakes region, 

18th century. Exposed in Musée du Quai Branly, Paris, France (Anonymous, 2013); B: Wampum beads made by 

E. J. Perry (Wampanoag/Eastern Cherokee), the purple ones are quahog and the white ones, whelk (Mary Meredith, 

2009); C: Tabu shell money harvest. Nathaly, young Melanesian girl collecting Nassariidae snails in the slit of a 

muddy shoreline; D: Processing tabu shell money, hand-drilled shells with plyers onto a string of cane; E: Tabu 

shell money trading, Kokopo market; F: Purchase of óAgogoô tabu wheels by Japanese representatives as a 

diplomatic act of apology and reconciliation after World War II (C-F pictures by Claudio Sieber Photography, 

Papua New-Guinea, Shell Money Project 2018). 
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Shells were also as accounting to facilitate the exchange of goods, rather than proper 

currency (Iroko, 1990). As illustrated above with the complex wampum, their role extended 

beyond mere economic transactions: shells, just like gemstones, play a significant part in 

diplomatic relations. Yang (2021) provides a clear example of this, describing the resolution of 

a major diplomatic incident in 13th century Tai kingdoms with large bags of cowries as peace 

offerings. It is noteworthy to highlight that cowrie shells emerged as the first form of globally 

traded money. They were indeed the first goods to connect all continents, and as such, are often 

accredited for a part of the development of global commerce (Yang, 2021). However, it is 

crucial to acknowledge that as any form of money, shells were used in human exploitation: 

through its widespread use, the cowrie shell even facilitated slavery, supporting and further 

expanding the human trade.  

The decline in shell currencies coincides with the colonial era (Einzig, 1949; Iroko, 

1990). Over time, Europeans monetary systems gradually replaced the use of shells as money. 

This marked a shift in the dynamics of international trades and the end of the long-standing use 

of one of the world's oldest forms of currency. However, unexpectedly, one notes a persistence 

of the use ï until now - of tabu in New-Guinea, among the Tolai tribe, in parallel to the standard 

metallic currency. This double system led to the creation of the first shell currency exchange 

office, few years ago (Fig. 1.3, C-F) (Thomas, 2007).    

 

1.2.8. Practical Applications, Past and Present 

1.2.8.1. Daily Tools 

Shells are particularly suited for use as practical tools thanks to their robustness, 

durability and shape diversity. Greek archaeological sites dating from the Paleolithic period 

reveal that smooth venus and clam shells were regularly repurposed after consumption as 

scrapers and cutting tools for food preparation, leather tanning and woodworking (Darlas, 2007; 

Colonese et al., 2011). In Hawaii, shells were similarly repurposed for food and herbaceous 

fiber preparation (Buck & Hiroa, 2003). In Nigeria, shells have been a part of traditional 

practices for generations and are still utilized nowadays as cutting objects and containers 

(Kehinde O. et al., 2015). Some of the exploited mollusks, especially large gastropods, were 

collected post-mortem, suggesting deliberate gathering for tool production. This practice is 

exemplified by the significant number of whelk shells excavated by Pearson and Cook (2008) 

on Ossabaw Island, Georgia. Their substantial size, toughness, smooth interior surface and large 

distribution made them the base material for crafting everyday items in Mississippian 14th 
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century, including combs, cutters, scrappers, containers, and sewing tools. Not all objects were 

task-specific: some exhibit traces of wear and rework indicating reuse, repairing and 

repurposing as early as the Neolithic era in Arabia (Lidour & Cuenca Solana, 2023). Some 

shells were specifically retouched for crafting, decorating, and engraving purposes, indicating 

a certain mastering of specialized tool-making and understanding of materials relative 

toughness (Darlas, 2007; Colonese et al., 2011).  

 

1.2.8.2. Shells as Molds 

Among the very peculiar practical uses of shells, let us cite the case of the Mediterranean 

fan mussel Pinna nobilis: during the Iron Age, the South-Eastern Iberia (Siera of Carthagene) 

was already known as a mining area for the extraction of lead (in the form of galena, i.e., lead 

sulfide). Lead was melted and poured into molds made of shells of adult specimens of the 

Mediterranean fan mussel Pinna nobilis, the giant nacre (Gosner, 2022). These lead ingots had 

a fan shape, with one flat surface, suggesting that each mold was constituted of one valve used 

horizontally during the pouring process (Fig. 1.4, A). The ingots were then transported by boat 

along the coasts of France and Italy for trading. Their existence was revealed by an underwater 

archeological search in a sunken boat by the Island of Cabrera, in the South of Majorca, in the 

early sixties. Some of these ingots (IVth-III rd century BC) are preserved in the Museum of 

Biterrois, Béziers, France.  

Interestingly, a similar function (use as cast) was attributed to cuttlebones from Sepia 

officinalis (Ossasepia casting technique) along Normandy coasts (Fig. 1.4, B), during the whole 

Bronze age (M. Gabillot, personal communication), in the region of Bopfingen, Germany 

during the early Medieval period marked by Allamani predominance (Blumer & Knaut, 1991), 

and in several other regions. In Central Asia, this technique was used from the IVth century BC 

to the IVth century AD for creating jewelry, particularly rings, as evidenced by findings in Oxus 

(Tajikistan) and Tillya-tepe (Afghanistan) (Neva, 2008). The casting process involved cutting 

the cuttlebone lengthwise, carving calcium carbonate or pressing the object model into it, and 

finally pouring the hot metal into the mold. As they are mainly made out of porous calcium 

carbonate and chitin, cuttlebone molds are disposable and burn out after a single use.  This 

technique has been revived today by goldsmith jewelers for casting gold and silver, both for its 

unique surface patterns and its cost-effective advantage, producing a silver casting in half an 

hour (Held, 2019).  
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Figure 1.4: Shell molds. A: lead ingot from IV-III century BC (Cabrera Island, Spain), cast from a single shell 

valve of an adult specimen of Pinna nobilis (Musée des Beaux Arts de Béziers, Roxelane Cicekli); B: Ossasepia 

cast with a brooch. Facsimile of a Middle Bronze Age item (around 1500 BC) found in Normandy (collection 

ArTeHiS, Mareva Gabillot). 
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1.2.8.3. Artistic Tools and Pigments 

During the Neolithic period (around 9000 years ago) in southern Anatolian Plateau site 

of Çatalhöyük, freshwater mussels served as palettes containers to hold and mix pigments for 

cave paintings (Tsoraki et al., 2020). Ceramics productions also benefited from mollusk shells 

repurposing. This is the case for the crushed murex shells resulting from dye extraction in 

ancient Mediterranean workshops: the fragments were burned and mixed into clay as temper to 

enhance the durability of ceramics and improving their resistance to temperature fluctuations 

and impacts (Carannante, 2014).  

The vibrant colors and shiny surfaces of mollusk shells have been employed in various 

cultural practices across the globe. In Hawaiian, Micronesian, and Polynesian cultures, smooth, 

glossy cowries known as leho were used to polish pele cloths, giving them a shiny finish (Buck 

& Hiroa, 2003). In Papua New Guinea, a tradition developed of crushing and burning molluscan 

shells to produce white pigment, essentially creating a form of quicklime (Hill, 2001). 

Similarly, in Nigeria, crushed shell powder is still used as chalk for writing on boards and as 

face paint for tribal marks (Kehinde et al., 2015). The use of mollusks for dye production 

primarily involved the soft tissues, particularly the hypobranchial glands, rather than the shells 

themselves. The shells were often by-products of these processes, though they found various 

secondary uses in many cultures (Alberti, 2008). 

 

1.2.8.4. Shells in Architecture and Construction 

The discovery of shell fragments as integrate parts of architecture and constructions 

demonstrates the intentional repurposing of shell by-products by ancient societies, with 

comparable applications across the world. During the Bronze Age, crushed murex shells were 

often recycled into lime plaster after dye extraction around Aegean purple industries (Brysbaert, 

2007; Berger et al., 2024). Alberti (2008) and Carannante (2014) note that these crushed shells 

were either used as-is for filling or calcined in mixtures for construction.  

Along the coasts of Brazil, large accumulation of shells, referred to as shell mounds or, 

more simply sambaquis, were built by pre-Columbian tribes, between 8000 and 600 years ago 

(Okumura & Eggers, 2005; Wagner et al., 2011). Primarily described by the Jesuit Fernão 

Cardim in 1584, sambaquis consisted in large platforms of shells (comprising also other organic 

remains), of few to several meters high, on which tribes were living. Some of them were also 

used for sanctuary for dead people.  
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In addition to maximizing the utility of shell by-products, their reuse as construction 

materials strengthened the structural integrity of buildings. This is typically the case in pre-

Hispanic Mexico, where Pankonien (2008) reports that shells were purposely piled and used in 

foundations to stabilize high building structures like coastal watchtowers and improve their 

reflectivity at night. Another frequent application of shells then was the production of shells-

and-sand stuccos to isolate walls across cities. Nowadays, excess shells from capture and 

aquaculture are similarly utilized for solidifying constructions. For instance, crushed scallop 

shells are used as aggregates to secure paths in Scottish islands, while whole oyster shells are 

regularly observed in house structures in Florida (USA), China and Spain (Morris et al., 2019). 

Simpler applications like piles of whole or crushed shells or shells and sand mixtures are 

frequent in embankments and dikes, improving the solidity and protection power of coastal 

structures compared to standard concrete. Furthermore, returning shells to marine environments 

in coastal structures provides additional ecosystem services as substrates to local wild 

populations and carbon sequestration (Morris et al., 2019; P. Chen et al., 2022). 

 

1.2.8.5. Shells in Agriculture: Soil Improvers and Food Complement for Poultry 

Fragments of oyster shells or crushed shells are still currently used for soil amendment. 

This practice is ancestral, i.e., has been known for centuries, in particular, for improving the 

quality of poor acidic soils like the ones that develop on granitic substratum (in French 

Brittany). Such soils require pH increase. The role of calcium carbonate of the oyster shell 

powder is to buffer the acidic conditions and alkalinize the soil (Lee et al., 2008). Soil 

amendment by shell powder has other beneficial effects, as it brings micro-nutrients, contributes 

to fix pollutants (heavy metals such as cadmium and lead and poisons as arsenic), modifies the 

bacterial composition of the soil and, generally, improves its overall quality (Zheng et al., 

2023). Although edible oysters represent the main source of soil amendment, mussel shells give 

similar positive results (Álvarez et al., 2012). Today, there is an active research in this domain 

of agronomy.   

A second utilization of shells in agriculture consist in feeding poultry with food 

complemented with shell granulates or oyster-shell grit (Henuk & Dingle, 2002; Morris et al., 

2019). This traditional practice aiming at increasing the calcium source for improving the 

quality of eggs and the bone health of poultry is recognized as a good and cheap alternative to 

sophisticated complements. It is largely encouraged in developing countries. Many food 

complements for poultry based on shell granulates are nowadays available on the net.  
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1.2.8.6. Other Practical Uses 

Shells played a crucial role in the development of fishing and hunting gear. In 16th 

century Huatulco, Mexico, shells were crafted into fishing hooks and harpoons heads (A. M. 

González, 2002). Polynesian and Micronesian communities also assembled and carved shells 

to create makau hooks and fishing lures. They developed sophisticated octopi baits and hook 

shapes to minimize fish escape that are now deeply intertwined to cultural and spiritual 

heritages (Fig. 1.5) (Buck & Hiroa, 2003, Thomas, 2007). In Florida and Puerto Rico, pierced 

shells of the bivalves Codakia orbicularis and Lucina pectinata identified in archeological sites 

were used as weights of fishing nets, in pre-Columbian times (Keegan et al., 2009). These 

examples highlight the importance of shells in subsistence activities across different societies. 

 

 

  

  
Figure 1.5: Fishing gears made of mollusk shells and shell products. A: Tahitian lure for octopus hunting, cowries, 

sticks, plant fibre, mother-of-pearl, l. 44 cm, Tahiti and the Society Islands, Hanover 1854, exposed in the National 

Museum of Australia, Canberra, Australia; B: Tahitian lure for octopus hunting, cowries, sticks, plant fibre, 

mother-of-pearl, l. 33 cm, 6.5 cm (fish-hook), Tahiti and the Society Islands, Inv. Oz 391, exposed in the National 

Museum of Australia, Canberra, Australia. C: Mother of pearl fish hook. Collected from the Society Islands during 

Cook's voyages to the Pacific, 1768-1780. Exposed at the Australian Museum, Darlinghurst, Australia (AM, 

Photography Dept - Paul Ovenden, 2009); D: Bone fish hook backed by mother of pearl and with a barbed tortoise 

shell hook bound by fibre. Probably collected from Tonga during Cook's second and third voyages to the Pacific 

1773-1780. Exposed at the Australian Museum, Darlinghurst, Australia (AM, Photography Dept - Paul Ovenden, 

2009). 
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Early productions of shell tools are crucial in understanding human cognitive and 

cultural development, also providing information about population movements and connections 

(Lidour & Cuenca Solana, 2023). Indeed, some species were found in places and communities 

outside their range of distribution, or where specific crafting techniques were not mastered yet. 

In her book documenting economic and cultural structuration of modern Mexican society, 

González (2002) describes the market of processed molluscan shells spreading across regions. 

Households were respectfully specialized in collecting, cleaning, crafting, packaging and 

distributing the shells. Uncovered far from the sea and in mountains, they highlight the trades 

with inland communities, particularly Pueblo and Teotihuacan. These exchanges, combined 

with the previously discussed roles as currency, demonstrate the impact that molluscan shells 

had on societies by structuring the economy.  

 

1.2.9. Traditional Medicinal and Pharmaceutical Uses 

Medicinal and pharmaceutical uses of molluscan shells have been documented in 

traditional ethnomedicines worldwide, demonstrating their versatility in both historical and 

modern medical practices across different therapeutic areas. The influence of spiritual beliefs 

on the popularity of molluscan derived materials in medicine is non-negligible, but the long-

term existence and documented empirical observations suggests that some remedies may be 

actually effective.  

Calcium carbonate itself, as the predominant component of molluscan shells, plays a 

significant part in the effects of these treatments. Its documented bioactivity corroborates the 

healing preparations and recommendations in various cultures. In medieval Jewish 

communities of Cairo, crushed pearl powder was sold as a cardiac tonic to cure palpitations 

(Lev, 2007; Lev & Amar, 2008). In Nigeria, shell-derived materials were incorporated into 

healing concoctions and measles treatments (Kehinde et al., 2015). Cowrie shells (Cypraea 

moneta) have found numerous applications in Seddha and Ayurvedic medicine, including 

calcium supplementation for both humans and animals (Immanuel et al., 2012; Krishna & 

Singh, 2012). The pH buffering properties of calcium carbonate have been exploited in antacid 

formulations. Cuttlebone preparations, for instance, exhibit high antacid capacity, offering a 

natural alternative for treating conditions like heartburn, dyspepsia (Immanuel et al., 2012; 

Ansari, 2019; J. A. González & Vallejo, 2023). The absorbent nature of shell-derived powders 

has also been utilized in anti-diarrheal treatments. Today, sachets of finely ground nacre powder 

are commercialized in the modern Chinese pharmacopoeia. The abrasiveness of shell pastes 
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makes them particularly effective for scrubbing in exfoliation, depilation and dental hygiene: 

ashes of burned shells from mussels and oysters were used in the Greek world and early 

Byzantium for oral care (Voultsiadou, 2010). In contemporary Spanish ethnomedicine, dried 

powdered cuttlebone is still used for this purpose (González et al., 2016). 

Beyond the bioactivity strictly attributed to calcium carbonate, shell remedies seem to 

display properties that could be attributed to its other component, the organic matrix. Nacre, for 

instance, has been shown to improve collagen production by stimulating fibroblast activity and 

proliferation (Almeida et al., 2000). This property has led to various dermatological 

applications, from cosmetic products to more sophisticated drugs treating skin conditions. In 

coastal areas of Spain, shell preparations dissolved in lemon juice or vinegar are used to reduce 

sunspots, acne, and freckles (González & Vallejo, 2023). Terrestrial snail shells and ashes of 

burned Muricidae shells were used for skin diseases in medieval Eastern Mediterranean and 

ancient Greco-Roman communities (Lev & Amar, 2008; Ahmad et al., 2018). Cuttlebone and 

nacre powder extracts have demonstrated wound healing properties by promoting cell 

proliferation and stimulating fibroblasts (González & Vallejo, 2023). In digestive health, snail 

shells and ashes of burned Muricidae shells were used to heal stomach wounds or as purgatives 

in medieval Eastern Mediterranean and ancient Greco-Roman communities (Lev & Amar, 

2008; Ahmad et al., 2018). However, in traditional Unani medicine, some shell preparations 

were considered hard on the stomach and counter-indicated in respiratory diseases (Ansari, 

2019), while they were rather indicated for kidney functions acting as diuretics and aids in 

kidney stone removal. 

One of the most fascinating examples of the use of shell are Maya dental implants, 

studied by Bobbio (1972). In the lower mandible of an individual who lived between the 7th and 

8th century AD, three nacre implants, cut into tooth shape, were identified in replacement of 

three missing incisors. Surprisingly, these implants were not inserted post-mortem but during 

life: they represent the most ancient evidence of alloplastic implants performed on humans so 

far. Strikingly, these implants were fully tolerated by the body and perfectly osteo-integrated, 

without any trace of rejection or infection (Fig. 1.6). This suggests that the nacre matrix may 

contain bioactive factors, such as BMPs (Bone Morphogenetic Proteins) or other factors that 

contribute to activate human osteoblasts to produce bone tissues to fix the dental implants 

(Westbroek & Marin, 1998). It is also possible that potential antimicrobial factors contained in 

nacre implants precluded the infection of the lower jaw.   
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Figure 1.6: Mayan seashell implanted false teeth, Peabody Museum of Archaeology and Ethnology, Harvard 

University, Cambridge, USA (E. Marin, 2023). 

 

Gynecological applications of shell-derived materials include using ground cuttlebone 

as a suppository or pad to stop bleeding during pregnancy in ancient Greece and early Byzantine 

civilizations (Voultsiadou, 2010). Marine gastropod opercula were prescribed in medieval 

Cairo Jewish communities to regulate menstrual cycles and treat uterine diseases (Lev & Amar, 

2008). 

Interestingly, nacre powder and its water-soluble components have shown 

anticonvulsant and sedative-hypnotic activities, suggesting potential applications in 

neurological treatments. In ophthalmology, pulverized ashes of Mytilus galloprovincialis (the 

edible mussel) and cuttlebone shells have been used to treat eye infections and dryness in both 

veterinary and human medicine (Voultsiadou, 2010; González et al., 2016). 

The immune-modulating properties of shell materials have also been explored. Burned 

shells of Muricidae and Ranellidae were used in ancient Greco-Roman and early Byzantine 

communities for their anti-inflammatory and immune-enhancing effects (Voultsiadou, 2010; 

Ahmad et al., 2018). These preparations were also used to treat arthritis (Lev & Amar, 2008). 

Similarly, powdered cuttlebones and bivalve shells have been traditionally used as an anti-gout 

treatments and alexipharmics in the Hispanic peninsula (J. A. González & Vallejo, 2023).  

While many of the aforementioned cosmetological, medical and veterinary applications 

seem plausible or are supported by scientific or medical consensus, others are based solely on 

potentially biased empirical observations and spiritual beliefs. Further clinical studies are 

necessary to validate these claims and elucidate the underlying mechanisms of action 

(Benkendorff et al., 2015; Summer et al., 2020). Such research could uncover new therapeutic 

applications for shell-derived materials and contribute to the development of novel 

pharmaceutical products. 



CHAPTER I ï INTRODUCTION 

49 

1.2.10. Recent and Future Applications: Biotechnology, Engineering and Others 

1.2.10.1. Smart Construction Materials 

One of the main branches of emerging mollusk shell recycling today is the production 

of ñsmartò concrete, in continuity with the repurposing practices in (pre)History. When used as 

cementitious binder, powdered shells enhance concrete properties in drainage, elasticity and 

resistance to high-pressure and heat chocs (Bamigboye et al., 2021; P. Chen et al., 2022; Shetty 

et al., 2023). The variety of applications (high seismic risk localities, urbanization in extreme-

heat environments, increase of extreme climatic events like cyclones, high flooding risk roads) 

for these concretes requires a high specialization of processing protocols to determine the 

adapted thermal preparation, sieving, and mixing proportions. With proper treatment, these 

concretes can surpass the performance of traditional concrete (Mo et al., 2018; Y. Zhang et al., 

2020; Ahmed et al., 2024). Another advantage of using mollusk shell waste in construction is 

that it acts as an alternative binder to sand: it reduces the reliance of concrete industries on 

natural sand, thus decreasing anthropogenic pressure on coastal regions (Mo et al., 2018; Shetty 

et al., 2023). 

These mixes have also demonstrated better thermal insulation by limiting heat leakage 

(P. Zhang et al., 2019; Supar et al., 2021). Recently, painting companies like Cool Roof France 

released paints containing oyster shell powder, with the goal to increase the albedo - the 

reflective power - of building roofs, thereby reducing the need for air cooling systems. Further 

research and development are required to set-up sustainable maintenance of these innovative 

paints (Agence Qualité Construction, 2024). 

Seashell fragments can also be found in interior design applications for soundproofing. 

As key elements of composite panels, their microstructures and layers function as diffuser-

absorbers for acoustic dissipation. They are used to soundproof workspaces and musical 

theaters, with the potential to broader applications in urban design, such as reducing sound 

pollution around transportation and industrial infrastructures (Setyowati et al., 2019).  

 

1.2.10.2. Depollution 

Mollusk shells powders, particularly those rich in calcite and aragonite, are capable of 

absorbing several polluting substances, such as heavy metals, oils or excessive nutrients. For 

instance, calcitic oyster pastes are very efficient in lead retention, while aragonitic clams show 

better capacities with cadmium. One explanation of their efficiency in binding heavy metal 

cations is the presence of negatively charged macromolecules contained in the shell matrix. 
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These macromolecules, while bound to the mineral grains, are able to actively sequester cations 

in standard pH conditions. Consequently, shell supplemented amendments are developed to 

reduce potential soil contaminations in agricultural settings (Zeng et al., 2022). These properties 

are also applicable to liquid environments, notably for water depollution, as powder treatments, 

innovative polymers or sponge-like textures that trap, kill or flocculate harmful substances 

(Tudor et al., 2006; Weerasooriyagedra & Kumar, 2018; Triunfo et al., 2022; Basile et al., 

2024). Additionally, when crushed at varying grain sizes, mollusk shells make good filtration 

mediums for powerful biofilters that are easy to implement on a large scale while not requiring 

high-energy processing (Morris et al., 2019; Summa et al., 2022). 

 

1.2.10.3. Biotechnological Research and Production of Bioactive Compounds 

Following the leads of ethnomedicine and empirical observations of biochemical 

properties of shell products, a significant attention has been put towards biotechnological 

research and extraction of bioactive compounds from mollusk shells. This research often 

incorporates biomimetic approaches, drawing inspiration from the properties of natural 

structures like byssal threads and adhesive plaques, while also exploring the bioactive organic 

matrix of the shells (Venier et al., 2019). A growing push for an integrated, large-scale approach 

to reuse hand revalorize these abundant by-products has emerged, with both industrial and 

academic researchers exploring several methods of bioconversion (Morris et al., 2019; Naik & 

Hayes, 2019). Such attempts are mainly made in two fields of applications: biotechnological 

development and biomedical innovation.  

Although not as effective as eggshells, snail shells can be used as catalysts for biodiesel 

production (Viriya-empikul et al., 2010). The development of advanced functional biomaterials 

is a strong lead among biotechnological applications. Mollusk derived calcium carbonates can 

sustain good covalent functionalization, granting them tailoring properties for a broad range of 

specific uses, such as detection systems, catalysis, electrical conduction or even in biomedicine 

as localized drug delivery systems (Magnabosco et al., 2021; Triunfo et al., 2022).  

Expanding on biomedical applications, recent studies on shell powders demonstrate the 

participation of some microstructures ï namely, mother-of-pearl - in bone mineralization 

improvement by stimulating osteoblast activity (Flausse et al., 2013; Brion et al., 2015; Nahle 

et al., 2024). This remarkable property was observed for the first time more than thirty-three 

years ago, first in vitro (Silve et al., 1992) and later, in vivo (Atlan et al., 1997). The 

osteoinductive and osteogenic effect of nacre was explained by the presence, in the nacre 
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matrix, of signaling molecules ï such as BMPs (Bone Morphogenetic Proteins) but not 

exclusively ï involved in the transduction pathway for activating osteoblasts, i.e., bone-forming 

cells, in the synthesis of bone collagen and of the complete cortege of proteins required for bone 

mineral deposition. Interestingly, from an evolutionary viewpoint, the effect of nacre matrix on 

bone cells strongly suggests that the signaling pathway for mineralizing either calcium 

phosphate (vertebrate bone) or calcium carbonate (mollusk shell) is common to both phyla. Let 

us remind that mollusks and vertebrates lineages diverged somewhere in the Proterozoic times, 

more than 600 million years ago (Westbroek & Marin, 1998). The pioneering works on nacre 

effects on bone mineralization were followed by a large number of in vivo and in vitro studies 

summarized in (Zhang et al., 2017). Interestingly, the nacre matrix, in particular its lipidic 

fraction, was also found to exert a beneficial and restorative effect on the skin (Rousseau et al., 

2006).  

Other shell innovations fit in the frame of human biomineralization research: the shells 

of multiple mollusks (marine and terrestrial) have been successfully used to synthetize 

hydroxyapatite and other natural bioceramics, which can be then utilized as highly 

biocompatible osteoinductive grafts (Kel et al., 2012; Fernández-Penas et al., 2023). Likewise, 

the properties of the calcifying organic matrix are gradually being uncovered and assessed, 

revealing fibroblast stimulation and anti-inflammatory effects (Almeida et al., 2000; Immanuel 

et al., 2012; Z.-C. Chen et al., 2016). These recent advances come as preliminary validations 

of some ethnomedicine applications described earlier in this review: some mollusk shells can 

indeed promote wound healing and modulate immune responses in humans. 

At last, we should mention that shells, whatever their geographical or taxonomical 

origins, are likely to contain bacteria-killing substances. Our recent findings (Lutet-Toti et al., 

2024; Lutet-Toti et al., 2025, submitted to STOTEN) suggest indeed that different cocktails of 

antimicrobial peptides and proteins (AMPPs) are present in the mineralizing matrix of the shell 

of different bivalves of economic interest. This discovery can find applications in the fields of 

aquaculture and health. 

 

1.2.11. Conclusion 

In this short review, we have tried to cover as best as possible the multiple uses of shells 

through time and space. Although some of these repurposing practices are ancient or traditional, 

they reveal remarkable but unsuspected properties of shells: let us simply think of the 

astonishing example of Maya dental implants made of mollusk nacre. Today, in 2024, we still 
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do not know what made this operation, performed 12 or 13 centuries ago, so successful. A part 

of the secret lies probably in the organic components of the nacre matrix. Such an example 

should encourage us to consider shells as huge and unexplored reservoirs of bioactive 

components and to revisit their repurposing for applications of high added value. 
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1.3. Molluscan Aquaculture: Production Trends, Challenges and Future 

Developments 

1.3.1. Development of Aquaculture and (pre)Historical Trends 

The consumption of shellfish meat by humans is thought to have started during the lower 

Paleolithic. The oldest archaeological site that exhibits consumed shell remains is that of 

Pinnacle Point site (cave PP13B), located on the Southern coast of South Africa, dated to 

164,000 years (Marean, 2010). The menu was then constituted mostly of brown mussels. The 

next earliest archaeological site containing consumed seashells was found on the coast of Red 

Sea in Eritrea and is dated to 125,000 years ago. Neandertals, about 110,000 years ago, were 

cooking shellfish in caves in coastal Italy. As often, the consumption of sea shells was probably 

a fortuitous but opportunistic discovery, which brought a supplementary source of proteins 

(Colonese et al., 2011). This became then a common practice, which meant an adaptation to 

coastal environments and a likely change in daily activities, with an increase of the shell 

gathering activity. This augmentation can be attested by the regular and global observation of 

shell mounts, concheiros, or ñmiddensò: quite common in coastal regions, they consist of large 

deposits of shells emptied after meat consumption, whether marine of freshwater (Bailey, 1975; 

Rabett et al., 2011; Wijsman et al., 2019; Rick, 2024). The stratification of shell middens and 

the dating of layers show that this consumption was neither likely intensive nor exclusive in 

most sites, but rather persistent through long periods of time. The durability of seashells 

compared to other food waste, also tends to an over-estimation of their representation in the 

archaeological record. This potential bias must be taken into consideration when researching 

the composition of past diets and evolution of food related behaviors and subsistence strategies 

(Hausmann et al., 2019). 

During the transition from the Paleolithic to the Neolithic period, the harvesting of 

mollusks evolved alongside the development of agriculture. Initially, foraged mollusks served 

as temporary food substitutes during times of scarcity (Colonese et al., 2011). However, 

through sedentarization, mollusks became a consistent part of the diet: for instance, gastropod 

harvesting persisted in northeastern Moroccan communities while cultivated crops provided 

stable food stocks (Hutterer et al., 2014; Yanes et al., 2018). The collection of mollusks was 

species selective, all year-round, with seasonal variation of volumes, over centuries. In some of 

these communities, terrestrial snails were gathered and even kept alive before planned 

consumption, while systematic perforations suggest active processing for food (Hutterer et al., 

2014). These early domestication practices imply long-term resources management skills and 
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an understanding of molluscan life cycles, marking the switch from plain harvesting to nascent 

forms of (aqua)culture (Yanes et al., 2018).  

The purple dye industry in the Mediterranean region, which flourished from the Late 

Bronze Age through the Byzantine period, represents one of the earliest large-scale 

exploitations of mollusks for their derived products (here, dye). The first non-domestic, large-

scale workshops emerged in Minoan Crete, eventually spreading along the entire Mediterranean 

coast. This industry primarily utilized Muricidae gastropods for producing dyes used in 

ceramics, textiles, and wall paintings (Carannante, 2014; Iacovou & Mylona, 2019; Berger et 

al., 2024). The process involved collecting live animals using baited baskets and exclusively 

using them for dye production, with no alimentary use. Multiple species of Muricidae were 

employed, each producing varying shades of purple. The extraction process involved 

deliberately crushing the shell to access the hypobranchial gland (Alberti, 2008), resulting in 

the animal's death, with the shells becoming significant by-products of the industry. The dye 

production was labor-intensive, requiring large quantities of animals to extract sufficient 

amounts of ink. Some of these purple dyes were reserved for royalty, palaces, and priests, 

indicating their high value and the industrialized nature of their production (Iacovou & Mylona, 

2019; Berger et al., 2024). In Huatulco, Mexico, a more sustainable approach to dye extraction 

developed, particularly with the caracol púrpura (Pankonien, 2008): initiated around 500 BCE, 

the production of purple tixinda is a women-led artisanship that continues to thrive today. They 

invented specific methods for hand-shellfishing in intertidal zones and for low-impact, non-

lethal dye extraction, allowing long-term management of the gastropods. Additionally, 

harvesting sites were - and are still ï periodically selected, preventing overexploitation and 

ensuring sufficient time for gastropods to produce enough ink. By allowing the resource 

populations to remain viable and stable to this day, the dye exploitation of caracol púrpura can 

be regarded as sustainable aquaculture. Adaptive harvesting strategies were not limited to dye 

extraction, but were also applied to mollusks consumed for food: for example, Mississippian 

cultures developed extensive knowledge on mollusks biology and behavior, adapting their 

methods to nocturnal harvesting and even following migrations (Pearson & Cook, 2008).  

The beginning of proper molluscan aquaculture can be dated back to ancient Rome 

(around 200 BCE), when the reproductive selection and rearing of flat oysters spread through 

Italian coasts. Mussel culture developed strongly in France 13th century with the introduction 

of bouchots which are artificial subtracts made of ropes and put in the intertidal zones to 
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increase and localize juvenile recruitment. By the 19th century, France was already yearly 

producing 20 000 tons of flat oysters (Wijsman et al., 2019).  

1.3.2. Contemporary Production Trends 

1.3.2.1. Shell Products and Pearls 

As illustrated in the first half of this introductive chapter (Lutet-toti et al., 2025, 

submitted to Journal of Ethnobiology), molluscan shells are vastly exploited for their 

ornamental qualities. With over 2700 tons produced in 2022, pearl culture and shell goods 

production are significant sectors of the broader mollusk aquaculture industry (Martinez et al., 

2018; Smaal et al., 2018). Various mollusks, including some oysters, scallops, some freshwater 

mussels and gastropods like abalones and conchs, produce pearls as a defense mechanism. 

Indeed, the secretion of a pearl is triggered when foreign objects enter the extra-pallial space, 

potentially harming the soft-tissues or transmitting pathogens. Concentric layers of minerals 

eventually encapsulate the intruding object, forming a smooth pearl, i.e., a natural pearl, over 

time (Shen et al., 2020). These natural pearls are only exceptionally ónacreousô, i.e, made of 

mother-of-pearl. For example, the queen conch shells (Lobatus (ex-Strombus) gigas) produces 

natural pink pearls made of aragonite, but with a fully crossed-lamellar microstructure. Other 

natural pearls can be prismatic calcitic, like the very rare brown-to-red pearls of the 

Mediterranean fan mussel, Pinna nobilis.  

As truly nacreous pearls were recognized to be the most beautiful, the most valuable 

and stable in time, considerable efforts were made to produce them at large scale, in particular 

in Japan, at the end of the 19th / beginning of the 20th century. Naigai (2013) reports the 

development of pearl culture in Japan in this period during which numerous attempts were made 

to develop a reproductible protocol to induce pearl formation in the Akoya oyster, Pinctada 

fucata. Several methods were successively developed, including the ñMeiji methodò, and the 

ñwrapping methodò and the ñpiece methodò, aimed at enhancing the productivity, quality of 

pearls and survival rates of the mollusks. Since these early developments, the pearl industry has 

grown into a global enterprise spanning over 30 countries and the process of pearl formation 

has been standardized: pearl oysters are grafted with a spherical nucleus and a minute piece of 

mantle tissue of a donor oyster, the ógraftô; the grafting process is a quasi-surgical operation, 

performed in the gonad; after 18 months (in French Polynesia), a single pearl ï protected inside 

the pearl sack that emanates from the development of the graft - can be collected. Then, a second 

nucleus can be inserted into the pearl sack, for generating a second pearl 18 months later. China 

has emerged as the worldôs largest producer, with an annual production of 3 540 tons, 
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representing 98% of the global output. However, it is worth noticing that more than 99% of this 

Chinese production consists of pearls of the freshwater triangle shell mussel, Sinohyriopsis (ex-

Hyriopsis) cumingii. In the marine pearls sector, Japan leads with an annual production of 23 

tons, followed by China with 18 tons and French Polynesia with 12,9 tons, which is exclusively 

exploiting Pinctada margaritifera oysters (Zhu et al., 2019). Other relatively important players 

in the production of marine pearls are Australia, Indonesia, Philippines, Myanmar, Papua New 

Guinea, India, Cook Islands, Mexico. While pearls represent the flagship product of pearl 

industry, a derived product ï of lesser value ï consist in inserting and glueing an object between 

the inner surface of the pearl oyster and the mantle tissue. This object, usually a semi-sphere, 

or a semi drop, is progressively covered by nacre deposits. After six months in the lagoon, the 

oyster is collected and the óblister pearlô, also called ómab®ô or ósemi-pearlô is cut from the shell 

and can be commercialized. One oyster can produce at the same time 4 to 8 mabés (2 to 4 per 

valve). Usually, mabé-producing oysters are specimens of lesser quality for grafting, or old 

specimens that have already been grafted once or twice. Contrarily to pearls, mabés are truly 

shell products. 

It is important to note that pearl culture and shell product industries, while significant 

aspects of molluscan aquaculture, primarily focus on commercializing their biomineralized 

products rather than discarding them. Consequently, this review will not delve further into these 

topics, as it is primarily centered on the by-product shells derived from molluscan exploitation 

for food consumption.  

 

1.3.2.2. Shellfish and Aquaculture of Edible Mollusks 

In the 1990s, fisheries and aquaculture accounted for approximately 80% and 20% of 

global aquatic production by mass, respectively. By the early 2020s, both sectors had greatly 

increased their outputs, effectively doubling total production and attaining 223.2 million tons 

(FAO, 2024). However, the distribution between the two sectors has significantly shifted, with 

aquacultureôs share escalating to nearly 51% of total production. According to the latest FAOôs 

State of the World Fisheries Report (2024), 2022 marked a milestone as aquaculture production 

volumes surpassed those of capture fisheries for the first time, reaching a record of 130.9 

million tons of biomass. 

According to Wijsman et al. (2019), bivalves account for 14% of all marine production 

worldwide. In these 14%, only 11% coming from wild capture fisheries, while the remaining 

89% comes from aquaculture. In Europe, this proportion rises up to 25%, with the United 
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Kingdom leading in wild catches, followed by Denmark (primarily for mussels), France 

(essentially scallops), and Italy (specializing in venus clams) (Tiļina et al., 2020). The FAO's 

State of World Fisheries and Aquaculture report (2024) highlights that wild-captures are mainly 

specialized in certain molluscan species, particularly squids, scallops, and cephalopods, which 

collectively amounted to 6,150 thousand tons in 2022.  

In New Zealand, in order to protect natural bivalve resources, wild capture and 

harvesting have been discouraged. Laws and subventions facilitate the establishment of 

nurseries populated through natural recruitment or hatchery reproduction (Ministry of Primary 

Industries, 2013; Wijsman et al., 2019). 

 

1.3.2.3. Conchyliculture 

At world scale, the total mollusk aquaculture production accounts for approximately 

18,911,320 tons annually (FAO, 2024). Mollusks represent around 17% of all aquaculture 

products in the Americas, 20% in Europe, and 21% in Asia. Although some species are still 

harvested in the wild, more than 75% of bivalve production is sourced from conchyliculture 

(Wijsman et al., 2019; Hough, 2022; FAO, 2024). China dominates the global market, 

producing 85% of its total biomass, while Europe accounts for 5.5%, yielding over 800,000 

tons annually. On their part, Oceania and Africa contribute roughly 1% of the global production, 

with the majority primarily coming from New Zealand, which produces 94 000 tons of blue 

mussels (Mytilus edulis) annually (Wijsman et al., 2019).  

With over 6 million tons produced annually worldwide almost entirely through 

conchyliculture, cupped oysters (Magallana gigas) represent the second-largest group of 

exploited marine animals in weigh, fisheries and aquaculture combined. China is the primary 

producer, providing 87% of the global output in 2021, followed by Korea (5%), Japan (2%), 

the USA (2%) and Europe (2%) (EUMOFA, 2024). Scallops also rank among the top ten marine 

animal species produced, exceeding 4 million tons annually. Despite locally developed wild-

captures cited above, scallops are predominantly exploited through aquaculture facilities (FAO, 

2024). In the Mediterranean Sea, conchyliculture mainly involves the mussel Mytilus 

galloprovincialis and the warty venus Venerupis philippinarum, with limited or experimental 

culture of Pacific cupped oysters Magallana gigas. This can be explained by the fact that the 

two main actors of this industry, France and Spain, locate their facilities on their Atlantic coasts 

where the space pressure is less intense. Indeed, the densely populated coasts of the 

Mediterranean Sea leave little space available for conchyliculture, leading to a finf ish-oriented 
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distribution of aquaculture industries among Mediterranean countries (Tiļina et al., 2020; 

Carvalho & Guillen, 2021; United Nations Environment Programme, 2021).  

In Europe, Spain is the largest producer or mollusks through aquaculture in weigh, 

contributing to approximately 50% of the total production. Its conchyliculture primarily focuses 

on the Mediterranean mussel Mytilus galloprovincialis, which constitutes 83% of its production 

and a third of total European exports in weight. France represents Europeôs leading producer of 

cupped oysters Magallana gigas with an annual output of 78,000 tons accounting for 76% of 

production. While the majority of the produced oysters is destined to its domestic market, 

France still leads European countries in global exports with 18% of global revenues (Hough, 

2022; FAO, 2024). Conversely to the specialized conchyliculture organization of Spain, France 

has a more balanced strategy, cultivating a variety of bivalves: Pacific oysters Magallana gigas 

account for 46.6%, blue mussels Mytilus edulis for 37.9%, and Mediterranean mussels Mytilus 

galloprovincialis for 8.8% (Wijsman et al., 2019). 

As bivalves are shell-bearing mollusks primarily harvested for their soft tissues, the 

generation of shell byproducts in conchyliculture represents a significant aspect of the industry. 

Indeed, shells account for a substantial portion of the total bivalve biomass, with approximately 

10 million tons of shells produced annually in aquaculture systems, representing up to 75% of 

the total output weight in most operations (Morris et al., 2019; Summa et al., 2022).  The 

proportion of shell mass varies among species due to differences in shell thickness and 

structure, as illustrated in the Table 1.1 below. For bivalves with very thin shells - like mussels 

- this proportion drops to around 45%, while some make up 90% of the animalôs weight 

(Japanese scallop Mizuhopecten yessoensis) (Summa et al., 2022). 

 

Table 1.1: Mass of dry shells produced by seven bivalves of economic interest, in proportion of their live, whole 

wet body mass (with soft tissues). These values were calculated on live animals collected, emptied, cleaned and 

dried, that were acquired from local seafood markets (Dijon, France). Note that these seven species of bivalves 

represent the experimental models used in the following chapters of my doctoral thesis. 

Mollusk 

species 

Glycymeris 

glycymeris 

Mytilus 

galloprovincialis 

Magallana 

gigas 

Pecten 

maximus 

Cerastoderma 

edule 

Venus 

verrucosa 

Venerupis 

philippinarum 

Mean mass of 

the whole wet 

body (g) 

55.03 7.42 67.22 142 6.99 43.01 19.44 

Mean mass of 

the emptied 

dry shell (g) 

40.26 3.42 44.24 94 4.46 29.23 11.05 

% mass of the 

shell / whole 

wet body 

73% 47% 66% 66% 64% 68% 57% 
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As previously briefly introduced while discussing the history of aquaculture, various 

methods have been specifically developed in consideration of each species needs for optimal 

production rates in conchyliculture. Mussels are reared using suspended substrates like rafts 

and bouchots or bottom-sheltered bed systems. Oysters are gathered in cages or netted bags 

either on the bottom floor or suspended in the water column to benefit from the tumbling of the 

waves. Clams and cockles are typically cultivated directly in sandy or muddy substrates, while 

scallops may be grown using suspended nets or on the seabed (EUMOFA, 2024; Palomares & 

Pauly, 2024). 

Conchyliculture is often encouraged as a form of meat production, as it is highly 

efficient in land use compared to terrestrial animal production. Studies have shown that bivalve 

aquaculture can produce up to 28,000 kg of protein per hectare per year, which is significantly 

higher than terrestrial livestock systems: for example, annual beef production typically yields 

only about 9.5 kg of protein per hectare. Moreover, bivalve aquaculture generates significantly 

lower greenhouse gas emissions, producing about 11 tons per ton of edible protein compared 

to 340 tons for beef. This is further enhanced by the filter feeding type of the large majority of 

bivalves, which greatly reduces the need for energetic input in aquaculture systems. 

Consequently, conchyliculture is often referred to as "unfed aquaculture" (Willer & Aldridge, 

2020; Azra et al., 2021; Verdegem et al., 2023).  

 

1.3.3. Threats and Limitations of Conchyliculture 

Evaluating aquaculture carrying capacity is essential for a sustainable management of 

bivalve production. This concept encompasses four main dimensions: physical capacity (the 

total area allocated to rearing), production capacity (the maximum sustainable yield of cultured 

bivalves), ecological capacity (the density above which ecological impacts appear), and social 

capacity (the level of development acceptable to local communities). Depending on the 

implantation site, limitations can occur in any or multiple of these dimensions, coming as 

obstacles in the production rates and sustainability of conchyliculture installations (Smaal & 

van Duren, 2019). For instance, a significant challenge in land-based closed systems of mollusk 

aquaculture is water filtration, recycling, and depollution to limit environmental impact and 

reduce resource consumption (Verdegem et al., 2023).  

Another challenge is the waste management of shell byproducts, which constitute a 

substantial portion of conchyliculture production. While some shells are repurposed for various 

applications described in section 1.1. From Ornaments to Biotechnologies, the majority is 
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discarded either at sea (when space is available), or on land. The disposal of shell waste is costly 

and problematic. For instance, in the UK, it costs around 80£ per ton to dispose of shells in 

landfills, which can lead to illegal dumping in uncontrolled piles. Additionally, in some 

countries, landfills may not even be a viable option for disposal, forcing producers and 

consumers to resort to less regulated methods. This terrestrial accumulation causes issues 

beyond mere space occupation, including soil pollution, disease spread, and attraction of wild 

animals due to decomposing organic matter. These factors raise health and safety concerns, 

necessitating the implementation of organized shell waste management strategies (Morris et al., 

2019; Summa et al., 2022). While waste management represents one of the challenges facing 

conchyliculture, the following sections will explore other critical threats and challenges 

currently facing conchyliculture. 

 

1.3.3.1. Diseases 

Bivalves are predominantly filter feeders, making them good candidates for rearing as 

minimal impact animals. However, this feeding strategy also makes them highly sensitive to 

environmental stressors such as climate, physicochemical changes, and microbial pathogens 

(Ponder et al., 2020; Verdegem et al., 2023). This vulnerability has been demonstrated 

throughout History, with significant impacts that even participated in shaping todayôs shellfish 

production landscape. For instance, during the 1950s, Portugal experienced mass mortalities of 

bivalves related to protozoan parasitism that led to drastic population declines. Similarly, the 

French oyster industry faced a crisis in the 1970s when local populations were wiped out after 

successive infections, necessitating their replacement with exotic species from Canada. This 

introduction, while intended to revive the industry, subsequently led to disease outbreaks in 

other species due to exotic parasitic infections (Wijsman et al., 2019). 

Bivalves are susceptible to a diverse range of microorganisms, including herpesvirus, 

gill necrosis virus, Roseovarius (affecting juvenile oysters), Vibrio species, Nocardia bacteria, 

Perkinsus spp. (attacking the mantle epithelium), Marteilia (Travers et al., 2015; Kunselman et 

al., 2024). Their proliferation and transmission, facilitated by global maritime trade, can 

severely impact aquaculture production at a large scale. For instance, since 2008, repetitive 

herpesvirus outbreaks caused a persistent drop in global oyster and scallop production yield 

rates (Wijsman et al., 2019). Vibrio bacteria represent another global threat: while some strains 

induce cold-water vibriosis, physiologically limited geographically, others are adapted to 

warmer waters and can be observed around multiple continents (Kashulin et al., 2017; Triga et 
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al., 2023). In France, Manila clams were subjected to the ñbrown ring diseaseò by V. tapetis 

outbreaks. This infection induced high mortality rates, with alteration of the tissues, and 

progressing colored markings on the shell (Paillard, 2004).  

Abiotic environmental factors can also be at the origin of bivalve diseases like abnormal 

developments of the bivalve shell. Antifouling chemicals have been shown to exert dramatic 

effects on shell growth: during the 80s, the use of Tributyltin spread on ship hulls and port 

beams caused severe losses for nearby bivalve exploitations. Bivalves exposed to this chemical 

often exhibited shell deformities (with the formation of óchambersô in shell thickness), 

abnormal growth patterns, and finally, a decreased thickness and heightened brittleness 

(Dyrynda, 1992; Lacoste & Gaertner-Mazouni, 2015). 

 

1.3.3.2. Food Safety and Human Health Concerns 

When consuming infected bivalves, interspecific pathogen transmission is sometimes 

possible towards humans. This is the case for microorganisms such as Vibrio spp., norovirus, 

and hepatitis A virus, which can cause severe (sometime life-threatening) conditions in humans. 

In cases when pathogens are effectively barred from entering the body, unsuspecting consumers 

could still be ingesting harmful amounts of microbial toxins. For example, brevetoxins and 

saxitoxins provoke neurological illnesses in humans, ranging from chronic pain to paralysis 

(affections better known to the general public as the grouped paralytic shellfish poisoning). 

These toxins accumulated in mollusk tissues are produced by cyanobacteria, particularly 

dinoflagellates like Alexandrium catenella or Karenia spp., which thrive in rising sea 

temperatures (Arnich et al., 2021).  

 

1.3.3.3.  Climate Change Impacts 

The spread of bivalve microbial diseases is exacerbated by climate change and 

anthropogenic activities. As warming temperatures favor the proliferation of some 

cyanobacteria and microalgae species, Harmful Algal Blooms (HABs) lead to declines in 

conchyliculture production and substantial economic losses. HABs are indeed capable of 

directly killing bivalves by producing toxins, inducing hypoxic/anoxic water conditions, or 

even clogging their gills and digestive tracks.  For instance, France incurred $2 million in losses 

for Mytilus edulis in 2019 due to market closures and suspensions after chronic exposures to 

HABs (PICES Scientific Reports, 2020).  
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Climate change also impacts mollusks defenses mechanisms and resistance to 

pathogens: under heatwaves, their defenses mechanisms are more rapidly overwhelmed which 

increases mortality and reduces reproductive success in surviving individuals. Weakened 

pathogen resistances almost always result in secondary infections: pathogenic Vibrio bacteria 

have been observed to opportunistically contaminate oysters infected by the cyanobacteria A. 

catenella (Abi-Khalil et al., 2016).  

The combination of both higher sea water temperatures and low pH (hypercapnia) has 

significantly negative impacts on overall bivalve fitness and physicochemical resilience. 

Mussel for example show a sharp decline in byssus strength, valve opening time, shell growth 

and thickness under hypercapnia and extreme water temperature events (Fitzer et al., 2014; 

Martinez et al., 2018; Cubillo et al., 2021; Lassoued et al., 2021). This tendency is even more 

often observed among populations that are not used to experiencing great temperature gradients 

throughout the year (Lattos et al., 2023; Azizan et al., 2024). In itself, ocean acidification 

mainly impacts larval development, notably in shell formation. The adults show indeed better 

resilience to low pH thanks to their periostracum (the organic outer layer of the shell) and 

behavioral adaptations (Hendriks et al., 2010; Auzoux-Bordenave et al., 2019).  

 

1.3.3.4.  Space Competition 

The space used for mollusk rearing can come into competition with wild habitats and 

other anthropic coastal uses, such as maritime transport, environmental conservation, 

construction, and recreational activities. This space competition is even more visible in densely 

populated areas. For example, Europeôs bivalve production has declined by 100,000 tons over 

20 years due to reduction of available cultivable marine zones: the vast majority of this decrease 

was observed in the Netherlands, which is currently expanding its territory on previously 

submerged areas (Wijsman et al., 2019). 

 

1.3.3.5.  Impacts on Wild Environments and Communities 

Bivalve aquaculture, while far less polluting than other types of meat production, can 

still negatively impact the surrounding wild ecosystems. As bivalves possess high fecundity 

with dispersive qualities, the reared populations are often at high risk of genetic drift and 

inbreeding depression. When in open-systems, the circulation of their offsprings might greatly 

challenge the genetic diversity of wild populations (Hollenbeck & Johnston, 2018; Zenger et 

al., 2019).  
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Although the impact of cultivating allochthonous mollusks on wild autochthonous 

mollusks is still poorly understood and studied, one can presume that a constant input of 

allochthonous larvae bring imbalance the native ecosystems by creating invasive populations 

(Tiļina et al., 2020). 

By introducing changes in nutrients availability dynamics, conchyliculture locally 

impacts planktonic communities, but long-term significant modifications have not been 

documented yet. The beneficial or detrimental nature of these impacts depend on the trophic 

charge of the sites, seasonal changes and pre-installation situation (anthropized or wild pristine 

areas) (Ministry of Primary Industries, 2013). Digestive waste from mollusks can modify 

sediment composition and create mudbeds, impacting benthic communities (Tiļina et al., 2020; 

Smaal et al., 2021). The installation of bivalve culture sites creates artificial habitats and reefs 

that modify tridimensional complexity of the area, modifying water circulation. Like the 

previous alterations brought by conchyliculture, this can have both positive and negative 

impacts depending on the pre-existing environment and volume of the artificial habitat. Often 

considered as Fish Aggregating Devices (FADs), they can provide new habitats to struggling 

native species. However, their installation has to be well thought-over, as they could have 

adverse effects by promoting invasive species recruitment (tunicates in New-Zealand, Ministry 

of Primary Industries, 2013) or experience excessive nutrient discharge that can lead to 

nitrophilic algae growth and alter fish feeding behavior. 

 

1.3.4. Solutions and their Limits 

1.3.4.1. Usual Solutions 

The sanitary quality of shellfish products is closely monitored worldwide, with France 

being particularly rigorous in its surveillance. Aquaculture, due to its liquid environment, 

increases the transmission of parasites and pathogens. While antibiotics are traditionally used 

in bath treatments as prophylactic, therapeutics, metaphylactics and growth promoters, this 

same environment can foster the rise and spread of antibiotic resistance, which can persist long-

term in the water and be transmitted to untreated populations. This spread has been observed 

beyond aquaculture systems, leaking into the natural environment (Miranda et al., 2013; Ali et 

al., 2014; Hossain et al., 2022). 

Sustainable alternatives to antibiotics include probiotics, phage therapy, and 

ultrafiltration of water in closed systems. Like in terrestrial agriculture, selective breeding and 

genomic selection are performed - among oysters notably ï in order to increase growth rates 
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and resistance to pathogens (Hollenbeck & Johnston, 2018; Zenger et al., 2019). However, as 

mentioned earlier, these methods have cost limitations, are solely applicable to closed systems, 

and/or might sustain ecological impacts on wild microbial communities (Kunselman et al., 

2024). A method to increase volumes while ensuring high genetic mixing has been developed, 

where the larvae or juveniles of wild bivalves are collected in the water column to input rearing 

installations. This method, called ñseedò or ñspatò collection, can be regarded as quite 

sustainable as it has virtually no impact on the wild adult population volumes. The advantages 

of this solution have to be somehow nuanced, as the health and quality of seeds may more often 

than not be unfit for exploitation (Smaal et al., 2021). 

 

1.3.4.2.  Integrated Multi-Trophic Aquaculture (IMTA) 

The development of the marine polyculture branch of conchyliculture mainly comes as 

a sustainable effort to reduce fish farming impacts (Carballeira Braña et al., 2021). While 

effectively reducing these negative impacts, Integrated Multi-Trophic Aquaculture (IMTA) 

also improves mollusk production but requires more space and complex maintenance than 

marine aquaculture. It faces challenges in installations and struggles to develop in areas with 

limited space like Europe (Hughes & Black, 2016; Yu et al., 2017). 

IMTA is improving mollusk production in length, growth rate and weigh, as the filter 

feeding bivalves act as allochthonous nutrient feeders, reducing aquaculture-originated 

eutrophication of wild environments (Sarà et al., 2009). Structural organization designs have to 

be adapted to the species involved so that they share positive interactions rather hinder each 

otherôs development (Yu et al., 2017). Outside of Mediterranean Sea, IMTA exploitations are 

often coupled with multi activity platforms offshore, such as wind energy plants (van den Burg 

et al., 2017). More studies and development of these integrative systems are needed to assess 

and evaluate the environmental benefits compared to economical costs (Yu et al., 2017; 

Giangrande et al., 2021; Nederlof et al., 2022). 

 

1.3.4.3. Open Ocean Aquaculture 

Transitioning from inshore to offshore aquaculture is often seen as a solution to space 

competition, particularly in the Mediterranean Sea. There, the creation of artificial substrate 

and habitats in previously purely pelagic environments can be linked to carbon sequestration 

and reef restoration, but open ocean aquaculture systems face challenges in poor nutrient 

availability and low economic viability (Giangrande et al., 2021). 
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1.3.4.4. Innovative Products and Approaches 

Sustainable solutions are developed to reduce the impacts and prevalence of microbial 

pathogens in mollusk aquaculture. They currently include research on water ultrafiltration, 

probiotics, and phage therapy. While ultrafiltration through sand filters has shown promising 

results against some Vibrio species, it is a lengthy and costly process, applicable only to closed 

systems. Depuration, a similar method, also faces these limitations (Zhang et al., 2018; 

Kunselman et al., 2024).  

While certain fish diseases are prevented by vaccines, their development is not 

achievable in mollusks because of their lack of acquired immune system. However, it is possible 

to induce immunization through ñimmune primingò (see Chapter 2.1.4. Molecular defenses) 

and form proto vaccines treatments (Delisle et al., 2023; Tammas et al., 2024). 

The use of probiotics from sponge associated fungi secreting enzymes has shown anti-

vibrio capacities and comes as an interesting solution in vibrioses combatting drugs (Syaifudien 

Bahry et al., 2021). It is however important to consider the consequences of probiotics and 

phage therapy in open environments, they may have unintended ecological impacts on wild 

microbial communities (Ringø, 2020; Kunselman et al., 2024). 

Medication administration through feeding, and new antibiotic use strategies are being 

explored, but face challenges such as the rise of antibiotic resistance. The filter-feeding strategy 

of bivalves also complexifies the distribution of drugs: they often have to be suspended into the 

water and thus have to exert limited effects on non-target organisms or be used in closed-

systems (Lulijwa et al., 2020; Pepi & Focardi, 2021; Bondad-Reantaso et al., 2023).  

 

 

1.4. Concluding Remarks and Thesis Outline 

Producing over 14 million tons of bivalve each year globally, conchyliculture is on the 

rise as the major meat producer for a significant portion of the human population. This very 

active sector of food industry generates huge amounts of by-products, the shells, that are 

estimated around 10 million tons annually. While bivalve shells are repurposed in various 

fields, as described above (section 1.2), a large majority is still considered as waste and 

discarded, posing a risk of becoming environmental and social nuisances. Past, traditional and 

contemporary knowledge on mollusk shells assumed and proved properties sparks the interest 

on these mineralized organs packed with potential, that are just waiting to be repurposed. 

Indeed, several studies already focus on the osteoinductive and wound healing properties of 
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bivalve shells; and the current state of pathogen landscapes raises concerns regarding 

multidrug-resistant microorganisms and emerging diseases around the sensitive sectors of food 

security, environmental conservation and human health. In this frame, my doctoral research 

focuses on the search for antibacterial molecules in a very abundant wasted resource. I thereby 

intend to develop a new, innovative, sophisticated way to valorize shells. To this end, I extracted 

and characterize the organic matrices of seven bivalves from the common consumption and 

performed antibacterial screening against marine pathogens, in combination with a proteomic 

approach on the shell extracts.    

The structure of my manuscript unfolds as follows: in the next chapter, Chapter 2, I 

discuss the general system of bivalve defenses, before focusing on the description of the shells 

and shells microstructure of my studied models. This chapter ends with the establishment of an 

exhaustive up-to-date inventory of all the identified AntiMicrobial Peptides and Proteins 

(AMPP) in mollusk soft tissues, drawing a parallel with my search for these molecules in the 

hard tissue of the shell. 

Chapter 3 represents the main course of this manuscript. There, I present the set-up of 

the antibacterial screening and following proteomic analysis: the studied model sources of 

putative bioactive molecules, the bacterial targets, and the required adaptation for marine 

microorganisms. This chapter encompasses two papers, one published on the innovative 

protocol allowing the first-time use of insoluble compounds of the shellôs matrix; and one 

submitted, exposing the positive results of the screening. 

Chapter 4 regroups the miscellanea: the non-published data (negative results of the 

screening) and the intermediate phases of experimentations. These data remain in the core of 

my doctoral dissertation because they provide crucial information on the overall antibacterial 

screening and the growth of poorly documented bacteria under several conditions. 

In Chapter 5, I build the general discussion of my thesis, and produce an overview of 

the knowledge developed with this antibacterial screening and proteomic exploration. I discuss 

the limits of my projects and the perspectives it brings in terms of further experiments and 

potential application fields. 

Finally, the annex is available in Chapter 6. There, I insert two papers on which I 

collaborated: one published in 2023, exploring the biomedical field through the osteogenic 

inductive properties of nacre; and one on a novel analytical process combining multispectral 

imaging and electrophoretic gels of shell pigments of extant and fossil gastropods (45 million-

year-old). In these two papers, my contribution was substantial.     
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2.1. Introduction: The Molluscan Intrinsic Defense System 

Mollusks represent one of the most diversified groups of animals. These soft bodied 

organisms are widely distributed globally, thriving in various ecosystems - terrestrial, marine, 

and freshwater ï while facing threats from predation, desiccation, parasites, and pathogens. To 

survive, mollusks have developed a range of defense mechanisms adapted to their ecological 

niches and environmental pressure. Beyond behavioral survival strategies, intrinsic defenses 

include physical protection from shells, chemical defenses through mucus and antimicrobial 

substances, and cellular responses via hemocytes. This chapter explores these integrated 

defense systems and their synergies, before focusing on the shells of bivalve models used during 

this doctorate and molecular components identified in mollusk soft tissues.  

 

2.1.1. The Shell as a Primary Defense Mechanism 

When present, the shell serves as the first line of defense for mollusks against 

environmental threats. Creating a controlled environment for the vulnerable soft body (Marin 

et al., 2012), the shell provides mechanical protection against predation and crushing forces, 

reduces parasite exposure, and limits desiccation by minimizing the evaporative surface area 

(Lowell, 1984; Cortie, 1992; Ponder et al., 2020a). This rigid construction also serves as a 

structural support, enabling mollusks to maintain shape and integrity of internal organs, as well 

as facilitating motility via muscle attachment or even as proper moving appendices and 

buoyancy aids (Cortie, 1992).  

Although mollusks are mostly known for their external shell, this character is not 

systematic amongst members of this phylum: the Aplacophora superclass for instance, consists 

of shell-less wormlike mollusks, while their close relatives, the Polyplacophora - one of the 

most notable examples being the chitons - develop shell-like overlapping plates and spicules 

that partially cover their body. ñTrueò shells as one usually intends when talking about seashells 

are observed in the Conchifera subphylum, which comprises five classes of ñshellyò mollusks: 

the Bivalvia, Gastropoda, Scaphopoda, Cephalopoda, and Monoplacophora (Fig. 2.1). Even in 

these classes, note that some clades have secondarily internalized their shell or even lost it by 

evolution: among gastropods, this is the case for sea hares (Aplysia), land slugs or sea slugs 

(nudibranchs); among cephalopods, one finds cuttlefish (internal cuttlebone), squids (internal 

organic skeleton) or octopus (no skeleton). However, these examples are exceptions and one 

estimates than more than 95% of conchiferan mollusks possess an external shell. Molluscan 

shells are primarily made of calcium carbonate (CaCO3), which accounts for 95 to 99% of their 
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weight. The remaining 1 to 5% consists of an organic matrix, a cocktail of biomolecules that 

includes proteins and peptides, polysaccharides, glycoproteins, lipids, pigments and diverse 

metabolites (Marin et al., 2012). This matrix is supposed to regulate the mineral deposition 

during shell formation but its precise role is still being discussed (Weiner et al., 1984; 

Nudelman et al., 2006; Marin, 2020). In Conchifera, shells are typically made of two 

polymorphs of calcium carbonite: aragonite or calcite, with some taxa displaying both forms of 

crystallization. The shell structure is characterized by superimposed layers of microstructures 

which are defined by specific crystalline arrangements, sizes and directions. The type and 

organization of microstructures found in a shell affect its toughness, flexibility and durability 

(Marin et al., 2012; Liang et al., 2021). A few examples are: aragonitic nacre (or mother-of-

pearl), foliated calcite, crossed-lamellar aragonite, prismatic calcite. Million years of evolution 

have allowed these microstructures to acquire peculiar physical properties, in relation to 

protective function: to give an example, aragonitic nacre possesses a fracture toughness about 

thousand times higher than that of a geological abiotic aragonite (Jackson et al., 1988). These 

microstructures will be discussed further in the following part of this chapter (see 2.2. The 

bivalve shell), where I introduce the shells of the bivalve models used during my doctorate. 

 

 

 
Figure 2.1: Phylogenetic tree of the molluscan classes, elaborated after the classifications of Ponder and Lindberg 

(2020b), Bieler (2014), and the latest accepted entries of the WoRMS and MolluscaBase (Ahyong et al., 2024; 

MolluscaBase eds., 2024). The Subphyla and a discriminating superclass are represented in burgundy red. In blue, 

I put the emphasis on the Bivalvia class, which encompasses the models studied in this thesis. 
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As mollusks colonized a vast diversity of environments, marine, freshwater or 

terrestrial, they evolved shells with a high variability in shapes, organization, composition, 

development strategies, thickness and density (Irie & Iwasa, 2005; Lowenstam et al., 1989; 

Ponder et al., 2020a). Multiple adaptations have been documented on shell thickness and 

microstructural composition depending on predator presence and on their appendices: for 

example, specific valve curvatures and sizes can put crab claws into failure (Blundon & 

Kennedy, 1982; Leonard et al., 1999; Brönmark et al., 2011). Another interesting adaptation to 

stressors is the mitigation of physicochemical pressure by the development of rounder, more 

globular shapes of shells as inducible defense under elevated pCO2 conditions (i.e. low pH 

waters) (Stallings et al., 2021). This plasticity in shell morphology in response to environmental 

cues can even be found within species, in cases where the pressure is particularly strong 

(Stanley, 1970; Leonard et al., 1999; Bourdeau & Johansson, 2012). While a thick, robust shell 

might appear as the perfect foolproof defense mechanism against both predation and 

physicochemical threats, its formation is costly for the organism and it can be quite limiting in 

terms of movements that are much needed to achieve proper fitness (foraging, mate research, 

reproductioné). Furthermore, some predators have developed specific organs and strategies to 

overcome shells, underlining the tradeoff nature of shell adaptations, between mechanical 

strength and behavioral defenses (i.e. compromising between escape or defensive aggression, 

see sections 2.1.2. Mucus and 2.1.4. Molecular defenses) (Rundle & Brönmark, 2001; Johnson, 

2020). 

Although acellular, mollusk shells are neither inert exoskeletons, nor ódeadô secretory 

products: they can slightly remodel by superficial internal dissolution, during hypoxia or 

anaerobiosis phases. Furthermore, repair and regeneration processes ensure continued 

protection even in case of breakage or fragilization. The damaged sites can be visible under 

SEM, where localized increases of microstructure volumes and layers indicate efforts and 

ñburstsò in rapid mineralization (Watabe, 1983; Fleury et al., 2008; Crane et al., 2021). As 

shells also sustain damage from microbial attacks, a similar increase of mineralization can be 

observed under these stressors, supported by heightened hemocyte recruitment (Trinkler et al., 

2011). This last response shares nature with other biomineralization-involving mechanisms that 

will be discussed later in this chapter (see 2.1.3. Cellular defenses). 

 

The following three mechanisms are part of an integrated chemical and cellular defense 

system, that is efficient when the shell fails to protect mollusks or when they lack one. While 

all defense mechanisms introduced in this chapter interact and impact the others, the ñmucusò, 
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ñcellular defensesò, and ñmolecular securitiesò are particularly connected through synergetic 

activations occurring across every compartment of the molluscan body. 

 

2.1.2. Mucus: The First Line of Chemical Defense 

The molluscan mucus is a viscoelastic substance secreted by mucocytes in the tissues 

that are in contact with the exterior environment (i.e. mantle epithelium, gills, foot and digestive 

system) and, in bivalves, accumulated in the pallial and extrapallial space. It is composed of 90 

to 99.7% of water and 0.3 to 10% of glycoproteins (mainly mucins), lipids, proteoglycans, 

enzymes, and various other bioactive compounds (Davies & Hawkins, 1998; Allam & Raftos, 

2015; Pales Espinosa et al., 2016). The metabolic cost of mucus production can exceed 25% of 

a mollusk's energy budget, indicating its crucial role in survival: mucosal functions are indeed 

involved in almost all physiological processes and acts as both a physical and chemical barrier 

for mollusks (Davies et al., 1990; Davies & Hawkins, 1998; Ponder et al., 2020a). 

The adhesive and lubricant properties of mucus are essential to molluscan locomotion, 

allowing them to glide adhere to various surfaces, but also to digestion by facilitation food bolus 

transit in the esophagus. In terrestrial and intertidal mollusks, mucus plays a vital role in water 

retention: as they lack a waterproof tegument, they are particularly vulnerable to dehydration 

and the hydrated gel nature of the mucus acts as moisture control (GliŒski & Jarosz, 1997; 

Davies & Hawkins, 1998; Iwamoto et al., 2014).  

Another key function of mucus lies in its antifouling and entrapping properties, which 

along with beating cilia, immobilizes microorganisms and rids the body and its close 

surroundings of potential pathogens (Franzenburg et al., 2013; Cerullo et al., 2023). Its 

composition is modulated by secretions of various bioactive molecules and compounds to create 

a hostile environment for microorganisms: a number of potent antimicrobial factors can be 

observed in the mucus, such as lysozymes, lectins, antimicrobial peptides or other antimicrobial 

enzymes and proteins; the mucin fraction often demonstrating superior antibacterial efficacy 

(GliŒski & Jarosz, 1997; Allam & Raftos, 2015; Pales Espinosa et al., 2016). Some species of 

gastropods even secrete a mucus charged in metal ions (e.g., copper, iron, manganese, zinc), 

which showed high toxicity against Gram positive and negative bacteria (Pitt et al., 2015; 

Greistorfer et al., 2017).  

Mucus also plays a role in maintaining bodily and cellular integrity in mollusks. It 

provides a setting for extracellular matrix assembly and the stimulation of fibroblast 

proliferation, which are critical processes in wound healing and hemostasis (GliŒski & Jarosz, 
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1997). Furthermore, the mucus exhibits detoxifying properties through the presence of 

antioxidants like Glutathione-S-Transferase (GST) and Superoxide Dismutase (SOD), which 

offer protection against free radical damage (Pitt et al., 2015). 

As indicated by its composition, the mucus is part of a synergetic defensive effort for 

mollusks: it serves as a medium for hemocytes migration (cellular defense mechanism), 

facilitating their movements, pathogen recognition (GliŒski & Jarosz, 1997; Davies & Hawkins, 

1998; Allam & Raftos, 2015) and phagocytic activity by entrapping and concentrating 

exogenous particles (Pales Espinosa et al., 2016). This medium function is further appreciated 

in the accumulation of enzymes and other molecular defenses at the interface with the 

environment, seconded by the delivery of antimicrobial peptides to infection sites (Franzenburg 

et al., 2013, Allam & Pales Espinosa, 2016). The creation of a controlled microenvironment, 

with high concentrations of antimicrobial compounds further enhances their effectiveness and 

co-activations against pathogens (Allam & Raftos, 2015). 

The composition and functionality of mucus is highly variable among and even within 

mollusk species depending on ecological niches and individual living conditions. The hydration 

and secretion ratios of certain enzymatic and proteinaceous compounds can be adapted to 

modify the physicochemical and mechanical properties, creating mucus specialized in specific 

physiological functions. This is exemplified by the terrestrial gastropod Cornu aspersum, which 

produces three types of mucus: an adhesive one for the pedal surface, a lubricating one for foot 

and shell movements, and finally an antimicrobial one covering the mantle (Campion, 1961; 

Cerullo et al., 2023). Some species' mucus (e.g., Phyllidia varicosa) contains volatile 

compounds that can be toxic to predators (Cimino et al., 1985; Dutertre et al., 2014). Other 

specialized functions include the dehydrated mucus ropes for suspension, mucus trails for 

interindividual signaling, and mucus sacks for food capture and reproduction (Chase et al., 

1978; Davies & Hawkins, 1998). These mucus types will not be further discussed here, as they 

do not fall into the defense mechanism category. 

 

The mucus is a versatile and complex substance essential to the integrative combined 

defense mechanism of mollusks. Its broad range of physicochemical and bioactive properties 

discussed above make it a subject of interest in current research: the mucus could have 

promising applications in biomedicine and materials science as solutions in skincare, drug 

delivery, tissue engineering, and composite materials (Pitt et al., 2015). 
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2.1.3. Cellular Defenses: The Mobile Immune Response 

Aside from mucocytes (the secretory ñgobletò cells producing the mucus), the cellular 

defenses of mollusks are carried by hemocytes, which represent the main cellular component 

of their innate immune system. Hemocytes are particularly mobile cells that circulate in the 

hemolymph and infiltrate tissues, and can also be found in the pallial and extra pallial cavities 

(Destoumieux Garz·n et al., 2020). According to Grinchenko and Kumeiko, (2022) they can 

be divided in three categories depending on their sizes and the presence/quantity of granules in 

their nuclei: 1) small hyalinocytes (small agranulocytes); 2) hyalinocytes (simple 

agranulocytes); and 3) granulocytes. Hemocytes specialization is associated to their 

morphology, and their main functions include: cellular immune response, synthesis and 

secretion of humoral factors, transport of substances and regulation of various tissue processes 

such as repairs, mineralization and growth (GliŒski & Jarosz, 1997; Al -Khalaifah, 2022).  

The first defensive mechanism of hemocytes is the production of Pattern Recognition 

Receptors (PRRs) to enable the recognition of exogenous particles. Their attachment to other 

cells triggers the production of signaling compounds by the hemocytes on site, stimulating the 

recruitment of other hemocytes and starting the immune response. Some recent advances in 

mollusk immunity research reveal that PRRs might undergo bacterial species-specific triggers 

through pathogen-associated molecular patterns attachment and be linked to a form of 

ñprimingò immunity, where the individuals display stronger immune responses after secondary 

infections, but they do not appear to depend on the virulence of the strains (Rubio et al., 2019; 

Al -Khalaifah, 2022).  

In a second step, when granulocytes have reached and come into contact with the foreign 

particle, the later are usually eliminated via phagocytosis. When the size or abundance of the 

invaders are too much for a single hemocyte, they gather in large numbers and engage in nodule 

formation or encapsulation (Destoumieux Garz·n et al., 2020; Al-Khalaifah, 2022; Grinchenko 

& Kumeiko, 2022). In some cases, specific hemocytes secrete phenoloxydase enzymes to start 

an additional process of melanization, introducing toxic molecules into the closed environment 

of the capsule and further creating a physical barrier between the pathogen and the host. This 

process is often followed by biomineralization of the capsule, before elimination (Allam & 

Raftos, 2015).  

Aside from direct attacks on the exogenous organisms and particles, hemocytes build 

ñpassiveò ï with the nuance that their secretion can be heightened after pathogen challenge - 

defense systems: they synthesize, transport and secrete the toxic compounds that create 

inhospitable environments for other organisms (in internal compartments as well as in the 
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mucus, see section 2.1.2. Mucus). These compounds include highly reactive oxygen species 

(ROS), nitric oxide (NO), antimicrobial peptides and proteins (AMPPs) and hydrolytic enzymes 

(Canesi & Pruzzo, 2016). Additionally, infected hemocytes can perform ETosis: they sacrifice 

themselves to release a combination of DNA-backbone structures forming extracellular traps 

that are adorned with histones and granulocyte antimicrobial proteins, thus immobilizing and 

killing the pathogens and triggering a foolproof phagocytosis (Guimarães-Costa et al., 2012). 

 

As mentioned earlier, hemocytes have multiple locations and action sites, namely 

around the epithelium and the extrapallial cavity, where they interact with the mucus by 

secreting some of its key components, namely antimicrobial molecules. Hemocytes are also 

engaged in shell repair, wound healing and blood clotting (Ivanina et al., 2017). In addition, 

although largely understudied, their role in shell formation in mollusks has been mentioned 

several times (Mount et al., 2004; Song et al., 2019), suggesting that the shell biomineral 

deposition is not solely a process regulated by the mantle epithelium.   

 

2.1.4. Molecular Defenses: The Chemical Arsenal 

Although mollusks do not possess antibodies, such as the ones identified in vertebrate 

systems that are part of the acquired immunity, they have evolved a sophisticated array of 

molecular defense mechanisms that constitute the backbone of their immune system and inner 

protections. Although they might often be presented as humoral defenses, these factors are not 

confined to a single compartment but are ubiquitous throughout the whole mollusk body, 

present in intracellular and extracellular spaces, every tissue, and secreted into the mucus by 

epithelial cells and mucocytes in the pallial cavity and extrapallial space (Pales Espinosa et al., 

2016).  

A key component of this system is the production and storage of a range of specialized 

defensive molecules within the hemocytes granules in the form of inactive precursors 

(propeptides and pre-propeptides). These cells, circulating in the hemolymph and residing in 

connective tissues, carry and release their contents in infected sites upon immunological 

triggers (see hemocytes recruitment in 2.1.3. Cellular Defenses), inducing quick and localized 

increase in concentrations of defensive factors (GliŒski & Jarosz, 1997; Gerdol et al., 2015).  

The molecular defenses of mollusks can be classified according to their functional 

activities and their involvement in the successive stages of the immune response. The initiation 

of the process is carried out by recognition molecules such as PRRs and proteoglycan 
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recognizing proteins (PGRPs) These are supported by more versatile proteins like lectins, 

fibrinogen-related domain proteins (FReP) and C1q domain-containing proteins (C1qDC), 

which also participate in chemotaxis and direct elimination of pathogens (Adema, 2015; Gerdol 

et al., 2015). Extracellular signaling is facilitated by cytokines and cytokine-like proteins, which 

have powerful immunomodulatory effects even at low concentrations. The effector molecules, 

responsible for directly killing and destroying pathogens, include various lytic factors such as 

bactericidal and permeability-increasing proteins, the phenoloxidase cascade (PO), enzymes 

like lysozyme and protease along with microbial protease inhibitors. The PO cascade, for 

instance, leads to melanization both intracellularly and extracellularly, affecting extracellular 

matrix arrangement and shell mineralization, as seen in Venerupis philippinarum shells during 

Vibrio tapetis infection causing "brown ring disease" (Borrego et al., 1996; GliŒski & Jarosz, 

1997; Paillard, 2004). Additionally, as mentioned above, FReP, C1qDC, opsonin and 

agglutinins (lectin being the main representative for this category) also contribute to pathogen 

destruction (GliŒski & Jarosz, 1997; Canesi & Pruzzo, 2016; Grinchenko & Kumeiko, 2022).  

Last but not least, antimicrobial peptides (AMPs) make up for some of the most effective 

effectors of the immune response: these small cationic macromolecules exhibit a broad-

spectrum antimicrobial activity through widely diversified mechanisms (Allam & Raftos, 2015; 

Bachère et al., 2015). Their variety and specific features are discussed later in this chapter (see 

section 2.3. Antimicrobial Components in Mollusks Soft Tissues), as I list the identified AMPs 

and proteins (AMPPs) extracted from mollusk soft tissues (Table 2.1). Finally, the 

transportation of dead or incapacitated intruders is carried out by transport cells (see section 

2.1.3. Cellular Defenses) but also at a molecular scale by transmembrane pumps that rid the 

intracellular spaces and humoral compartments from exogenous particles: the Multixenobiotic 

Defense Mechanism (MXDM) is a generalist system that can deal with various xenobiotics, 

limiting the accumulation of waste, toxins and microorganisms in bivalve cells (Pain & Parant, 

2003). 

As previously mentioned in the context of cellular and mucosal defenses (see sections 

2.1.2 and 2.1.3), mollusks maintain an inhospitable environment for potential invaders through 

various molecular factors. Among these, Reactive Oxygen Species (ROS) and Nitric Oxide 

(NO) produced by granulocytes are commonly produced in mollusks (Canesi & Pruzzo, 2016).  

Some mollusk groups have evolved highly specialized defensive molecules adapted to 

their ecological niches and interspecific relationships, generated and stored in specialized 

appendices and glands. For instance, certain gastropods produce powerful neurotoxic venoms 

to either kill preys or predators by injection with their harpoon-like proboscis (Dutertre et al., 
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2014), while cephalopods secrete ink for escape (stored in ink sacs) and pigments for 

camouflage (Derby, 2007). 

 

The intrinsic defense mechanisms of mollusks form an intricate, interconnected system 

operating across multiple levels that work synergistically. Under the protection of the shell - 

when it is present - performing the ñheavy dutyò and providing a controlled environment, the 

mucus facilitates hemocyte movement and concentrates antimicrobial compounds, while 

constantly cleaning epithelial tissues in contact with the environment. Hemocytes produce and 

transport molecular defenses, while molecular factors enhance cellular responses. This 

integrated system allows mollusks to respond effectively to a wide range of environmental 

challenges and external threats. The following sections of this chapter will delve deeper into 

the aspects of mollusk defenses that are involved in my doctoral research, i.e. specific bivalve 

shells and the AMPPs found in soft mollusk tissues.  
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2.2. The Bivalve Shell 

2.2.1. Structure and Function 

Bivalves are characterized by their distinctive two-valved shells. While serving the 

general protective functions discussed earlier (see 2.1.1. The Shell), bivalve shells exhibit some 

features that are also observed in other shell-bearing mollusk classes. These shells are typically 

composed of two to four superimposed layers: the most external one, called the periostracum 

is not mineralized and remains fully organic. Usually carrying a large part of shell pigments, 

polysaccharides and proteins, it impermeabilizes and provides protection to the underlying 

calcified layers against erosion and pH variations (Lowenstam et al., 1989; Ponder et al., 

2020a).  

The inner layers of bivalve shells are mineralized, with aragonite and calcite 

representing the predominant polymorphs in the class. The organization of microstructures is 

species specific, each contributing to the overall mechanical properties of the shell. As 

mentioned earlier (see 2.1.1. The Shell), variations can occur among species at population levels 

depending on environmental stressors (both biotic and abiotic) (Marin et al., 2012; Checa et al., 

2018). The emergence of common shell microstructures is a complex topic that spans over 

millions of years, challenging the retracing of bivalve shell evolution. Their distribution among 

taxa has been used in classification attempts, but their relationships are still discussed. The most 

ancient ones are the prismatic structures, dated around 540 million years ago at the Lower 

Cambrian period. The apparition of nacreous structure (also called mother-of-pearl) would be 

slightly younger, with early identifications around 480 million years ago, during the early 

Ordovician period. Crossed-lamellar and foliated structures are thought to have evolved later 

around the 443 million years ago, becoming more prevalent in later geological periods (Taylor 

et al., 1969; Carter (ed.), 1990; Ponder et al., 2020a). Typical examples of bivalve 

microstructures are presented in the later section, where I describe the organization and 

characteristics of the shells of the mollusk models used of this thesis. 

 

Shell formation occurs through biomineralization by the mantle tissue, which secretes 

CaCO3 minerals and the organic matric (OM) into the extrapallial space (Fig. 2.2) (Addadi et 

al., 2006; Marin et al., 2008). This is a continuous process that begins during larval 

development and continues throughout the whole bivalve life. In early stages (trochophore 

larva), an initial organic layer serving as a template for mineral deposition is secreted by the 

shell gland. This organic layer will be the future periostracum. After larva settlement and 

metamorphosis, the mantle takes over as the shell secreting tissue, with specialized regions 
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secreting different microstructures, resulting in the complex and layered architecture observed 

in adult bivalve shells (Kniprath, 1981; Checa, 2000; Ponder et al., 2020a). For instance, the 

outer mantle folds typically secrete the periostracum, while the middle and inner are responsible 

for the prismatic and nacreous layers, respectively. in the case of nacro-prismatic bivalves. 

Below, illustrated by Figure 2.2 is the example of Arca, a bivalve exhibiting a fibrous prismatic 

layer and, internally, a crossed-lamellar one.   

 

 
Figure 2.2: The physiology of mollusk shell calcification with the example of Arca sp. Figure adapted from (Marin 

et al., 2012) and redrawn from (Waller, 1980). 

 

 

2.2.2. Organic Matrix 

As briefly mentioned above (see 2.1.1. The Shell) the shell contains a complex cocktail 

of organic molecules that are an integral part of the shell. These molecules define the ñshell 

matrixò. They are an amalgamate of proteins, glycoproteins, peptides, polysaccharides (among 

which chitin), lipids, pigments and metabolites. The most known part of the matrix are proteins, 

polysaccharides are less investigated. Lipids, pigments and metabolites are largely 

understudied. The shell matrix has been studied for almost 170 years (Frémy, 1855), but the 

first modern biochemical characterizations are from the fifties and the óomicsô approach, 

allowing to characterize all proteinaceous constituents of a shell matrix (the so-called 

ñshellomeò), was implemented only 15 years ago (Marin, 2020). 
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For a long time, until the use of proteomics, the mainstream idea was that the shell 

proteins were mostly devoted to their interaction with calcium ions in solution, or with calcium 

carbonate surfaces (either crystalline nuclei or amorphous nanometric grains). First sketched in 

the eighties, a molecular model of nacre was proposed in the early 2000 (Levi-Kalisman et al., 

2001). This model targets the interaction of three major components: chitin (an insoluble 

ñsugarò polymer of N-acetylglucosamine), forming a 3D flexible framework, hydrophobic 

(silk-fibroin-like) proteins forming a gel containing the third ingredient, acidic polyanionic (i.e., 

aspartic acid-rich) proteins which are the mineral nucleators and, at the same time, can inhibit 

crystal growth. This ternary model relies on the most abundant constituents of shell matrices.  

With the intrusion of proteomics in biomineralization research, the perspective changed: 

hundreds of proteins were identified in just few years (Marin et al., 2013; Marin, 2020). Many 

of them are minor, in term of quantity, in the shell matrix. However, it is interesting to note 

that, from biological model to model, some constant features can be listed about molecular 

functions and functional domains. The shell matrix always comprises a set of enzymes, such as 

carbonic anhydrase (CA), tyrosinase, proteases, peroxidase, cyclophilin. It also comprises some 

proteins with an ExtraCellular Matrix signature (ECM), such as laminin, decorin, EGF-like, 

vWFA, in addition to proteins involved in interacting with sugars (lectins, chitin-binding, 

peritrophin A). Other key-players are proteins involved in protease inhibitor functions (serpin, 

Kunitz-like, Kazal-type domains), proteins interacting with divalent cations (ependymin, Ca-

binding proteins with EF hands) and a large array of proteins that exhibit low-complexity 

domains. In this last category one finds Asp/Glu-rich proteins, Asn/Gln-rich proteins, Ser/Thr-

rich proteins, Arg/Lys-rich proteins, Cys/Met-rich proteins (Marin, 2020). 

Except the acidic proteins, the functions of most of these proteins exhibiting low-

complexity domains are completely unknown. Interestingly, what proteomics revealed rather 

unexpectedly was that the shell matrix contains also histones. Histones are nuclear proteins, 

strongly associated to DNA. They are positively charged proteins, rich in arginine and lysine, 

which interact with the negatively charged phosphate groups of DNA. They were first suspected 

to be cellular contaminants of the shell matrix. However, their persistence in many matrices 

invites us to reconsider their putative functions. The idea that these histone or histone-like 

proteins could serve as antimicrobial factors in the shell matrix has emerged in the last few 

years (Marin, 2020; Oudot et al., 2020). It then becomes logical to explore this possibility. 
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2.2.3. Studied Bivalve Models 

The presentation that follows comprises a description of the macroscopic characters of 

the shells that were used during my doctoral research and an illustration of their microstructures 

via Scanning Electron Microscopy (SEM) pictures. Macroscopic illustrations were provided by 

Jérôme Thomas (Biogéosciences) while SEM pictures were acquired by me and by a Master 

trainee, Marie Aries Lasseron who worked in the Biomineralization team of Biogéosciences lab 

from February to May 2024. For the microstructures, we checked that our findings were in 

agreement with earlier literature, in particular Taylor et al. (1969, 1973) and Carter (1990). Our 

models are presented according to the classical phylogeny of Bivalvia, namely pteriomorphid 

bivalves first (G. glycymeris, M. galloprovincialis, M. gigas, P. maximus), then euheterodont 

ones (C. edule, V. philippinarum, V. verrucosa) (Figure 2.3).    

 

 

 
Figure 2.3: Phylogenetic tree of the bivalve orders (in blue) showing the relationship of our model species (in 

green). This tree was elaborated after the classifications of Ponder end Lindberg (2020b), Bieler (2014) and the 

latest accepted entries of the WoRMS and MolluscaBase (Ahyong et al., 2024; MolluscaBase eds., 2024). 
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2.2.3.1. Glycymeris glycymeris: Shell Morphology and Microstructures 

The shell of the dog cockle Glycymeris glycymeris (Linné et al., 1758; Mendes da Costa 

et al., 1778) is circular, convex, thick and solid. It is fully aragonitic, equivalved and exhibits a 

taxodont hinge, characterized by several teeth organized in chevron. The outer surface is 

smooth and shows apparent growth lines. The periostracum is vividly white, orange and brown 

colored with zig-zag patterns, displaying high intra-specific variability (Fig. 2.4). Similarly to 

other Glycymeris species, the periostracum can be ñhairyò, in particular along the outer shell 

border. The internal shell surface exhibits a simple pallial line (integripalliate) and two 

brownish adductor muscle scars of similar size (isomyarian). Ribs are visible in the outer shell 

border (Huber, 2010; Nolf & Swinnen, 2013).  

 

 

 

 
Figure 2.4: Shells of two specimens of the dog cockle G. glycymeris, showing both inside and outside views. Red 

arrows: myostraca; Green arrows: concentric growth lines. 

 

 

The first mineralized outer layer consists of a crossed-lamellar structure (Fig. 2.5, A-C). 

The structuration of the aragonite crystals gradually transitions to a middle layer made of 

ñsimpleò straighter crossed lamellae. This gradual change makes this layer not easily 

distinguishable from the previously described outer layer. The inner layer of the shell is again 

made of crossed-lamellar aragonite, but this time orthogonally oriented from the outer layer 



CHAPTER II ï MOLLUSCAN DEFENSES 

93 

(ñbrickò-looking feature, Fig. 2.4, B), providing higher pressure resistance. Growth bands are 

observable through the presence of fibrous prism features in the inner layer along the general 

shell curvature (Fig. 2.5, H). The periostracum exhibits pili on the shell border (Fig. 2.5, I-J). 

The whole shell is perforated by secondary microtubules that are formed from the interior of 

the shell to the exterior surface (Fig. 2.5, H green arrows). These regular perforations are 

thought to increase the shellôs resistance to crushing, acting as ñcrack arrestorsò and preventing 

further propagation through the whole shell. Biological functions are also suggested, as they 

could play a role in the sensory system of the dog-cockle, during the biomineralization process, 

or in the attachment of the mantle of its shell. As in other species of bivalves, the myostracal 

layer contains prismatic calcite for muscle attachments (Carter (ed.), 1990; Böhm et al., 2016; 

Crippa et al., 2020b, 2020a). 

 

 

  

  
(See verso for the remaining pannels and legend) 
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Figure 2.5: Scanning Electron Microscope images of G. glycymeris shell fragments. A-B: whole-thickness view 

of a fractured shell; C: fibrous prism growth band encased in the crossed-lamellar microstructure; D- F: crossed-

lamellar layer; G-H: inner crossed-lamellar layer with alternations of fibrous prismatic structures; I: whole view 

of a shell fragment with the hairy periostracum; J: detailed view of the pili. 
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2.2.3.2. Mytilus galloprovincialis: Shell Morphology and Microstructures 

The Mediterranean mussel, Mytilus galloprovincialis (Lamarck, 1819) form equivalve, 

thin shells reaching up to 15cm. The organic periostracum is dark-brown colored, thick when 

compared to the whole shell thickness. It is often intact, or if not, eroded only at the umbo 

region.  Its surface is entirely covered by regular microtopographic folds, preventing parasitic 

attachments and biofouling (Fig. 2.7, B). Growth lines are highly visible, concentric in the umbo 

region and commarginal on the rest of the shell (Fig. 2.6). The inner surface displays bright 

iridescent blue layers, hinting towards the presence of nacre. The hinge is thin and the teeth are 

hardly visible (dysondont) while the ligament is well developed. The posterior adductor muscle 

print is visible close to the border of the shell. The pallial line is simple. The myostracum for 

abductor muscle insertion is not always visible (Scardino et al., 2003; Oliver et al., 2016).  

 

 
Figure 2.6: Shell of the Mediterranean mussel M. galloprovincialis, showing both valves with inside and outside 

views. 

 

The mineral shell of M. galloprovincialis is composed of two layers of different 

crystalline forms of CaCO3 (Fig. 2.7, A). The outer layer is made of dense calcitic prisms, 

unidirectionally inclined following the general shell curvature (Fig. 2.7, C-D). These prisms are 

extremely thin (1-2 µm in diameter). The inner layer of the shell is aragonitic, with layers of 

flat nacre tablets assembled together in the typical óbrick wallô structure. The tabletôs thickness 

is about 1 µm or less (Fig. 2.7, F-H). The transition zone between the prismatic and nacreous 

layers is abrupt and shows the highly oblique orientations of their microstructures (Fig. 2.7, D-

E) (Taylor et al., 1969; Carter (ed.), 1990; Gao et al., 2015). 

 

Figure 2.7: Scanning Electron Microscopy images of shell fractures of M. galloprovincialis. A: whole shell 

showing all the layers, including the periostracum; B: close-up of the organic periostracum showcasing 

microtopographic folds; C: calcitic prismatic layer; D-E: transition zones between the calcitic prisms and 

aragonitic nacre layers; F: aragonitic flat nacre tablets; G-H: aragonitic nacre with ongoing biomineralization and 

formation of tablets (Lasseron, 2024).  
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2.2.3.3. Magallana gigas: Shell Morphology and Microstructures 

The Pacific cupped oyster Magallana gigas presents a large inequivalve shell with an 

upper (left) flat valve and a lower (right) deeply concave one. Both valves are irregular and 

generally elongated, oval to curved and are covered by an irregularly purple-pigmented 

periostracum. The valves are colored from light grey to brown or dark purple, with an alternance 

of whiter bands radiating from the umbo. The outer sculpture of the shell is marked by 

successions of concentric laminae following growth periods, with irregular curvatures and 

borders creating undulations and folds (Fig. 2.8). When closed, the valves are hermetically 

sealed in spite of their irregularity. The interior of the valves is smooth and contains only one 

large and heavily colored adductor muscle scar (monomyarian); the pallial line is simple. The 

hinge is well developed and of dysodont type, characterized by regressed teeth (Taylor et al., 

1969; Thunberg, 1793; Salvi & Mariottini, 2017).  

 

 
Figure 2.8: Shell of the Pacific cupped oyster M. gigas, showing both valves with outside (top) and inside (bottom) 

views. Left: lower valve; Right: upper valve. Red arrows: aragonitic adductor myostracum; Green arrows: calcitic 

chalky deposits. 
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The mineral shell of M. gigas is entirely made of calcite, with the exception of the 

aragonitic myostracal layer (particularly visible in the adductor myostracum, Fig. 2.8, red 

arrow). The outer layer is a thin, prismatic calcite (Fig. 2.9, A, G-H), with a smooth gradual 

transition into the thick inner layer of foliated calcite (Fig. 2.9, H).  This foliated calcite is made 

of thin compact micrometric laminations, without lateral separations like in nacre 

microstructures. The thickness of the shell is not homogenous, since one observes an alternation 

of dense foliae and disjointed sheets of ñchalkyò lenticular (i.e., discontinuous) deposits (Fig. 

2.9, B). The chalky layers are in fact porous foliae with anarchic directions, milk-white looking 

and brittle under pressure and torsion (Fig. 2.9, C-F). They can be observed in any part of the 

shell, with high variability in thickness and numbers, but it is interesting to note that they are 

mostly present in the deep curve of the lower valve, or around the hinge and the umbo. The 

chalky layers are mainly attributed to rapid growth and bursts in biomineralization rates during 

the oyster shell development (either as stress-responses or in a broader fitness strategy), and 

can also be associated with crushing resistance via break dissipation. Finally, they are also 

considered as compensation layers for a sessile genus that grows attached on a rocky, irregular 

substrate (Gray, 1833; Checa et al., 2018; Banker & Sumner, 2020). 
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Figure 2.9: Scanning Electron Microscopy images of slices of the shell of M. gigas, polished and briefly etched 

with 1% (wt/vol) EDTA for better contrast. A: view of the outer parts of the shell, with prismatic and foliated 

calcite layers, the grey spots are resin invasion in the hollow chambers of the outer shell; B: alternance of layers 

of foliated calcite and chalky lenses; C-E: transition zones between the foliated calcite and the chalky lenses, with 

apparent sheets of calcite. F: close-up of a section of a chalky lens. The thin elements forming the reticulate pattern 

of the chalky layer appear as extensions of the laminae of the foliated layer. 

 

  
















































































































































































































































































































































































































































